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Abstract
Understanding signal transduction systems in prokaryotes and eukaryotes
By Xin Jia

The ability of cells to adapt to dynamic and diverse environment by altering their
cellular behavior is crucial for adaptation and survival. However, the biochemical
mechanisms and signaling transductions pathways involved in adaptation and survival are
still poorly understood. In this dissertation, various analytical and biochemical techniques
were employed to understand novel signal transduction pathways in both prokaryotic and
eukaryotic systems.

A novel putative stressosome complex from the Gram-negative marine bacterium
Vibrio brasiliensis that contained a heme-bound sensor protein and had the ability to
sense environmental O, was described. The novel stressosome altered its signaling
pathway in response to various environmental O, levels. The described complex presents
an opportunity to interrogate the effects of ligand-dependent stressosome signaling both
in vitro and in vivo, as well as provides further insights into its potential role in regulating
virulence gene expressions in limited O, condition in the Vibrio genus.

Secondly, I reported our recent progress toward development of an efficient
protocol to identify enzyme members of the 3°,5’-cCMP signaling pathways. Following
previously published protocols, we partially purified a putative soluble cytidylate cyclase
that synthesizes 3°,5’-cCMP from CTP in rat livers. Additionally, we also isolated a
potential 3’,5’-cCMP-binding protein, THO complex subunit 5, using 3°,5’-cCMP

affinity chromatography. The THO complex subunit 5 is involved in cellular proliferation



by controlling transcription and mRNA export, suggesting 3’,5’-cCMP may be involved
in regulating transcription through THO subunit 5.

Lastly, we developed a sensitive and versatile method to extract and quantify
cyclic nucleotide monophosphates (c(NMPs) using LC-MS/MS, including both 3’,5’-
cNMPs and 2°,3’-cNMPs, in mammalian tissues and cells. This protocol allows for
comparison of multiple cNMPs in the same systems and was used to examine the
relationship between tissues levels of cNMPs in various systems. Utilizing this analytical
method, I reported the first identification and quantification of 2°,3’-cIMP in mammals.
The developed analytical method offers a tool for quantification of cNMPs levels in cells
and tissues of varying disease states, which will provide insight into the roles of cNMPs

in vivo.
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Chapter 1: General Introduction



1.1 General Introduction

The ability of cells to adapt to dynamic and diverse environment by changing
their cellular behavior is crucial for survival.' Therefore, a form of communication is
needed to effectively process stimuli received at one cellular location into an appropriate
response at another location.! This process is known as cellular signal transduction.
Signal transduction cascades mediate the sensing and processing of environmental
signals.” These signaling networks sense, amplify and integrate diverse extracellular and
intracellular signals, and generate intracellular responses such as alterations of gene

expression and enzymatic activity levels (Figure 1.1).2

Signals

v

Reception

A\ 4

Transduction

/1N

Response(s)

Amplification

Figure 1.1. Principles of Signal Transduction.” An environmental or intracellular signal

is first received by a cellular component. The signal is then amplified and transduced to



generate intracellular responses. Feedback regulation down-regulates the signaling

pathway.

This chapter will provide background and historical information comparing and
contrasting the types of signal transduction systems both in prokaryotes and eukaryotes.
As presented in this chapter, many domain structures and signaling transduction
mechanisms present in eukaryotes and prokaryotes are analogues to each other.
Eukaryotes evolved from prokaryotes; proteins involved in both pathways are
homologous, yet differentially regulated. Pedagogically, prokaryotes have much simpler
systems, and studying signaling pathways provides insights into the expanding universe

of signaling systems in eukaryotes.

1.2 Prokaryotic Signaling Transduction

1.2.1 Introduction

Adaptation to varying environmental conditions is crucial for growth and survival
of bacteria. In terms of the number of modular domains involved in transducing signals,
bacterial signaling systems can be characterized as one-component and two-component
systems, and many involve transmembrane proteins that sense and transmit extracellular
signals to intracellular components that in turn generate cellular responses.” In one
component system, a single protein contains an input domain directly fuses to an output
domain.* This single protein is usually referred to as a single-molecule transcriptional
regulator, due to its role in regulating transcription level through single-molecules.” For

example, the gas-, redox potential- and light-sensing PAS (Per-Arnt-Sim) and the DNA-



binding HTH are input and output domains in the single-molecule transcriptional

regulator RocR in Bacillus subtilis.>®

Two-component signaling transduction is ubiquitous in bacteria, and typically
consists of a histidine protein kinase and a response regulator.”® The kinase domain
receives environmental stimuli through a sensing domain, leading to autophosphorylation
of a conserved histidine residue, before phosphorylating its response regulator, which in
turn leads to numerous cellular responses including changes in enzymatic activity and

gene expression.’

1.2.2 Heme-Based Sensor Proteins in Bacteria

1.2.2.1 Introduction

The protoporphyrin IX-iron complex, known as heme, is one of the most
abundant co-factors in biological systems. The heme-O, complex serves as an O, carrier
in hemoglobin, an O, storage site in myoglobin and a catalytic site for O-O bond scission
in cytochrome P450 monooxygenase.® Additionally, various gaseous molecules including
nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H,S) also bind heme and
regulate numerous cellular responses.gb’ 8,9 Importantly, molecular O, and CO only bind
exclusively to Fe(Il) but not Fe(Ill) in heme protein, whereas NO binds to Fe both in

Fe(Il) and Fe(III) states (Figure 1.2).%
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Figure 1.2. The heme/porphyrin iron complex in myoglobin.*® In myoglobin, a proximal
histidine residue is bond to the Fe atom trans to the O, binding distal site and a distal
histidine is involved in the distal hydrogen network to bound ligands. (A), O, free 5-
coordinated Fe(II) complex; (B), for heme-based NO sensor; the Fe(II)-NO complex is

formed (C), and for heme-based CO sensor, the Fe(II)-CO complex is formed (D).210

In general, heme-based gas sensors consist of an N-terminal heme iron-bound

sensing domain and a C-terminal functional domain (Figure 1.3).5 1

Binding gaseous
molecules at the heme causes a conformational change at the sensing domain. This
conformational change transmits the ligand-binding signal to its functional domain,

which in turn regulates cellular functions in response to binding of the gaseous molecules

(Figure 1.3).511a?

The iron atom in the heme/porphyrin iron complex has two coordination sites, the
fifth and sixth coordination sites, one on each side of the heme-porphyrin ring. In
myoglobin, the fifth coordination site is bind by a highly conserved histidine residue on

the proximal side of the heme pocket.'" The sixth coordinate is available to bind O,



when the Fe atom is in Fe(II) state.* The hydrogen bond network between coordinated

gaseous molecules and polar distal residues stabilizes the bound O, (Figure 1.2).%¢

oo, [ —

@ Q’% Sensor domain Functional domain
0, NO, CO

Signal ¢
—————

Conformational change in the
sensor domain

¢ Conformational change in the
functional domain

Figure 1.3. Illustration of the signaling transduction mechanism in heme-bond GCSs.*
The conformational changes induced by gaseous molecule binding are propagated to the
functional output domain, promoting cellular responses such as changes in catalytic rates

or gene expression levels.
1.2.2.2 Heme-Based Globin-Coupled Sensors (GCSs)

Heme-bound globin-coupled sensors (GCSs) are composed of an N-terminal
oxygen sensing/binding globin domain and a C-terminal functional domain, such as a

histidine kinase, phosphodiesterase (PDE), diguanylate cyclase (DGC), and methyl

6



e 12 HemAT in Gram-positive bacterium Bacillus subtilis detects

accepting chemotaxis.
environmental O, levels and transmits the signal to downstream proteins that control the
direction of the movement through O, gradient (Figure 1.4)." Structural studies suggest
that the structural changes associated with O, binding are mainly due to changes in the
spin state of heme iron as well as the formation of hydrogen bonds between O, and polar
distal residues.'* Other gaseous molecules, such as NO and CO also bind to the heme iron
site, but leads to different structural changes, due to only the changes in the spin state of

. 13-14
heme iron.

The molecular structure and ligand binding mechanism of the B. subtilis
HemAT sensing domain have been well characterized.”” The distal pocket hydrogen-
bonding network is achieved through binding of O, to the Tyr70 and Thr95 amino acid

1316 The X-ray structure shows the key residue Tyr70 leads to

residue (Figure 1.4).
distinct conformational changes associated with binding and removal of the gas ligand."®
Additionally, resonance Raman (RR) spectral studies revealed multiple conformations of
the heme pocket associated with ligand binding and removal. In HemAT, O, interacts
with key resides in the distal side of the heme-pocket through three forms of proposed
interactions: a closed form, with an interaction between Thr95 and O,; an open a-form,
with interactions between the distal residues and Thr95; and an open B form, with
interactions between two distal residues (Figure 1.4)."” The multiple hydrogen bonding

patterns with bound O, in the heme pocket implies HemAT has multiple O, dissociation

rates.



Closed form T Open o form Open p form

Figure 1.4. Crystal structure of the heme-bond sensing domain dimer of B. subtilis
HemAT (PDBID 10R4) (A) and key residues important for heme and ligand binding in
the heme-pocket (B).* '7 Both Tyr70 and Thr95 in the distal side of the heme-pocket are

involved in the distal hydrogen-bonding network with gas ligand O, (B).

Additionally, BpeGReg from whooping cough pathogen Bordetella pertussis,
contains a N-terminal heme-bound globin domain and C-terminal DGC-containing
domain that synthesizes a second messenger, bis- (3’-5’)- cyclic diguanylate
monophosphate (c-di-GMP), upon O, binding."® Dimeric or tetrameric form of BpeGReg
is the active form; an active site in each monomer binds to one GTP molecule, allowing
two molecules of GTP to form c-di-GMP.!” BpeGReg in B. pertussis is known to be
involved in biofilm formation, which is important for bacterial virulence, due to the role
of c-di-GMP in stimulating expression of biofilm-associated exopolysaccharides (EPSs),
a structural scaffold of biofilms.? O, binds to the heme of DGC-containing GCSs
increases the catalytic activity of DGCs, which leads to up-regulation of biofilm
formation in B. pertussis; this property distinguishes DGCs from other heme-based

sensors containing PAS (Per-Arnt-Sim) and GAF (cGMP-specific and stimulated



phosphodiesterase, Adenylate cyclases and E. coli Formate hydrogen lyase
transcriptional activator) domains, as their catalytic activities are enhanced through O,

8c, llc, 12, 21

dissociation. In fact, O, sensing by globins to enhance biofilm production is a

widespread phenomenon in various bacteria.' '

Other heme-containing GCSs include E. coli EcDOS (E. coli Direct Oxygen
Sensor), which contains a PDE catalytic domain that hydrolyzes c-di-GMP to linear di-

GMP in response to O, availability, is involved in maintaining c-di-GMP homeostasis.'®

19,22

1.2.3 Prokaryotic Kinase Pathway

The ability for all organisms to adapt to changes in their environment is crucial
for survival. Protein phosphorylation is one of the most common pathways to alter
enzymatic activity and cellular responses required to change growth conditions in all life
forms. Bacterial two-component signaling systems contain a kinase and a response
regulator protein (Figure 1.5).* > Kinases in prokaryotes usually phosphorylate histidine
and aspartate amino acid residues, whereas eukaryotic kinases are evolved to
phosphorylate serine, threonine and tyrosine residues."” ** In E. coli, extracellular stimuli
activate a histidine kinase EnvZ, which transfers the y-phospohryl group in ATP to the
histidine residue in kinase EnvZ, before transferring it to the Asp side chain in the

regulatory protein OmpR (Figure 1.6).%



Histidine Kinase Response Regulator

P/\p

His Asp
ATP ADP H,0 P,
EnvZ OmpR

Figure 1.5. Schematic diagram of a bacterial two-component signaling system
exemplified by the E. coli osmoregulatory system.”* The phosphoryl transfer between
kinase EnvZ and response regulator OmpR controls the expression of genes that are

responsible for outer membrane porin production in E. coli.*
1. Autophosphorylation ATP + HK-His =——> HK-His-P + ADP
2. Phosphorylation ~ HK-His + RR-Asp =—= HK-His + RR-Asp-P

3. Dephosphorylation ~ RR-Asp-P + H,0 === RR-Asp + P,

HK: histine kinase
RR: response regulator

Figure 1.6. Chemistry of the prokaryotic two-component phosphoryl transfer reaction

. . . . 24
involving a protein kinase and a response regulator.

Histidine kinases contain an N-terminal sensing domain and a C-terminal catalytic
region. For example, E. coli osmosensor EnvZ is composed of a periplasmic N-terminal
sensing domain and a cytoplasmic C-terminal catalytic domain.”” The N-terminal sensing
domains in bacteria share little sequence identity, allowing them to sense various
environmental signals.** The conserved C-terminal catalytic core of bacterial histidine

10



kinase include a dimerization domain and a catalytic domain responsible for ATP-
binding and phosphotransfer.® In EnvZ, the nucleotide-binding region is highly flexible,

which is required for the conformational changes after ATP binding.?" %’

In most prokaryotic systems, the response regulator is the terminal component of
the pathway, responsible for generating adaptive responses once activated.”* ** Common
structures of response regulators include a conserved N-terminal regulator domain and a
variable C-terminal output domain.’® Most regulator domains are transcription factors
with DNA-binding domains that function to alter gene expression levels, with a few
exceptions, including E. coli CheB which regulates chemotaxis and RegA which controls
cAMP hydrolysis in the Dictyostelium species.’® The regulatory domains of response
regulators exist in equilibrium between active and inactive forms.”* Phosphorylation of
the regulator domain pushes the equilibrium towards the active form. The conformational
change induced by phosphorylation affects a large portion of the regulatory domain,
activating the functional domain through protein-protein interactions.”* The output
domains are responsible for DNA-binding and controlling subsequent gene transcription.
OmpR/PhoB subfamily is the largest and well-characterized response regulator
subfamily. The OmpR/PhoB protein members contain a recognition helix that binds to
the major groove of DNA and regulate expression levels of genes that encode outer
membrane porin proteins.”’ However the active site structure, DNA-binding region, and

the catalytic mechanism differ even in proteins within the same regulator family.’’

The general stress response is also regulated by kinases in bacteria.’”” The

response to stress provides cells with a protective mechanism against a wide range of

11



environmental stress, and many kinase pathways are involved in stress sensing.”> The
general stress-response pathway was first identified and characterized in the Gram-
positive model bacterium B. subtilis. The B. subtilis stressosome, a 1.8 MDa signaling
complex of a “general stress response” module, is involved in activation of the general

. B . . . 34
stress response sigma factor, ¢, in response to diverse environmental stresses.

Although the ubiquitous two-component signal transduction system of
prokaryotes has been found in a limited number of yeast strains, it is absent in

24, 35

mammals. Thus studying prokaryotic two-component systems have gained promise

for facilitating the discovery of structurally unique broad-spectrum antibiotics.*

1.3 Mammalian Second Messenger Signal-Transduction Pathways

1.3.1 Introduction

Although the structures and activities of the modular domains are conserved,

configurations of eukaryotic and prokaryotic two-component systems are different." ** I

n
eukaryotes, the two-component system is also regulated by other signaling components,
enabling signals to transmit from the cytoplasm to the nucleus, where transcription
occurs." ** One mechanism by which eukaryotes regulate intracellular pathways is second
messenger signaling. Second messengers, such as adenosine 3°,5’-cyclic monophosphate
(3°,5’-cAMP) and guanosine 3’,5’-cyclic monophosphate (3°,5’-cGMP) are released by

the cells in response to exposure to primary messengers, such as hormones and

neurotransmitters.

12



3°,5’-cAMP and 3°,5’-cGMP consist of a purine base, a ribose ring and a cyclized
phosphate group, where the cyclization occurs between the 3°- and 5’-positions, yielding
a six-membered cyclized phosphate ring fused in trans-configuration with the five-

membered furanose ring (Figure 1.7).

H2N (@] NH2
(/ijl N \ NH ﬁN
7/
7
o) N~ N 0 <N N/)\NH2 0 N’gO
== [ Lo | LoJ
- _P 0%/ \
O°t0  ©oH 0°1 >0  OH HO O OH

Adenosine 3', 5'-cyclic monophosphate Guanosine 3', 5'-cyclic monophosphate Cytidine 3', 5'-cyclic monophosphate
(3',5'-cAMP) (3',5-cGMP) (3',5'-cCMP)

Figure 1.7. Structures of three cyclic 3’,5’-nucleotide monophosphates (3°,5’-cNMPs),

3°,5’-cAMP, 3°,5’-cGMP and 3°,5’-cCMP.

Second messengers, such as 3°,5’-cAMP and 3°,5-cGMP, perform crucial roles in
regulating cellular metabolism and mediating numerous biochemical processes in
mammals.”® The second messenger signaling pathway, once considered simple and
straightforward, is extremely complex. This is mainly due to the presence of multiple
isoforms of cyclases (the enzyme synthesizes cyclic nucleotides) and phosphodiesterases
(PDEs) (the enzyme hydrolyzes cyclic nucleotides), which inter-regulate the intracellular
second messengers levels.”” The complexity also comes from the fact that activation of
these cyclases or PDEs is not linear, but is instead regulated by intracellular ion (Na" and
Ca®") concentration, allosteric regulations, and protein-protein interaction between

different isoforms.>’

13



1.3.2 The Second Messenger Signaling Pathway

In 1956, Earl Sutherland isolated 3°,5’-cAMP in various rat organs.”® The
discovery of 3°,5’-cAMP led to our current paradigm of hormone signaling involving
second messengers. Earl Sutherland recognized the importance of 3’,5’-cAMP in
regulating cellular signaling transduction and proposed the secondary messenger
hypothesis to describe the physiological importance of 3”,5’-cAMP in mammals (Figure
1.8).* Hormone adrenalin secreted from adrenal glands exterior to the cell acts as a
primary messenger. The adrenalin circulating in the bloodstream binds to a G protein-
coupled receptor outside of the cell membrane, causing a conformational change in the

receptor protein. >+

This change transmits a signal to and activates adenylate cyclase, a
cAMP-synthesizing enzyme on the interior of the cell membrane; and activation of this
enzyme results in synthesis and release of 3’,5’-cAMP into the cell as a secondary
messenger.”” Within the cell, CAMP acts as a secondary messenger that activates cAMP-
dependent protein kinase (PKA). Activated PKA in turn phosphorylates the
corresponding downstream substrate proteins, causing alterations in their activities.***!

The signal can also be regulated by phosphodiesterase, which hydrolyzes 3°,5’-cAMP to

5’-AMP, and in turn reducing the intensity of the 3’,5’-cAMP response.*

3°,5’-cAMP mediates various intracellular processes in response to activation of
G protein-coupled receptors by a primary messenger. Over the past few decades, the
types of the metabolic responses generated by hormone-induced activation of PKAs were
found to vary widely among different tissue cells in mammals (Table 1.1).*** * For

instance, 3’,5’-cAMP-dependent responses regulate glycogen metabolism in liver and

14



muscle cells through coordinated regulation of both stimulatory and inhibitory
pathways.*®® The dual regulation activates enzyme degrading glycogen to glucose-1-
phosphate while inhibiting enzymes responsible for glycogen synthesis.’®* Elevation of
3°,5’-cAMP stimulated by catecholamine in the smooth muscle leads to muscle
relaxation.”> ** The increase of 3°,5’-cAMP level activates production of fatty acids by

lipases.** These fatty acids are used as energy sources in kidney, heart and muscles.**

cellular
responses

PKA PKA
(Inactive) (Inactive)

Figure 1.8. Secondary messenger signaling pathway.**®>* A primary messenger, such as
hormone, binds to a G-protein coupled receptor on the exterior of the cell membrane,

causing a conformational change that activates adenylate cyclase. 3°,5’-cAMP
15



synthesized by adenylate cyclase binds to and activates PKAs, which phosphorylate

downstream proteins, promoting various cellular responses in mammalian cells.

Table 1.1. Examples of hormone-induced cellular responses in eukaryotes.

36a, 46

Tissues

Induced hormones

Cellular responses

Adipose

Liver

Ovary

Cardiac muscle cells
Skeletal muscle

Epinephrine and glucagon

Epinephrine and glucagon

Follicle-stimulating

hormone (FSH) and
Luteinizing hormone (LH)
Epinephrine

Epinephrine

Increased lipolysis,
decreased amino acid uptake
and decreased glycogen
synthetase activity

Increased conversion of
glycogen to glucose,
decreased  synthesis  of
glycogen and increased
gluconeogenesis

Increased  production  of
estradiol and progesterone

Increased contractility
Increased  glycogen  to
glucose conversion

Thyroid (Thyroid-stimulating Increased thyroid hormone
hormone) TSH release
Bones Parathyroid hormone Increased calcium resorption
from bones
Kidney Vasopressin Increased rennin production

1.3.3 Adenylate Cyclase

The enzyme responsible for converting ATP to 3°,5’-cAMP is adenylate cyclase

(Figure 1.9).* Adenylate cyclase is located within the plasma membrane; upon activation

of adenylate cyclase by hormones located on the external surface of the target cells, 3°,5’-

cAMP is formed and released within the cells.”’> Communication between the external

and internal environment allows the cells to adapt to extracellular environmental changes

and is extremely crucial for stress adaptation and maintaining homeostasis. Extracellular

16



signals can be recognized and transmitted through a system involving three membrane

components: G protein-coupled receptors, heterotrimeric G protein, and adenylate

cyclase.”
H2N H,N
) N~ =N NN
0 0 o ¢ ) Al
0-F-0-F-0-P-0 N™ °N Adenylate cyclase o] N“N
0O 0 O O > / ly_?lo * PPi
2 _P.
HO  OH Mn= 0*1N0  OH
Adenosine 5' triphosphate (ATP) Adenosine 3', 5'-cyclic monophosphate
(cAMP)

Figure 1.9. Synthesis of 3°,5’-cAMP from ATP by adenylate cyclase.

In mammals, many different cell-surface receptors couple to a trimeric G protein
to form a signal-transducing protein unit. Cell-surface receptors include numerous
hormone and neurotransmitter receptors, light-activated receptors in the eyes, as well as
odorant receptors in the nose. Although activating different receptors lead to various
cellular responses, the signaling transduction mechanism proceeds in very similar ways.
The most important energy sources glucose and fatty acids are generated by binding
epinephrine to B-adrenergic receptors coupled to a G protein on the surface of the liver,
heart muscles, and kidneys. B-adrenergic receptors are important drug targets for
management of cardiac arrhythmias and treatment of hypertension. The activated
heterotrimeric G protein exchanges GTP to GDP, and triggers the dissociation of Gy, a G
protein subunit, from the G protein complex (Figure 1.8).*” The dissociated Gy, binds and

activates adenylate cyclase.’ G proteins link cell-surface receptors and adenylate
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cyclases through protein-protein interactions, providing a signaling cascade between
hormone binding to an extracellular receptor and activation of intracellular adenylate

cyclase.

To date, there are 10 homologs of adenylate cyclases characterized in mammals,
including 9 transmembrane enzymes and one soluble adenylate cyclase.”® All membrane-
bound isoforms contain two transmembrane regions M; and M, and two catalytic
domains C; and C,.* The two catalytic domains C; and C, locate on the cytosolic side of

the plasma membrane.**

Despite the fact that each isoform of adenylate cyclase is
involved in unique and diverse signaling responses, their catalytic domains are highly-
conserved, not only in bacterial and fungal adenylate cyclases, but also in other cyclases,
such as guanylate cyclase, the enzyme responsible for 3°,5’-cGMP synthesis.*’® The
cyclization reaction proceeds by attacking the a-phosphate group by the 3’-OH, resulting
in inversion of configuration at the a-phosphate.’® Therefore, in the catalytic site, the 3’-
OH must be activated to be able to attack the a-phosphate position, and ATP must be

stabilized in such a conformation where 3’-OH can easily approach the a-phosphate

group.”!

Adenylate cyclase activity requires Mg”" or Mn®" as metal cofactors.”> Mg*" binds
to ATP to form magnesium-ATP complex, and it may bind to the regulatory site on the

enzyme.” It has been confirmed that two Mg®" ions are required in the magnesium-ATP

49b, 54

complex. Moreover, the regulatory effects of Ca® vary in different adenylate

cyclase isoforms.” Ca®" activates type I and VIII enzymes through activation of

calmodulin, while inhibits type III and IX enzymes via calmodulin-dependent kinase.>>>
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1.3.4 Discovery of Guanosine 3’,5’-Cyclic Monophosphate (3°,5’-cGMP) and

Guanylate Cyclase

While 3°,5’-cAMP has widespread effects on mammalian metabolic pathways, a
second naturally occurring cyclic nucleotide, guanosine 3°, 5’-cyclic monophosphate
(3°,5’-cGMP) is analogous but has a more restricted role and plays a crucial role in, for
instance, visual excitation by regulating ion channel conductance.*®® Enzymes
responsible for 3°,5’-cGMP metabolism are analogous to those of 3°,5’-cAMP, such as
guanylate cyclase, 3’,5’-cGMP-dependent protein kinase, and 3’,5’-cGMP

phosphodiesterase (PDE).

Guanylate cyclase catalyzes the conversion of GTP to 3°,5’-cGMP. The enzyme
family consists of both soluble and membrane-bound isozymes that are expressed in
nearly all cell types.’® To date, there are seven membrane-bound guanylate cyclases
(pGCs) identified in mammals. They contain highly conserved structures, which include
an N-terminal extracellular binding domain, a transmembrane domain, a middle domain,
and a C-terminal catalytic domain (Figure 1.10).>®® The structure of the transmembrane
domain varies among different pGCs. The hydrophilic region of the transmembrane
domain enables membrane localization of the pGCs. The kinase domain is absent in
soluble guanylate cyclase (sGC). The pGCs family consist of 11 subdomains and 33
conserved amino acids that are important for catalytic activitiy.”’ Similar to adenylate
cyclase, dimerization of two catalytic subunits to form one active site results in binding
of one substrate per dimer in pGCs.’' The structure of the catalytic domain of guanylate

cyclase is closely related to adenylate cyclase, and it is highly conserved in both pGCs
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and sGCs.*™ The invariant amino acid residues interacting with the purine ring in the
catalytic domains of adenylate cyclase is also conserved in pGCs to control substrate

specificity.**

pGC
Extracellular
domain

sGC Middle
domain
Heme-bound -
sensing
domain .
Catalytic
domain
Middle
domain
GTP 3'5’-cGMP
Catalytic
domain
GTP 3'5'-cGMP

Figure 1.10. Illustration of mammalian membrane-bound and soluble guanylyl cyclase

(sGC).*®

sGCs regulate a wide range of biological functions, including visual signal
transduction, smooth muscle relaxation, vasodilatation and platelet aggregation.”® Each

subunit of sGCs contain an N-terminal heme-bound H-NOX (Heme-Nitric Oxide/
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Oxygen) domain and C-terminal catalytic domain.*®® As mentioned in section 1.2.2, the
heme-bound sensing domain senses environmental signals such as gaseous O,, NO and

CO, and alters the activity of the catalytic domain.
1.3.5 3°,5’-Cyclic Nucleotide Phosphodiesterase (PDE)

PDE regulates cellular responses via breakdown of

HaN 3°,5’-cNMP at the 3’-cyclic phosphate bond (Figure 1.11).”

N NN
</ | ,) Recent studies using enzymatic fractionation and sequencing
O N N
Ié o techniques have revealed the genomic complexity of the PDE
0710w OH
SIS

Figure 1.11. PDE hydrolyzes family and the molecular identity of each enzyme
3"-cyclic phosphate bond of member. Similar to adenylate cyclase, activities of
3’ 5°_cAMP. PDE are not only regulated at the transcriptional

level, but also at the protein level via phosphorylation state, allosteric regulation and

60

various protein-protein interactions.

PDE7
PDE1 PDE4
PDE2 PDES
PDE3
PDE10 cAMP Specific
PDE11

Dual

PDES5

Specificity PDE6
PDE9
cGMP Specific

Figure 1.12. Classification of the mammalian PDE family.®® The 11 previously identified

PDE family members can be categorized based on substrate specificity.
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To date, there are 11 different PDE family members reported, and each family
member contains several different isoforms that differ in their structure, kinetic
properties, substrate specificity and intracellular localization. Some hydrolyze 3°,5’-
cAMP specifically, others hydrolyze 3°,5’-cGMP selectively, while the rest are
multifunctional PDEs, recognizing and hydrolyzing more than one substrate (Figure
1.12).°®® Enzymes in the PDE4 sub-family are known to have low Ky, and high substrate
specificity for 3°,5’-cAMP.*®® Enzymes in PDE 7 and 8 also are 3’,5’-cAMP specific.®”
Enzymes in PDE 9 family are activated by binding of 3°,5’-cGMP at the allosteric
binding site on the N-terminal half of the PDE.%% Additionally, PDE families 1, 2, 3, 10
and 11 that show broad substrate specificity can be used for studying activity for atypical
cyclic nucleotides such as 3°,5’-cCMP. The different families of PDEs are not uniformly
distributed within the cell, providing another important tool for controlling

compartmentalized concentrations of 3°,5’-cNMPs.°'

As signaling networks of 3°,5’-cAMP and 3°,5’-cGMP are involved in regulation
of numerous physiological responses, the role of the PDE family as therapeutic targets
has been investigated for decades and shown great promise. PDES inhibitors sildenafil
(Viagra), tadalafil (Cialis) and vardenafil (Levitra) are commercial drugs for treating
erectile dysfunction and PDE3 inhibitors such as cilostazol (Pletal) are used for treatment

of acute heart failure.*°

1.3.6 3°,5’-cAMP-Dependent Protein Kinase (PKA)

The most common downstream effector of 3°,5’-cAMP is PKA (Figure 1.8). The

inactive PKAs contain two regulatory domains and two catalytic sites.®> Regulation of
22



PKAs involves 3°,5’-cAMP binding to one of the regulatory subunits and activates kinase
activity.®® Each regulatory domain binds two 3°,5’-cAMP molecules; after binding, the
inactive enzyme dissociates into a regulatory subunit dimer with four molecules of 3°,5’-

cAMP bound, as well as two active catalytic domains.*

Amplification of a signal cascade is achieved though activation of PKAs, as
active PKAs can phosphorylate numerous substrates.® If the substrate protein is also a
kinase, it can further amplify the signal. This series of signal cascade amplifications can
occur on a millisecond scale, allowing cells to quickly respond to environmental changes.
Activation of PKAs also leads to stimulation of phosphorylase, which catalyzes
hydrolysis of glycogen to glucose-1-phosphate. Protein phosphorylation is the one of
most abundant protein post-translational modifications, and is a common way to regulate
enzymatic activities and cellular responses. In fact, protein kinases have become
important group of drug targets, as kinase inhibitors have been developed to treat cancer

and chronic inflammatory diseases.’*
1.3.7 Cytidine 3’,5’-Cyclic Monophosphate (3°,5’-cCMP)

While 3°,5’-cAMP and 3°,5’-cGMP are well-established second messengers, a
potential third naturally occurring pyrimidine cyclic nucleotide, 3°,5’-cCMP, was initially
reported in Leukemia L-1210 cells.” Elevation of 3°,5’-cCMP concentration was later
detected in urine samples of acute leukemia patients and in rapidly dividing tissues.**
Subsequently, putative proteins capable of synthesizing and hydrolyzing 3’,5’-cCMP,
cytidylate cyclase and 3’,5’-cCMP-specific phosphodiesterase (cCMP-specific PDE), as

well as 3°,5’-cCMP-dependnt protein kinases were reported, but have yet to be
23



conclusively identified and characterized.”™ © ® 3°5’-cCMP has shown to stimulate
phosphorylation of Rab23, a negative regulator of the tumorigenic sonic hedgehog (shh)
signaling pathway.®® The shh signaling pathway controls neural tube development, and is
one of the key regulators during animal development.”” One explanation is that
phosphorylation of Rab23 inactivate its inhibitory effect on shh, thereby allowing the
upregulation of shh pathway which ultimately leads to tumor formation.® The
identification of Rab23 as a response target for 3°,5’-cCMP confirms the role of 3°,5’-
cCMP in signaling pathways in the brain. While the potential role of 3°,5’-cCMP in
tumorigenesis and cellular proliferation has been suggested over the past few decades, its
biological functions still remain unknown.®® Studying 3’,5’-cCMP and its role as a
signaling molecule could lead to discoveries of novel signaling pathways and offer a

platform to study the interplay of the signaling networks.
1.3.8 Early Characterization of Cytidylate Cyclase

Bloch and Ignarro reported the first isolation of a partically purified cCMP-
specific cytidylate cyclase from mouse liver by monitoring the formation of [0->"P]
cCMP from tissue homogenates incubated with [a-°P] CTP and Mn?" in 1977.°®
Although the putative cytidylate cyclase has different characteristics than known
cyclases, such as different pl, temperature optima and different response to inhibitors of
known cyclases, the identity of this putative cytidylate cyclase was still vigorously
challenged over the next few decades.®”® Several groups have repeated the assay
procedure of Ignarro’s group and the obtained **P-labelled product yielded three major

peaks after being purified on an ion-exchange chromatography, and only one of the
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purified products co-eluted with authentic 3,5’-cCMP.®® It was also found that several
tissue-extracted compounds that were chromatographically separated from authentic

cCMP show cross-reactivity with anti-cCMP antibody.”" ¢

Using fast atom
bombardment (FAB)-based mass spectrometry, Newton isolated 3°,5’-cCMP as well as
four other novel cytidine compounds.”’ The other novel cytidine compounds include,
cytidine 3°, 5> cyclic pyrophosphate, cytidine 2’-monophosphate 3’, 5° cyclic
monophosphate, cytidine 2’-O-aspartyl-3°, 5’-cyclic monophosphate and cytidine 2°-O-
glutamyl-3’5’-cyclic monophosphate, all of which were found to be cCMP-
immunoreactive.”' Recent research also has revealed the promiscuity of purified soluble
guanylyl cyclase (sGC) and its ability to synthesize cGMP, cAMP and cCMP at various
rates, casting doubt on the authenticity of the previous isolated cytidylate cyclase.”
Therefore, the identity of the previously purified multifunctional cytidylate cyclase, as

well as isolation and characterization of an authentic cytidylate cyclase in rat tissues still

remains unclear.

1.3.9 Discovery of 3’,5-cCMP Phosphodiesterase (PDE) and Potential 3°,5’-

cCMP-Dependent Protein Kinase

The first isolated PDE in rat liver that preferentially hydrolyzed 3°,5’-cCMP over
3°,5°-cAMP and 3°,5’-cGMP was reported by Cheng and Bloch.®*® It was later discovered
that this multifunctional PDE was not only capable of hydrolyzing 3°,5’-cNMPs, but also
2°,3°-cNMPs.>”™ ®° A second putative cCMP-specific PDE which showed specificity for
3°,5’-cCMP was isolated from rat liver using ammonium sulfate precipitation.” The

putative cCMP-specific PDE has a molecular weight of 28 kDa, a pH optimum around
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7.2-7.4, and a K, for 3°,5’-cCMP around 9 mM, which is an order of magnitude greater
than that of the promiscuous enzyme mentioned previously.”” The cCMP-specific
phosphodiesterase contains significantly more cysteine, aspartate, and arginine amino
acid residues per mole, indicating this putative PDE is not merely a fragmentation of the

previously identified PDEs.”

However, revealing the true identity of previously
identified PDEs has been unfruitful, as further characterization and determination of the

molecular identity of these enzymes remain inconclusive.”

A 3’°,5’-cCMP-binding protein was partially purified from the soluble fraction of
rat organs. This 3°,5’-cCMP-binding protein has a molecular weight of 50 kDa, and
exhibits a binding specificity toward 3°,5’-cCMP. However, further purification and
characterization of this protein was unsuccessful. Recent studies have found that 3°,5’-
cCMP interacts and stimulates purified PKA and PKG in lung and intestine tissues,

suggesting its role in regulating physiological process of lung and intestine.”

1.4 Eukaryotic 2°,3’°-cAMP-Adenosine Pathway

1.4.1 Introduction

In addition to 3’,5’-cyclic nucleotides (3°,5’-cNMPs), presence of the 2°,3’-
regioisomers, 2’,3’-cyclic nucleotides (2°,3’-cNMPs) have been reported in mammalian
and other cell types.”® The five-membered cyclic phosphate ring bears considerable ring
strain, therefore 2’,3’-cyclic nucleotides are more prone to hydrolysis than the

corresponding 3°,5’-cyclic nucleotide regioisomers (Figure 1.13).7%
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Figure 1.13. Structures of 2°,3’-cyclic nucleotides monophosphates (2°,3’-cNMPs).

Using liquid chromatography-tandem mass spectrometry (LC-MS/MS), Jackson
reported the first detection and identification of 2°,3’-cAMP in rat kidney.”’ In addition to
2’,3’-cAMP, various atypical cyclic nucleotides, such as 2°,3’-cGMP and 2’,3’-cAMP,
were found in multiple mammalian organs as well as in Tobacco plants.”** 2’,3’-cAMP
is known to participate in a post-injury mechanism in mammals, and 2°,3’-cAMP and
GMP have been shown to correlate with leaf wounding stress in Arabidopsis.” Despite
the mounting evidence suggesting that these nucleotides may be important signaling
molecules in post-injury mechanisms, the role of the atypical cyclic nucleotides in vivo is

unknown.
1.4.2 2°,3’-cAMP-Adenosine Pathway

In 2001, Jackson proposed the 2°,3’-cAMP-adenosine pathway, postulating a role
for 2°,3’-cAMP in response to acute organ damage.”®™ ¢ Previous NMR studies have
suggested that 2°,3°-cAMP is a degradation product of mRNA.” Tissue injury triggers
mRNA degradation, therefore it is highly likely to also activates 2°,3’-cAMP-adenosine

pathway.”** "
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Figure 1.14. Proposed mechanism for RNase-mediated mRNA degradation.*

Stimulation of mRNA turnover leads to ribonuclease (RNase)-mediated mRNA
degradation, in which RNase cleaves the phosphodiester bonds in the poly-A tail to form
2°,3°-cAMP (Figure 1.14).”* ” Membrane-bound active transporter such as MRP4 and
MRPS5 that are used to transport various nucleotides and nucleosides are likely to also
transport 2°,3’-cNMPs from cells (Figure 1.15).*' Multiple isoforms of intracellular and
extracellular PDEs, such as 2’,3’-cAMP-3’-phosphodiesterase (CNPase) and 2’°,3;-
cAMP-2’-phosphodiesterase (RNase) can hydrolyze 2°,3’-cAMP to its corresponding 3’-
AMP or 2’-AMP product respectively (Figure 1.15).”* In addition to 5’-AMP, both 2’-
and 3’-AMP were found to be precursors to adenosine in kidneys, as increasing level of
2’- and 3’-AMP induces production of adenosine as efficiently as 5°-AMP.* Adenosine
is an important metabolite involved in post-injury mechanisms, as extracellular adenosine
binds to adenosine receptors and protects organs from injuries.*’ Therefore, it is possible
that the 2°,3’-cAMP-adenosine pathway is one of the redundant pathways nature created
to maintain the adenosine concentration. Additionally, 2°3’-cAMP is known to facilitate
activation of the mitochondrial permeability transition pores, which leads to apoptosis

and necrosis. %
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Figure 1.15. Proposed extracellular and intracellular 2’,3’-cAMP-adenosine signaling
pathway.”®® mRNA degradation using RNase produces 2°,3’-cAMP, which can be
transported outside the cell through MRP4 and MRPS. Increasing concentration of 2’-

and 3’-AMP elevates the production of adenosine.

To date, there are multiple isoforms of CNPase reported in renal cells; all of them
hydrolyze 2°,3’-cAMP to its corresponding 2°-AMP.* In the deletion strain deficient in
CNPases, 2°’,3’-cAMP accumulation and adenosine reduction have been observed.®
CNPase is the third most abundant protein in myelin sheath in the brain, therefore 2°,3’-
cAMP-adenosine pathway may be involved in the recovery mechanism after brain
injury.® Despite the progress that has been made to establish the physiological roles of
the atypical 2°,3’-cyclic nucleotides, the enzymes involved in the signaling pathway, as

well as the their physiological roles still remain inconclusive.
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1.5 Aim and Scope of the Dissertation

This dissertation focuses on understanding various signal transduction pathways
in prokaryotic and eukaryotic systems. Although kinases are known to be involved in
essential signal transduction pathways in stress adaptation in bacteria, the bacterial
mechanisms used to sense stress remains unclear.”” We discovered a novel sensing
mechanism used by Gram-negative bacteria to adapt to limited O, condition by altering
their stress-response pathways. Additionally, studying signaling pathways of cNMPs, the
naturally occurring potential secondary messengers, provide understandings of their role
in survival and tumorigenesis, and allow for the study of the interplay between different

secondary messenger systems in eukaryotes.

In chapter 2, a novel stressosome-based signal transducer that is hypothesized to
regulate the environmental stress response in Gram-negative marine bacterium Vibrio
brasiliensis is described. The stressosome contains a heme-bound GCS that senses
environmental O,, and alters phosphorylation activity in response to gaseous ligands. The
described complex presents an opportunity to interrogate the effects of ligand-dependent
stressosome signaling both in vitro and in vivo, as well as provides further insights into
how this stress response pathway could potentially be involved in regulating virulence

gene transcriptions in the Vibrio genus.

In chapter 3, I report our recent progress toward development of an efficient
protocol to identify enzyme members of the 3°,5’-cCMP signaling pathways. Following
previously published protocols, we have partially purified a putative soluble cytidylate

cyclase that synthesizes 3°,5’-cCMP from CTP in rat livers. Additionally, we also have
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isolated a potential 3°,5’-cCMP-binding protein, THO complex subunit 5, using 3°,5’-
cCMP affinity chromatography. THO complex subunit 5 is involved in cellular
proliferation by controlling transcription and mRNA export, suggesting 3°,5’-cCMP may

be involved in regulating transcription through THO subunit 5.

In chapter 4, we developed a sensitive and versatile method to extract and
quantify cyclic nucleotide monophosphates (cNMPs) using LC-MS/MS, including both
3°,5’-cNMPs and 2°,3’-cNMPs, in mammalian tissues and cells.®® This protocol allows
for comparison of multiple cNMPs in the same systems and was used to examine the
relationship between tissues levels of cNMPs in various systems. Utilizing this analytical
method, I report the first identification and quantification of 2’,3’-cIMP in mammals.*’
The developed analytical method offers a tool for quantification of cNMPs levels in cells
and tissues of varying disease states, which will provide insight into the roles of cNMPs

in vivo.
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Chapter 2: A Novel O,-Sensing Stressosome from a Gram-Negative Bacterium

Adapted from (Jia, X., Wang, J., and Weinert, E. E., A Novel O,-Sensing Stressosome
from A Gram-Negative Bacterium, Manuscript submitted for publication)
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2.1 Introduction

Bacteria of the Vibrio genus are rod-shaped, Gram-negative gamma-
proteobacteria that are highly abundant in marine waters and include a number of
pathogenic species, such as Vibrio cholerae, which causes acute diarrhea, and Vibrio
vulnificus, which causes life-threatening skin and soft tissue infections and has a ~50%
mortality rate." A number of gene clusters that control expression of genes directly or
indirectly linked to bacterial virulence have been characterized; however additional
pathways that regulate gene expression levels in response to stress adaptation and
bacterial pathogenesis of the Vibrio phyla have yet to be identified.” Within Gram-
positive bacteria, such as Bacillus subtilis, the stressosome, a ~1.8 MDa signaling
complex, alters virulence gene expression levels through activation of the alternative
sigma factor, 6°, in response to diverse environmental stresses (Figure 2.1).> The core
structure of the stressosome is composed of multiple copies of proteins RsbR and RsbS.*
The upstream component of the stressosome-regulated stress signal transduction cascade
is activated by RsbT kinase.* In the presence of stress, phosphorylation of the
stressosome core by RsbT reduces its binding affinity, thus promoting release of RsbT,
which binds and activates the downstream component RsbU phosphatase (Figure 2.1).
The activated RsbU triggers the release and activation of the general stress sigma factor,
6>, which controls the expression of stress-responsive genes (Figure 2.1).” Stressosome-
regulated signaling pathway is dynamic and mechanistically complex in bacteria,
therefore, in this chapter, I will only focus on studying the signaling pathways involving

the stressosome upstream components, RsbR, RsbS and RsbT.
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Figure 2.1. Proposed stressosome-regulated signaling pathway in response to

environmental stress in Bacillus subtilis.

The rsbR homologs in B. subtilis encode a variable N-terminal sensing domain,
and a C-terminal STAS (Sulfate Transport and Anti-anti-Sigma factor) domain.® RsbS
consists of a STAS domain and RbsT is a kinase that transmits the stress signal via
phosphorylation of downstream proteins, ultimately resulting in transcriptional changes

: - 3, 62, 7
of over 150 genes that are involved in stress response.” ™

The stressosome-regulated
pathway is modulated by reversible protein phosphrorylation reactions by protein kinase
RsbT.** 7 The core of the stressosome complex consists of multiple copies of RsbR and
RsbS interacting through STAS domain interactions, to which RsbT kinase binds in the
absence of stress.* Genetic analysis has identified two RsbT-phosphorylable threonine
residues in RsbR, T171 and T205.> ® Phosphorylation of RsbR on T171 by RsbT is

stress-independent, as low level of phosphorylated RsbR on T171 is present even in the

absence of stress, which is required for subsequent signaling transductions.” ”° As part of
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the stress-induced response, RsbT kinase first phosphorylates RsbR on the threonine
residues and then RsbS on S59; increasing levels of phosphorylated RsbS triggers the
stress-induced release of RsbT to activate downstream effectors.® Previous studies
suggest that T171 in RsbR is the primary site of stress-induced phosphorylation by RsbT,
whereas phosphorylation of RsbR T205 following strong stress activates a second
feedback mechanism, which limits ¢® activation.™? Previously identified B. subtilis RsbR
contains an N-terminal nonheme blobin domain with no bound cofactor.®® Therefore, the
activating signals within Gram-positive bacteria remain elusive due to the lack of a ligand
in the sensing domain, which makes elucidate the mechanism of stress sensing and signal
transduction within stressosomes challenging. Although the structure of the B subtilis
stressosome has been studied extensively, putative stressosome complexes within Gram-
negative bacteria remain uncharacterized. Here, we report the first example, to our
knowledge, of a functional stressosome from a Gram-negative bacterium that senses O,

through a heme-bound RsbR (Figure 2.2).

Recently, putative homologs encoding core stressosome components (rsbR, rsbS,
and rshT) were identified in the genomes of various Vibrio species.'’ RsbR protein from
Vibrio species comprises a unique class of stressosome sensor proteins in which the N-
terminal domain consists of a heme-bound sensor globin domain. The protoporphyrin IX
-iron complex, known as heme, is one of the most abundant co-factors in biological
systems. On of the primary functions of the heme-based sensors function as O, carriers in
hemoglobin, an O, storage site in myoglobin, and a catalytic site for O-O bond scission in

cytochrome P450 monooxygenases (Refer to chapter 1, section 1.2.2 for more details on
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heme-based sensor proteins).!' As shown in the sequence alignment of the N-terminal
domain of RsbR in V. brasiliensis with other heme-bound globin-coupled sensors
(GCS:s), the distal tyrosine and proximal histidine residues required for heme and ligand

binding are conserved (Figure 2.3)."'

In contrast, those key residues are not conserved in
previously characterized RsbR proteins from B. subtilis and other Gram-positive
bacteria.''® As previous studies have demonstrated, members of the Vibrio genus respond
to anaerobiosis by promoting virulence gene induction or triggering biofilm dispersal.'?
Therefore, O,-dependent stressosome signaling may play key roles in controlling
virulence of Vibrio pathogens.'? Furthermore, characterization of an O-sensitive RsbR
protein and stressosome complex will allow for detailed analysis of the mechanism of
ligand-dependent signal transduction within the stressosome, as well as identification of

stressosome-responsive genes that are controlled in response to changes in environmental

0O, levels.

BASAL TRANSCRIPTION OF INCREASED TRANSCRIPTION OF
STRESS RESPONSE GENES STRESS RESPONSE GENES
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Figure 2.2. Stressosome-regulated signaling network in Gram-negative bacteria. O,
binding to V. brasiliensis RsbR (red) results in basal phosphorylation of stressosome
components by kinase RsbT (green). In contrast, dissociation of O, to yield Fe'-unligated
RsbR results in RsbT activation and increased phosphorylation of RsbR, RsbS (blue), and

RsbT. In vivo, increased RsbT activity should result in transcription of stress response

genes.
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Figure 2.3. Sequence alignment of N-terminal globin domain of V. brasiliensis RsbR
(WP_006879723), non-heme globin domain of B. subtilis RsbR (WP_009966610), and
sensor globin domains from globin coupled sensors in B. subtilis (HemAT,
WP _015252424) and Bordetella pertussis (BpeGReg, WP_050861487). Arrows point to
the proximal histidine and distal tyrosine and serine residues required for heme and

ligand binding, and are conserved in sensor globin domains (Bsubtilis hemAT,
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Bpertussis DGC, V. brasiliensis RsbR) but not in B. subtilis non-heme globin domain

(Bsubtilis_RsbR).
2.2 Results and Discussion
2.2.1 Expression and Purification of the Stressosome Components

To characterize the putative V. brasiliensis stressosome, candidate rsb genes
encoding homologs of the stressosome components RsbR, RsbT and RsbS in V.
brasiliensis were cloned into expression vectors and heterologously expressed (Figure
2.4). Upon purification, RsbR was found to bind heme, as predicted, and exhibited
spectra characteristic of a histidyl-ligated sensor globin (Figure 2.5)."* The putative
kinase, RsbT, was found to be active and exhibited time-dependent autophosphorylation
(Figure 2.6 and Table 2.1). Previous studies on RsbT proteins from B. subtilis identified
an aspartate residue that is crucial for kinase activity."* Mutation of the homologous
aspartate in V. brasiliensis RsbT (D87N) resulted in complete loss of kinase activity,
suggesting that key residues responsible for kinase activity are conserved across species

(Figure 2.7a).
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Figure 2.4. SDS-PAGE analysis of purified stressosome components RsbR, RsbS and
RsbT from V. brasiliensis, and mutant RsbT D78N, stained with Coomasie. Hiss-MBP-
RsbR (Lane 1, b, 75 kDa, 5 uM), GST-RsbS (Lane 2, d, 39 kDa, 5 uM), Hisc-MBP-RsbT
(Lane 3, f, 58 kDa, 5 uM) and mutant RsbT (Lane 4, h, D87N, 10 uM) were separated on
4-20% acrylamide gels. N-terminal Hise-MBP or GST tagged constructs of RsbR, RsbS,
and RsbT were used to improve stability of the proteins during purification and analysis.
Bands at 42.5 (Lane 1, c; lane 3, g and lane 4 1) and 26 kDa (Lane 2, e) are small amount
of detached MBP or GST tags. Higher molecular band at 150 kDa (Lane 1, a)

corresponds to RsbR dimer that was not fully denatured.
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Figure 2.5. UV-Vis spectra of RsbR in V. brasiliensis. Expanded o/f band region is
shown in the inset. Black, Fe" (432, 556 nm); red, Fe'-0, (417, 544, 581 nm); blue, Fe'-
CO (422, 540, 569 nm); green, Fe'-NO (419, 549, 569 nm) and yellow, Fe'" (408, 534,
566 nm). V. brasiliensis Fe'" RsbR consists of a mixture of five- and six-coordinate heme

species.
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Figure 2.6. Average autophosphorylation kinetics of kinase RsbT. Kinetic experiments
were run in triplicate, and mean and standard deviation values were calculated for each

time point.

Table 2.1. RsbT autophosphorylation kinetics. Kinetic experiments were run at least in

triplicate, mean and standard deviation of relative intensities are expressed as percentages

(%).

Time | ( 5 10 20 30 45 60 920 120

(min)

Protei

RsbT 0+0 |41+ |11.2+ 287+ 417+ 612+ |759+|943+100.0
3.7 2.2 4.9 12.7 11.3 17.0 7.0 +0
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Figure 2.7. Representative western blots probing kinase activities. a. Comparison of
RsbT (Lane (1)-(3)) and mutant RsbT D87N (Lane (4)-(6)) autophosphorylation activity.
RsbT autophosphorylation reactions were quenched at 0 min (1), 20 min (2) and 90 min
(3). RsbTD87N autophosphorylation reactions were quenched at 0 min (4), 20 min (5)
and 90 min (6). b. RsbT kinase activity in the presence of RsbS and RsbR Fe' state.
Reactions were quenched at 0 min (1), 5 min (2), 10 min (3), 20 min (4), 30 min (5), 45
min (6), 60 min (7), 90 min (8), 120 min (9). Negative control reaction (10) was
performed without addition of ATPyS to ensure there was no cross-activity with alkylated

cysteine.
2.2.2 Kinase Activity of RsbT in Controlling Stressosome-Regulated Pathways

Within the stressosome complex, binding and controlled release of kinase RsbT
are proposed to be controlled through sensing of the stress signal by RsbR (Figure 2.1).7b’
® In the absence of stress, basal RsbT phosphorylation activity results in low levels of
phosphorylated RsbR, which is a prerequisite for subsequent signaling transductions in

response to stress.”™ 7 Stress perception increases phosphorylation of the stressosome
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sensor RsbR, which facilitates phosphorylation of RsbS by RsbT within the stressosome,

3782 7o test the role of

decreasing affinity of RsbT for the RsbR/S stressosome core.
RsbR ligand sensing in controlling the phosphorylation cascade, effects of ligand binding
to the sensor globin domain of RsbR on RsbT kinase activity were measured. The rates of
phosphorylation of RsbR and RsbT occured in a time-dependent manner and varied
depending on the ligation state of RsbR, with Fe'' RsbR leading to significantly faster
phosphorylation rates than Fe"-O, RsbR (Figure 2.8 and Table 2.2). These results suggest
that dissociation of molecular O, to the heme of RsbR results in a conformational change
that increases RsbT activity, likely through direct interactions with the kinase.
Furthermore, RsbT is unable to phosphorylate RsbS in the absence of RsbR in V.
brasiliensis. This is likely because phosphorylation of RsbR is required for the
subsequent phosphorylation of RsbS and further signal transduction, highlighting the
importance of the sensor protein RsbR in signal transmission within the stressosome
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Figure 2.8. Average phosphorylation kinetics of kinase RsbT in a RsbR/T mixture.

Average phosphorylation kinetics of RsbT in the presence of Fe'-O, RsbR (a) and Fe"

59



unligated RsbR (b). Kinetic experiments were run in at least triplicate, and mean and

standard deviation values were calculated for each time point.

Table 2.2. RsbR/T phosphorylation kinetics. Phosphoryl transfer by RsbT was measured
in the presence of RsbR in various ligation and oxidation states. Kinetic experiments
were run at least in triplicate, mean and standard deviation of relative intensities are
expressed as percentages (%). Ligation and oxidation states refer to that of RsbR in the

reaction mixture.

Time | ( 5 10 20 30 45 60 90 120

(min)

Oxida-
tion
state

RsbR | Fe'' 0+0 | 181 327 (559 |723 |80.6 |83 |959 |84.0

+43 [+£32 |+44 |+89 |+ +30 |+72 |+
17.2 13.4
Fe'- |0+0 9.0+ | 150 |306 [42.6 |60.1 |[63.1 [865 |93.8

0, 40 |+£90 [+64 |+ + +75 |+ +
11.0 | 12.0 158 |10.8
RsbT |Fe" [0+£0 05+ |76+ [268 [405 [50.7 |744 |95.0 |94.8
0.9 53 |+ + +7.0 |+ £86 |[+7.1

13.0 [163 15.8
Fe'- [0+0 3.0+ |17.0 [256 [37.1 [373 |548 [87.1 |99.2
0, 52 | +£42 |+66 |+ 82 |+65 |+ 58 |+ +1.4
15.2

2.2.3 Sensing in Fully Reconstituted Stressosome Complexes

To determine if RsbR can serve as a heme-based gas sensor within fully
reconstituted stressosome complex, kinase activity of RsbT in RsbR/S/T mixtures was

investigated with RsbR in various ligation and oxidation states (Figures 2.9 and 2.10 and
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Table 2.3). Kinase RsbT was found to be most active when RsbR is in the Fe'" unligated
state, with Fe'-NO and Fe"-CO yielding intermediate activity, and Fe'-O, and Fe"
resulting in basal activity rates similar to RsbT alone (Figures 2.9 and 2.10 and Table
2.3). Similar effects of ligation/oxidation state have been observed for other members of
the GCS family with different output domains, likely due to strong interactions between
bound O, with distal pocket tyrosine and serine residues (Figure 2.12b)."' !> Addition of
Fe"-0, RsbR did not decrease the rate of RsbT phosphoryl transfer, as compared to
autophosphorylation of RsbT alone, while addition of Fe" RsbR increased the rate of
phosphoryl transfer, suggesting Fe'' RsbR functions as an activator of RsbT. In contrast,
phosphorylation of RsbS in the RsbR/S/T mixture was undetectable when RsbR was
included in the Fe"-O, or Fe'" states, suggesting that RsbR/RsbS interactions can inhibit
RsbS phosphorylation by RsbT, possibly by limiting RsbT access to the RsbS
phosphorylation site. In addition, RsbT kinase activity is controlled by dual-mechanisms
in V. brasiliensis, with phosphorylation of both RsbR and RsbS required for maximal
rates of phosphoryl-transfer. While these data also suggest that RsbR could function as
either an O, or redox sensor, in the RsbR/S/T mixture, FeH-Oz RsbR is stable over the
course of the reactions and autooxidizes at a rate similar to myoglobin (Figure 2.11)."
Therefore, it is unlikely that RsbR is serving as a redox sensor in vivo, although reactive
oxygen species that pathogenic Vibrio species are likely to encounter during infection

will likely oxidize RsbR and lead to decreased stressosome signaling.
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Figure 2.9. Phosphorylation kinetics of kinase RsbT in the presence of RsbR in various
ligation states and RsbS. Average rate of phosphorylation of RsbR (a), RsbS (b) and
RsbT (c¢) in a RsbR/S/T mixture (ligation/oxidation states of RsbR: Fe', yellow; Fe"-O,,
red; Fe'-CO, blue; Fe"-NO, green,; Fe! unligated, black). All experiments were
performed at least in triplicate, and mean and standard deviation values are plotted for
each time point. Phosphorylation of RsbS was undetectable when Fe'" or Fe'-O, RsbR

was included in the reaction mixture.

[
(=2

-

(=

o
1

1 -
o RsbT 0o RsbT
g 80+ = RsbRFe -0, t g0 = RsbRFe"
2 © RsbS g O RsbS
& and o
g 80 & 604
4 2
2™ £ 1
" "] Irh
4
@‘ 2 ] Ji 7 L
5m 10m 20m 30m 45m 60m 90m 120m 5m 10m 2Dm 30m 45m 60m 90m
C Time (Min) Time (Min)
1004 RsbT 1004 RebT
- = RsbRFe'-CO - = RsbRFe'-NO
€ 804 o Rsbs € 80 © Rsbs
Q Q
5 5
@ 60 S 60-
o o
Z 40 2 40
8 8
& 20 "I" % & 20- ’.h
|*" : . : : : N : . é AN7| 1NN
Om 5m 10m 20m 30m 45m 60m 90m 120m Om 5m 10m 20m 30m 45m 60m 90m 120m
e Time (Min) Time (Min)
100+ RsbT
o RsbRFe"
2 80 RsbS
8
8
© 604
[
o
o 40
=
3 204
4

Om 5m 10m 20m 30m 45m 60m 90m 120m
Time (Min)

Figure 2.10. Autophosphorylation and phosphoryl transfer from RsbT to RsbR and RsbS
in a RsbR/S/T mixture. Average phosphorylation kinetics in the presence of RsbR Fe''-O,

(a), Fe" unligated (b), Fe"-CO (¢), Fe"-NO (d), Fe'" (e). Kinetic experiments were run in
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triplicate, and mean and standard deviation values were calculated for each time point.

Phosphorylation of RsbS was undetectable when RsbR was in Fe'-O, (a) and Fe"" (e)

states.

Table 2.3. RsbR/S/T phosphorylation kinetics. Phosphoryl transfer by RsbT was

measured in the presence of RsbR (in various ligation and oxidation states) and RsbS.

Kinetic experiments were run at least in triplicate, mean and standard deviation of

relative intensities are expressed as percentages (%). Ligation and oxidation states refer

to that of RsbR in the reaction mixture. Phosphorylation of RsbS was undetectable when

RsbR was in Fe'! and Fe'-0, states in the reaction mixture.

Time | () 5 10 20 30 45 60 90 120
(min)
Oxida-
tion
state
RsbR | Fe'" 0+0 |59+ [124 |202 [333 [483 [67.5 [89.5 |100.0
14 |+£36 |+43 |+£34 |+ + £79 [0
10.1 | 14.6
Fe'- |0+0|69+ |13.1 |31.2 [451 |602 |73.6 [93.1 |100.0
0, 55 | +84 |+68 |+60 |+4.1 |+56 |+58 |+0
Fe'- |0+0 |46+ |144 |365 |568 |73.0 |87.8 |98.6 |[93.6
CcoO 07 |+16 |+66 |93 |+82 |+64 |+25 |+83
Fe'- |0+0(208 [373 |547 |742 |841 [958 |98.7 |82.6
NO +69 |£74 |£84 |+ +82 [£69 [£22 |+89
10.9
Fe" 0+0 (246 |46.1 |742 |829 [893 [90.1 [99.1 |[96.0
+£1.3 +6.2 +1.1 +6.3 +78 +£77 |£ 16 |£6.0
RsbT | Fe'" 0+0 [ 11.5 |212 [239 350 [450 |584 |845 |[100.0
+36 |+ + + 69 |+71 |+44 |£52 |0
113 | 12.0
Fe'- |0+0|62+ [135 [229 [380 [526 |659 [853 |100.0
0, 12 |+£80 |+74 |+56 |+ + £82 [ +0
11.6 |11.1
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Fe'- [ 0+0|6.5+ [ 175 |339 |51.1 |71.5 [87.0 |98.6 |91.0
CcoO 32 | +£35 |+86 |+£87 |+ + £24 |+ 92
126 |10.4
Fe'- |0+0[81+ [11.9 [319 [478 |72.8 [86.5 |100.0 |98.5
NO 3.8 | +47 |+£80 |+ + £96 |[£0 |+ 13
12.1 |13.4

Fe' 0+0 |34+ [88+ |188 |263 |51.7 579 |94.1 |100.0

40 |46 |+£47 |+ + +4.1 [£22 |+0
109 |17.4
RsbS | Fe'"! - - - - - - - - -

Fe'- - - - - - - - - -

0,

Fe'- |0+0[263 [37.1 [549 |649 |683 [70.1 [889 |943

CcO + + + + + + + +8.4
112 [23.1 [229 [335 |18.6 |[249 |14.6

Fe'- [ 0+0|17.0 |186 |258 [376 |609 |751 |96.3 |96.0

NO + + + +33 |+ + +26 |£70
237 | 143 | 173 18.8 |21.6

Fe' 0+0|144 |13.1 |43.0 |449 |61.4 |[87.1 |83.9 |749
+7.7 | £ + + + + + +

11.1 273 [29.0 [285 |[183 |[14.0 |21.7
T T T T T 1

400 450 500 550 600 650
Time (Min)
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Figure 2.11. Autooxidation UV-Vis spectra of V. brasiliensis RsbR in RsbR/S/T
complex. Spectra of RsbR Fe'-O, in RsbR/S/T were taken at the beginning (solid red
line) and after two hours (dashed red line). Heme ligand CO for Fe" RsbR was added

after two hours to produce diagnostic RsbR Fe'-CO spectra (blue).

The response of the V. brasiliensis stressosome to gaseous ligand binding at the
heme of RsbR provides a unique opportunity to interrogate the effects of RsbR/S/T
protein interactions on signal sensing by RsbR. RsbR O, dissociation kinetics were
determined to quantify changes in the RsbR sensing domain (Figure 2.12c). The O,
dissociation rate of RsbR in V. brasiliensis exhibits bi-exponential kinetics, suggesting
that RsbR exists in two conformations of the heme pocket (Figure 2.13).'° Based on
sequence alignments, distal pocket tyrosine and serine residues are predicted to provide
key hydrogen bonding residues in the heme distal pocket and interact with bound ligands
(Figure 2.3 and 2.12b). The biphasic O, dissociation kinetics suggest that these residues
form multiple hydrogen bonding patterns with bound O,, yielding multiple dissociation
rates.'®!” Formation of the RsbR/S/T complex alters O, dissociation from RsbR; both the
slow (k;) and fast (k;) rates of individual protein RsbR and RsbR within RsbR/S/T
complexes remain unchanged, but percentages of each rate are altered. These results
suggest that RsbR/S/T interactions result in a greater percentage of RsbR heme-pockets
being in the high affinity conformation (7.5% vs. 19.6%, respectively; Figure 2.12c).
Thus, formation of RsbR/S/T complexes not only alters phosphoryl transfer rates from
RsbT and allows for transfer to RsbS, but also changes the conformation of sensor

protein RsbR, altering the effective O, affinity. These changes in O, dissociation kinetics
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further suggest that conformational changes caused by O, binding in the heme-pocket of
RsbR are not only important in regulation of the stressosome signaling pathway, but also

control ligand binding affinity.
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Figure 2.12. O, dissociation kinetics and structural analysis of the RsbR/S/T complex.
(a) Dynamic light scattering (DLS) of RsbT, RsbS, RsbR and the RsbR/S/T mixture
when RsbR is in Fe'-O, ligation state; inset shows autocorrelation functions. (b)
Homology model of the heme pocket of V. brasiliensis RsbR generated using Phyre2.'®

The heme, proximal histidine, and distal pocket hydrogen bond donors (tyrosine and
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serine) are shown. (¢) O, dissociation kinetics of RsbR alone and in the RsbR/S/T

complex.

A_ 0.30 C

ENINCIN

0.26 0.26

0.25

0.20 |
0.24 - 0.24

0.15
0.22 H 0.22 o

Absorbance

0.20 0.20

Absorbance
Absorbance

0.10

0.18 - 0.18 -
0.05
0.16 0.16

0.00 T T T T T 1 T T T T T 1 T T T T T 1

400 450 500 550 600 650 0.00 0.05 0.10 0.5 0.20 025 0.30 0.00 0.05 0.0 0.5 0.20 025 0.30
Wavelength (nm) Time (s) Time (s)

Figure 2.13. Stopped flow kinetics. (a) Representative overlayed stopped flow spectra of
purified RsbR from V. Brasilienesis. Comparison of mono-exponential and bi-
exponential fits (b and ¢, respectively) for representative O, dissociation experiments for
RsbR. Raw data at 434 nm is shown in black and the calculated fit curve is in red. The fit
residuals (difference between raw and fitted data) are shown in a black curve above each

plot.
2.2.4 Stressosome Complex Structural Analysis

Dynamic light scattering (DLS) experiments of individual proteins and RsbR/S/T
mixture were performed to provide independent validation of the protein-protein
interactions and to determine the approximate size of the V. brasiliensis stressosome
complex (Figure 2.12a). A previously reported cryo-EM structure of the B. subtilus
stressosome core reported a diameter of approximately 30 nm.”* DLS of V. brasiliensis

proteins show that the sizes of oligomers formed by individual proteins RsbR or RsbS are

68



poly-disperse (15-60 nm diameter range), likely oligomerizing through STAS domain
interactions; the majority of oligomers have a diameter of approximately 20 nm. The
majority of the kinase RsbT population forms considerably smaller oligomers (diameter =
6 nm) with lower dispersity. In contrast, the RsbR/S/T mixture forms a complex with
diameter of approximately 12 nm, which is smaller than the oligomers formed by
individual RsbR and RsbS proteins, demonstrating that hetero-oligomeric protein-protein
interactions between three proteins, likely mediated by RsbR and RsbS STAS domains,
are different than interactions between homo-oligomers. Furthermore, DLS
measurements mirror the trend in RsbT phosphorylation kinetics, highlighting that the
three-protein complex RsbR/S/T forms key interactions involved in V. brasiliensis

stressosome signaling transduction.

2.2.5 Conclusion

In summary, we report the first example of heme-bound RsbR as the sensing
protein in a stressosome signaling complex, as well as the first characterization of a
stressosome from a Gram-negative marine bacterium. These studies demonstrate a novel
O,-dependent stressosome signaling that is activated in O,-depleted environments, and
inhibited once the organism enters O,-rich environments, or potentially upon interaction
with reactive oxygen species. Our work provides a platform to study conformational
changes within the stressosome complex upon ligand binding, which will aid in
dissecting key protein-protein and domain-domain interactions involved in activation of
stress-responsive genes. Studying the stressosome-regulated pathway also may provide

insights into how free-living bacteria, such as members of the Vibrio genus become
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human pathogens. One of the signals sensed by the Vibrio genus is O,-limiting condition
in the gut, therefore this O,-sensing stressosome pathway could play a key role to sense

1, 12b .
’ Future in vivo work

low O, conditions and induce transcription of virulence genes.
will allow for identification of ligand-dependent gene transcription and downstream
effectors of the stressosome signaling pathway. Furthermore, understanding stressosome-
regulated pathways in V. brasiliensis will help gain insights into stressosome-controlled

signaling events in Gram-negative bacteria and the roles of O,-dependent in the

pathogenicity of the Vibrio genus.

2.3 Experimental

2.3.1 Cloning and Site-directed Mutagenesis

The wild-type rsbR, rsbS and rsbT genes used in this study were amplified from
genomic DNA of Vibrio brasiliensis (DSMZ 17184). The primer sequences used in the
overlap PCR reactions are listed in the table below. All oligonucleotides were
synthesized by Integrated DNA Technology (IDT). Target genes rshbR and rsbT were
cloned into the pMAL-c2X vector (Novagen), while rsbS was cloned into pGEX-4T1
vector (Novagen) for improved protein expression and stability. For construction of the
rsbS expression plasmid, the PCR product was digested with endonucleases EcoRI and
Xhol and inserted into pGEX-4T1 vector via EcoRI and Xhol restriction sites. To
construct His-tags at the N-terminal of the MBP tags on RsbR and RsbT, the PCR

products were digested with Ndel and EcoRI, and the purified Ndel-MBP-EcoRI
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fragment was inserted into the pMAL-c2X vector via Ndel and EcoRI restriction sites.

The resulting plasmid was named pHis-MBP. The rsbR or rsbT target gene was

subsequently ligated into the HindIIl and EcoRI sites on pHis-MBP. A Tev protease site

also was introduced between MPB/GST tag and the target genes. The ligation mixture

was transformed using E. coli DH5a cells. Positive transformants of all constructs were

selected on LB plates containing 100 pg/mL ampicillin and DNA sequences were

confirmed by sequencing (Eurofins).

The wild-type pHis-MBP-RsbT plasmid served as a template for site-directed

mutagenesis (mutagenic primers are listed in the table). Positive transformants of all

constructs were screened on LB plates containing 100 pg/mL ampicillin and the DNA

sequences were confirmed by sequencing.

PCR primers

Name Sequence 5’ 3’

rsb-for TTTGAATTCCATATGCCACATGGAACTTCGGTTG

rsb-rev TAGCATTGACGCGATTTTGCGC

His-for CATATGCACCACCACCACCACCACATGAAAATCGAAGAAGGTA AAC
His-rev GAATTCTGACTGGAAGTACAGGTTCTCTGAA ATCCTTCCCTCG
rsbBRpMAL  TTTCAGAATTCGGATCCTCTAGAATGCCACATGGAACTTCGGTTG
-for

rsbBRpMAL  AAACGACGGCCAGTGCCAAGCTTTCACTCAGACAGCTGTTTTAAAG
-rev

1sbTpMAL CGAGGGAAGGATTTTCAGAATTCATGCCCGACAGTGACTAC

-for

rsbT[pMAL AAACGACGGCCAGTGCCAAGCTTTTAGGATTTCCATTTAA

-rev

r1sbSpGEX- TTCCGCGTGGATCCCCGGAATTCATGTCAAAGTCTATTTCA

for

r1sbSpGEX- CAGTCACGATGCGGCCGC TCGAGTCACTGTCGGGCACAAGC

rev

rsbRTev- GATCGAGGGAAGGATTTCAGAGAACCTGTACTTCCAGGGCGAATTCG
for GATCCTCTAG
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rsbRTev- CTAGAGGATCCGAATTCGCCCTGGAAGTACAGGTTCTCTGAAATCCT

rev TCCCTCGATC

rsbTTev- GATCGAGGGAAGGATTTCAGAGAACCTGTACTTCCAGGGCGAATTCA

for TGCCCGACAG

rsbTTev- CTGTCGGGCATGAATTCGCCCTGGAAGTACAGGTTCTCTGAAATCCTT

rev CCCTCGATC

rsbSTev- GATCGAGGGAAGGATTTCAGAGAACCTGTACTTCCAGGGCGAATTCA

for TGTCAAAGTC

rsbSTev- GACTTTGACATGAATTCGCCCTGGAAGTACAGGTTCTCTGAAATCCTT

rev CCCTCGATC

2.3.2 Protein Expression and Purification

Expression plasmids for wild-type RsbR, RsbS, RsbT, and mutant RsbT were
transformed into chemically competent E. coli Tuner cells (Novagen). Cultures were
grown in LB media at 37 °C until an optical density of 0.6-0.8 at 600 nm was reached.
Cultures were then cooled to 18 °C and protein overexpression was induced by addition
of I mM IPTG and incubation with shaking 16-18 hr. For RsbR expression, 500 uM 5-
aminolevulinic acid (ALA) was added prior to addition of 1 mM IPTG to improve heme
incorporation. All cells were harvested by centrifugation and lysed by homogenization
(Avestin) after resuspension in buffer containing 50 mM Tris-HCI, pH 7.0, 250 mM NaCl
and 5% (v/v) glycerol. Soluble proteins were separated from cell debris by
ultracentrifugation at 186,000 g for lhr. The supernatant with Hisc-MBP-fused RsbR,
RsbT and mutant RsbT were purified by nickel-NTA affinity chromatography. GST-
tagged RsbS was purified by use of glutathione affinity chromatography. Representative

SDS-PAGE of purified samples is shown in Figure 2.4.

2.3.3 Serine kinase autothiophosphorylation and thiophosphorylation assay using

ATPyS.
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Autophosphorylation and phosphoryl transfer kinetic experiments using ATP-y-S
were performed as previously described.” Briefly, serine kinase RsbT (5 pM) auto-
thiophosphorylation reactions were initiated by addition of 500 uM ATPyS in reaction
buffer containing 50 mM TEA, pH 7.5, 50 mM NacCl, 10 mM MgCl, and 5% glycerol
(Buffer A). Thiophosphorylation reactions of RsbT (5 uM) in the presence of RsbR (5
uM) and RsbS (5 uM) in Buffer A were initiated by addition 500 pM ATPyS. The
reactions were quenched with 6 pL of 500 mM EDTA at 0 min, 5 min, 10 min, 20 min,
30 min, 45 min, 60 min, 90 min and 120min. Quenched reactions were heated at 60 °C
for 5 min, prior to alkylation with 1 mM para-nitrobenzylmesylate (PNBM) for 1.5 hr.
Proteins were separated on 4-20% Tris-glycine SDS-PAGE gels (Biorad) and then were
transferred from SDS-PAGE gels to nitrocellulose transfer membranes (0.2 um, BioRad)
using the Trans-Blot Turbo Transfer System (BioRad) at the high molecular weight
setting for 10 min. Thiophosphoserine was detected as previously described.' Primary
antibody specific for alkylated thiophosphate ester (1:5000, Abcam 51-8) was added and
incubated with the blot overnight at 4°C. Subsequently, secondary antibody goat anti-
rabbit HRP (1:5000, BioRad) was incubated with the blot at 25°C for 1.5 hr. The blot was
developed using Western Blotting Detection Reagent kit (BioRad) and Amplified Opti-
4CN Substrate kit (BioRad) for colorimetric detection. The blot was imaged using Epson
Perfection V600 photo scanner (Epson) at the Professional Setting. Kinetics experiments
were performed at least in triplicate to ensure reproducibility and accuracy of the assay,
and mean and standard deviation values were calculated for each time point. Negative

control reactions were performed without addition of ATP-y-S to ensure there was no
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cross-activity with alkylated cysteines. Representative western blots are shown in Figure

2.7.
2.3.4 Western blot analysis

Intensities of western blot signals were analyzed using ImagelJ (RSB). Signal
intensity at each time point was expressed as a relative percentage to the most intense

band on the same western blot.
2.3.5 O, dissociation rate

0, dissociation rates were measured as previously described.'” The dissociation of
O, from heme protein RsbR at 25 °C was monitored using an SX20 equipped with a
diode array detector and temperature controlled bath, and fit globally using Pro-KII
software (Applied Photophysics). Additional fitting analysis was performed using Igor

Pro (Wavemetrics).
2.3.6 Stressosome complex structural analysis

Dynamic light scattering (DLS) experiments were carried out with a NanoPlus
zeta/nano particle analyzer (Particulate Systems) at 25 °C. The particle size distribution
was derived from a deconvolution of the measured intensity autocorrelation function of
the sample by the general-purpose mode algorithm included in the software. DLS
measurements were performed in buffer containing 50 mM Tris-HCI and 250 mM NaCl
(pH =7) with 5% (v/v) glycerol; concentrations of all protein samples were 15 pM. All
experiments were performed in triplicate to ensure reproducibility and accuracy of the

assay.
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2.3.7 RsbR autooxidation experiment

Autoxidation experiments were carried out with a Cary 100 UV-Vis
spectrophotometer (Agilent Technologies) at 25 °C. Spectra of Fe'-O, RsbR were taken
every 15 min for 18 hours. Heme ligands for Fe" and Fe" RsbR (CO and KCN,
respectively, which have diagnostic spectra) were added after two hours to determine the

oxidation state of RsbR.
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Chapter 3: Study of 3°,5’-cCMP as a Putative Mammalian Second Messenger-
Progress Toward Identification of 3°,5’-cCMP-related Enzymes in Mammalian

Tissues
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3.1 Introduction

Cyclic nucleotides such as adenosine 3°, 5’-cyclic monophosphate (cAMP) and
guanosine 3’, 5’-monophosphate (cGMP) are second messengers that perform crucial
roles in regulating cellular metabolism and mediating numerous biochemical processes in
eukaryotic cells (Figure 3.1)." While the cyclic nucleotides 3°,5’-cAMP and 3°,5’-cGMP
have been established as crucial mammalian signaling molecules for decades, a third
naturally occurring pyrimidine cyclic nucleotide, cytidine 3°, 5’-cyclic monophosphate
(3°,5’-cCMP) has been identified, but its biological function still remain unknown

(Figure 3.1).2

IP
OHO OH 0"y 0 OH HO 'O  OH

Adenosine 3', 5'-cyclic monophosphate Guanosine 3', 5'-cyclic monophosphate Cytidine 3', 5'-cyclic monophosphate
(3',5'-CAMP) (3'5-cGMP) (3'5-cCMP)

Figure 3.1 Structures of three cyclic 3°,5’-nucleotide monophosphates, 3’,5’-cAMP,

3°,5’-cGMP and 3°,5’-cCMP described in this chapter.

3°,5’-cCMP was initially isolated from urine samples of acute leukemia patients
and in rapidly dividing tissues.” Subsequently, putative proteins capable of synthesizing

and hydrolyzing 3°,5’-cCMP, cytidylate cyclase and 3’,5’-cCMP-specific
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phosphodiesterase (PDE) respectively, as well as 3°,5’-cCMP dependent protein kinases

2, d, 3
were reported.” ¢

More recently, 3°,5’-cCMP was shown to stimulate phosphorylation
of Rab23, a negative regulator of the tumorigenic sonic hedgehog (shh) signaling
pathway, which is one of the key regulators during animal development, which controls
neural tube development.* However, while the potential role of ¢cCMP in cellular
differentiation and proliferation has been suggested over the past few decades, little is
known about its physiological and biochemical roles in mammalian systems.
Furthermore, research has revealed the promiscuity of purified soluble guanylyl cyclase

(sGC) and its ability to synthesize 3°,5’-cGMP, 3°,5’-cAMP and 3’,5’-cCMP at various

rates, casting doubt on the authenticity of the previous isolated cytidylate cyclase.’

Although isolations of cytidylate cyclase, 3°,5’-cCMP-specific PDE and 3°,5’-
cCMP-dependent kinase (PKA) have been previously reported, the amino acid and gene

- - - 2, d, 3,6
sequences of these proteins still remain unknown.” © >

Without previous knowledge
about the identity of cytidylate cyclase and cCMP-specific phosphodiesterase (PDE), the
initial step to study 3°,5’-cCMP signaling pathway is to isolate enzymes involved in the
3°,5’-cCMP signaling pathway. To date, there are multiple isoforms of adenylate cyclase
and guanylate cyclase reported, both of which consist of soluble and membrane-bound
isoforms."™ ’ Although the location of mammalian cytidylate cyclase has not been
unequivocally reported, previously published research has observed turnover of CTP to
3°,5’-cCMP in enzymes isolated from both the cytosolic and the membrane fraction,
which has led the proposal of the presence of multiple isoforms of cytidylate cyclase,

both soluble and membrane-bond.® Also, previous published analytical methods using
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thin layer chromatography (t. 1. ¢) and radioimmunoassay lack the sensitivity and
specificity to detect and quantify 3’,5’-cCMP. Moreover, lack of a standardized
purification protocol and analytical method to study 3°,5’-cCMP-related enzymes has
made establishing the role of 3°,5’-cCMP as a mammalian signaling molecule especially

challenging.*® *

Approach | a Approach | b
NH, NH, NH,

Cytidylate SN
Q@ 9 9 f\/g Cyclase O (k /& Phosphodiesterase O f\ I
_P

- > HO-P-O

| ) N ~O
288 £ 52 S
HO  OH 60 oH © W on
©
CTP cCMP CMP
| Approach Il

downstream effector
Figure 3.2 Outline of putative 3’,5’-cCMP-related enzymes isolation and identification

using enzyme fractionation and cCMP-affinity matrices approaches described in this

chapter.

In this chapter, we aim to develop an efficient protocol to identify enzyme
members of 3°,5’-cCMP signaling pathways through two complementary approaches
(Figure 3.2). In the first approach, we attempted to isolate and identify protein members
in the pathways using modified previously published protocols (Figure 3.2 Approach Ia

and Ib). Amino acid or gene sequence of putative mammalian cytidylate cyclase and
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cCMP-specific PDE using tandem MS-based proteomics studies will be determined in
order to establish molecular identifies of these enzymes. In the second approach, I
identified potential cCMP-binding proteins through cCMP matrices affinity
chromatography (Figure 3.2 Approach II). We have synthesized cCMP probes tethered to
agarose, which were used to probe for cCMP-binding proteins in mammalian tissue
homogenates. The identification of isolated proteins was attempted using MALDI
(Matrix Assisted Laser Desorption/Ionization) mass spectrometry and published genome

sequences.

3.2 Results and Discussion

3.2.1 Approach I: Identification of cCMP-Related Enzymes through Protein
Purification
3.2.1.1 Partial Purification and Properties of Cytidylate Cyclase Activity

An outline of the optimized purification protocols for soluble and membrane-
bound cytidylate cyclase is depicted in Figure 3.3 and 3.4 (refer to experimental section
3.42 for details).” To prepare soluble cytidylate cyclase, frozen rat livers were
homogenized in pre-chilled homogenate buffer with 1 mM protease inhibitor AEBSF.
The highest concentration of cCMP was identified in re-generating organs such as rat
livers; therefore, rat livers were chosen for testing cytidylate cyclase activity. The low-
speed centrifugation (Figure 3.3, step 2) was used to remove lipids and cellular debris.

The subsequent high-speed centrifugation (Figure 3.3, step 3) was used to separate
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insoluble protein from soluble protein, and both fractions were tested for enzyme activity.
To purify membrane-bound cytidylate cyclase, a sucrose solution was used to solubilize
membrane-bound protein (Figure 3.4). Both the supernatant containing solubilized
membrane-bound protein and pellet were used to test for cytidylate cyclase activity.
Initially, cytidylate cyclase activity assay was analyzed using HPLC. The intrinsic
retention time for each compound based on the authentic standard was used for
identifying putative cNMPs. In order to achieve the best results, a series of optimization
experiments were performed to achieve the highest cytidylate cyclase activity. These
optimizations include varying concentrations of substrate, cofactor MnCl, and purified
enzyme mixture. Enzyme fractions putatively containing soluble (Figure 3.3 step 3) and
membrane-bound (Figure 3.4 step 4) cyticylate cyclase were used to optimize the
analytical protocol. The initial concentrations of MnCl, and CTP in the cytidylate cyclase
reaction were 40 mM and 1 mM respectively, however, incubating both soluble and
membrane-bound fractions with starting material and the metal co-factor yielded only the
hydrolyzed product cytidine instead of the cyclized product 3’,5’-cCMP. Previous
research reports the highest cytidylate cyclase activity in partially purified rat organ
fraction is achieved with < 5 mM Mn”", and the enzymatic activity level dramatically
decreases when Mn”" is higher than 10 mM.'® However, decreasing MnCl, concentration
to 4 mM, the reaction still produced solely the hydrolyzed product cytidine. Increasing
concentration of the starting material CTP 5 fold and 10 fold, resulted in isolation of the
starting material CTP. The concentration of enzyme in each reaction is another important

factor determines reaction rates. Incubating various volumes of soluble and membrane-
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bound fractions with 4 mM MnCl, and 1 mM CTP, reactions still yielded only the
hydrolysis product cytidine. Since a previously published protocol has isolated an active
membrane-bound cytidylate cyclase from the membrane fraction solubilized by Triton-
X100, cytidylate cyclase activity was carried out using similar reaction conditions as
described above, but with re-solubilized enzyme in the pellet fraction following both
purifications protocols. Unfortunately, these reactions also yielded only the hydrolyzed

product cytidine.

‘ Frozen male rat liver was homogenized

in pre-chilled homogenate buffer

1 ((10 mM Tris-HCI (pH 7.5), 2 mM DTT
and 0.25 M sucrose) (9 volumes of buffer
relative to wet tissue weight))

Crude lysate was centrifuged at 3000 g
for 3 min

Pellet contains cell

Supernatant was transferred to a new
debris was discarded P

eppendorf tube

Supernatant was centrifuged at 10,000 g
3 for 20 min

Supernatant contains soluble protein was
used for testing cytidylate cyclase activity
assay

Figure 3.3 Workflow chart of soluble cytidylate cyclase purification from rat livers.
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Control experiments detecting adenylate cyclase (AC) and soluble guanylyl
cyclase (sGC) activities in rat liver were performed to ensure the reliability of our
purification and analytical protocols. However, only the starting material ATP in the AC
activity assays, and the hydrolyzed product guanosine in the sGC activity assays have
been identified using HPLC. Cytidylate cyclase identification and enzymatic activity
assays were unfruitful using the current purification and analytical method, likely either
because cytidylate cyclase was inactivated during purification, or the presence of a
phosphodiesterase in the partial purified cytidylate cyclase fraction that hydrolyzed

cNMPs to the corresponding hydrolyzed products.

The unsuccessful isolation of enzymatic activity based on a previously published
protocol has also led us to question whether the sensitivity of HPLC is sufficient to detect
cNMPs in those enzyme assays. Therefore, mass spectroscopy, a technique that provides
a higher degree of specificity and sensitivity, was adapted to detect putative cNMP
products in this study. Cytidylate cyclase activity assay was analyzed on a Thermo LTQ-
FTMS. The exact masses of various cNMP and NMP standards are reported in Table 3.1.
Mass spectrometry-based techniques have been a game-changing tool for detecting
putative cNMPs product in purified enzymatic activity assays.

The putative 3°,5’-cCMP was identified in the reaction mixture incubating 80 ulL
of soluble enzyme fraction (Figure 3.4) with 4 mM MnCl, and 1 mM CTP using
electrospray ionization mass spectrometry (ESI-MS), which indicates the presence of a
soluble cytidylate cyclase or a promiscuous adenylate or guanylate cyclase. Therefore,
further fractionation is needed to purify and isolate the putative cytidylate cyclase.
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Frozen male rat liver was homogenized

1 in pre-chilled homogenate buffer
((50 mM Tris-HCI (pH 7.5), 9 volumes of buffer
relative to wet tissue weight)

Crude lysate was centrifuged at 500 g
for 5 min

Supernatant was dialyzed in
homogenate buffer for four hr

Pellet contains cell
debris was discarded

0.25 M sucrose solution was added
to he dialysate to solubilize membrane-
bond protein

’; ;(n 1l

The mixture was centrifuged at 100,000 g
for 90 min

Pellet containing insoluble protein Supernatant contains soluble protein was
was dissolved in 0.3% Triton X-100 used for cytidylate cyclase activity assay

Solublized pellet fraction was centrifuged
at 100,000 g for 1hr

| l
Insoluble fraction was used for
cytidylate cyclase activity assay
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Figure 3.4 Workflow chart of membrane-bound cytidylate cyclase purification from rat

livers.
Approach |l a
NH, NH,
N
~N Purified cytidylate N
@ Q2 9 | P cyclase from rat liver | A
(0] N (0]
HO-P-0-P-0-P-0 N" S0 0
O O O &0% 0=pP
© O © N
HO OH o O OH
©
CTP

Purified cytidylate
cyclase from rat liver

NH,
ﬁN
HO NAO
%0?\

HO OH

Detected undesired hydrolysis product
cytidine using HPLC

Detected desired cyclized product
cCMP using HRMS

Figure 3.5 In Approach Ia, two distinct products from purified cytidylate cyclase activity

assays were detected using different analytical methods, HPLC and HRMS. Cyclized

product 3°,5’-cCMP was detected using HRMS, indicating that mass spectrometry-based

analytical method with improved sensitivity should be adapted to identify cNMPs in this

chapter.
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Table 3.1 Exact masses of authentic nucleotides and cyclic nucleotides analyzed on a

LTQ-FTMS.

cCMP cAMP CMP AMP cytidine  adenosine
Exact 305.04129 329.05252 323.05186 347.06309 243.08552 267.09676
Mass
(m/z)

[M+H]Jr 306.04129 330.05252 324.05186 348.06309 244.08552 268.09676
(m/7)

[M + H]" = protonated molecular mass.

As shown on the spectrum, we also have isolated a variety of small molecules
from the complex soluble enzyme fraction incubation mixture (Figure 3.6). Moreover,
matrix effects result from co-eluting matrix components, such as endogenous
phospholipids, can greatly affect ionization of the analyte-of-interest in LC-MS/MS
analyses, resulting in ion suppression.'' Therefore, an efficient sample preparation
protocol and a liquid chromatography-based separation prior to MS analysis are needed
to reduce matrix effect. Moreover, utilizing tandem mass spectrometry (MS/MS), which
offers further information about specific ions, will provide comprehensive structural
analysis on analyte-of-interest, thereby allowing unequivocal identification of putative
cNMP products.

A control experiment detecting adenylate cyclase (AC) activity in rat liver was
performed to ensure the reliability of our purification and analytical protocols. Putative
3°,5’-cAMP product was also isolated in the reaction mixture using ESI-MS (Figure 3.7).

It agrees with previous published results on presence of adenylate cyclase in rat liver.
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Figure 3.6 Positive-ion high-resolution mass spectrum of soluble cytidylate cyclase
reaction mixture after termination of reaction. Expanded spectrum of putative cCMP

product ((M+H]", m/z 306.03351) is in the inset.
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Figure 3.7 Positive-ion high-resolution mass spectrum of soluble adenylate cyclase
incubation mixture after termination of reaction. Expanded spectrum of putative cAMP

product ((M+H]", m/z 330.1526) is in the inset.
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Results show that a mass spectrometry-based technique is a much more sensitive
and suitable analytical method for detecting putative cNMP products. Using the current
protocol, we have identified putative 3°,5’-cCMP product synthesized in rat brains; the
cytidylate cyclase activity could result from the presence of a novel cytidylate cyclase or
an active non-specific cyclase. Future work includes developing an efficient protocol to
further fractionate the cytosolic fraction, in order to isolate and characterize the potential
cytidylate cyclase in rat livers. Determining the amino acid sequence of the novel
mammalian cytidylate cyclase will not only help us understand the molecular structure of
the protein, but also establish the physiological role of 3°,5’-cCMP as a naturally
occurring signaling molecule in mammals. An improved sample preparation protocol and
LC-based separation method prior to MS or MS/MS analysis is important to reduce

matrix effects and improve sensitivity of the analytical method.

3.2.1.2. Partial Purification and Properties of cCMP-Specific Phosphodiesterase
(PDE) Activity

An outline of the optimized purification protocol for 3°,5’-cCMP-specific PDE in
rat liver is depicted in Figure 3.8 (refer to experimental section 3.4.3 for details).’
Following a previously published protocol, ammonium sulfate fractionation was used to
purify PDE in the rat liver.® Ammonium sulfate precipitation is a method used to purify

proteins based on their solubility in the presence of a high concentration of salt. This type
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of fractionation has a stabilizing action on some enzymes, and has been proven to be a

very effective means of fractionating protein. 2

1 Frozen male rat liver was homogenized
in pre-chilled homogenate buffer
((50 mM Tris-HCI and 3 mM p-mercaptoethanul
(pH 7.5), 9 volumes of buffer relative to wet tissuc weight)

Crude lysate was centrifuged at 1000 g
) for 10 min

f=
Pellet contains cell f Supernatant was dialyzed in
debris was discarded homogenate buffer for three hr

Slowly adding the requisite amount of
¢ ¢ ammonium sulfate to the dialysed material

v
=y
’ Each precipitate was re-suspended

in 50 mM Tris-HC1 (pH 7.4), then dialysed
. against the same buffer at 4 °C

0-20% 20 - 40% 40 - 60% 60 - 90%

Ammonium sulfate containing the
4 highest cCMP PDE activity was purified
using AGF

Each AGF fraction was assay for PDE
activity and analyzed for protein content

Figure 3.8 Workflow chart of cCMP-specific PDE purification from rat livers.
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Previously published research has partially purified 3°,5’-cCMP-specific PDE that
has a molecular weight of 28 kDa from ammonium sulfate fractionation fraction 60-90%
in rat liver.® The fraction containing the highest cCMP PDE activity was then purified on
analytical gel filtration (AGF) to further purify the desired enzyme. Intriguingly, fraction
43 after AGF shows a band with molecular weight at around 28 kDa, which is the same
as previously identified 3°,5’-cCMP PDE (Figure 3.9). It suggests that fraction 43 may
contain the desired 3°,5’-cCMP PDE. cCMP PDE-containing fraction 43 was incubated
with 10 mM starting material cCMP and 10 mM FeSOy4¢ 7H,0 to test for PDE activity.
Putative CMP product from these activity assays was analyzed on HPLC. As a control
experiment, similar PDE activity assay was also carried out using the crude lysate
fraction to ensure putative enzyme maintain its activity throughout the protocol.
However, the crude lysate mixture yielded the hydrolyzed product cytidine, while
fraction 43 produced only the starting material 3°,5’-cCMP. It suggests that the current
protocol is not yet sufficient in maintaining cCMP-specific PDE activities. It is also
possible that cCMP PDE may be present, but the concentration of the putative CMP

product was close to the detection limit on HPLC.
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m.w. 28 kD

Figure 3.9 SDS-PAGE analysis of analytical gel filtration (AGF) fractions that may
contain a putative cCMP PDE. Fraction 43 contains a protein with molecular weight at

around 28 kDa, which is the same as previously reported cCMP-specific PDE.

These results suggest that the putative 3°,5’-cCMP PDE has lost its activity during
purification. Future work includes developing a more gentle and time-conserving
protocol to preserve and isolate 3°,5’-cCMP-specific PDE in mammalian tissues. In
addition, mass spectrometry-based techniques are better analytical methods for detecting
CMP. Obtaining the amino acid sequence of the putative cCMP-specific PDE in the
future will not only provide molecular identify of the protein, but also will help to

establish the physiological role of 3°,5’-cCMP as a mammalian signaling molecule.
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3.2.2 Approach II: 3°,5’-cCMP Matrices for the Affinity Purification of ¢cCMP-

binding Protein

Affinity matrix chromatography makes use of specific binding interactions
between proteins and ligand bound to solid support. A particular ligand is chemically
immobilized on a solid support, and then after other sample components are washed
away, the bound protein is eluted from the support, resulting in its purification from the
original sample. We have synthesized 3°,5’-cCMP resin by coupling immobilized
diaminodipropylamine (DADPA) (Figure 3.10, B) to cCMP at two different positions. 2’-
and 3’-hydroxyl groups of 3°,5’-cCMP can be activated by NHS esters or carbodiimides
for the subsequent conjugation to the free amine of the immobilized DADPA linker
through amine-reactive reactions. Immobilizing the DADPA agarose at 2’-hydroxyl and
the phosphate positions of 3°,5’-cCMP yielded 3°,5’-cCMP-2’-OH and 3°,5’-cCMP-
phosphate probes, respectively (Figure 3.10, A). Linking agarose at two different
positions increases the accessibility of the affinity ligands to proteins, thereby increases
the likelihood of obtaining 3’,5’-cCMP-binding proteins. Tethering 3°,5’-cCMP to the
MS (PEG)4 agarose linker will elongate the spacer arm, which reduces possible steric
hindrance, possibly permitting greater binding of proteins (Figure 3.10, C). A control
probe, 3’,5’-cAMP-phosphate agarose, was also synthesized to test for non-specific
binding and promiscuity of the 3°,5’-cCMP-binding proteins.

Following a previously published method, 3’,5’-cCMP-phosphate probe was

synthesized by coupling DADPA agarose with an activated cCMP (Scheme 3.1, 2)."°
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Coupling 3°,5’-cCMP salt 1 with 4-bromocrotonic acid installs the carboxyl group
required for the subsequent coupling reaction on 3°,5’-cCMP. EDC (1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimides HCI) reacts with the carboxyl group to form an
amine-reactive o-acylisourea intermediate. The resulting intermediate reacts with the
DADPA agarose to yield the desired 3’°,5’-cCMP-phosphate probe. A control probe,

3°,5’-cAMP-phosphate probe was synthesized in a similar fashion to test for non-specific

binding.
NH,
ON/\/\N/\/\N%,
7SN H H H
0 N/go B
F/> o)
07/ \\ OH
HO O OH 0 H
(@) N.
S Qo oo o M
OH
A C

Figure 3.10 Structures of synthesized 3°,5’-cCMP matrices for the affinity purification of
cCMP-binding protein. A. Proposed sites of modifications of cCMP. B. Side chain

DADPA agarose to be coupled to cCMP probe. C. Side chain MS (PEG)4 agarose linker.

Two isomers of the intermediate 2 (Figure 3.11) are likely to form as a result of

the coupling reaction between 3°,5’-cCMP (Scheme 3.1, 1) and 4-bromocrotonic acid.
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Scheme 3.1 Synthesis of 3°,5’-cCMP-phosphate resin.
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cCMP-phosphate resin

O represents agarose

Although the unfavorable 1,3-diaxial interactions in the axial isomer due to steric
hindrance between the acid group and both 3’ and 5’-hydrogens favor the equatorial or
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axial isomer, the more dominant electronic gauche effect overcomes the steric effects,
suggesting majority of the product should be the axial isomer (Figure 3.11)."> We have
not successfully obtained the isomeric ratio of the two isomers using our current
chromatography conditions. This could be because the crotonic acid group is not bulky
enough to differentiate between the two isomers. Both 'H NMR and HRMS results show
that 2 is the major product of this coupling reaction alone with tetra-n-butylammonium
salt. Since the presence of by-product salt does not greatly affect the subsequent coupling
reaction, the crude mixture containing desired intermediate both isomers of 2 was used

for the next step.
NH,
(1
NS0
O
I

HO P~
WO \OO 0
@)

HO

2 axial (favored) 2 equatorial

Figure 3.11 Axial and equatorial isomers of intermediate 2 in Scheme 3.1 (certain bond
lengths have been elongated to show steric collision). The axial isomer of 2 is favored

due to gauche effect."”

Following a previously published method, synthesis of the 2°-OH-cCMP probe is

depicted in Scheme 3.1."* N, N’-dicyclohexyl-4-morpholinecarboxamidinum 3’,5’-cCMP
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salt 3 was formed before coupling with 1, 1’-carbonyldiimidazole mainly due to the low
solubility of 3°,5’-cCMP in DMF. The carbonyldiimidazole-activated 3°,5’-cCMP 4 was

coupled with the immobilized DADPA to yield 2’-OH-cCMP probe.

Scheme 3.2 Synthesis of 2°-OH cCMP resin.
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The synthesized cCMP-phosphate resin, 2’-OH-cCMP resin and a control cAMP-
phosphate resin were incubated with rat brain in order to isolate 3°,5’-cCMP-binding

proteins (Figure 3.12).

NH, HoN
s NH NS
| 7N o </N \ N/)
0 N o
[ Lo 0 N’go é %0%
=P 0O 071~
0"INd on O,//p\%—% o 50 OH

HO O O%
X HN\\\\ XN
O~ "NH O~ °NH

I\EL NH
Q >
cCMP-phosphate resin 2'-OH-cCMP resin cAMP-phosphate resin

Figure 3.12 Structures of the synthesized cCMP/cAMP-affinity resins.

SDS-PAGE gel shows the isolated 3°,5’-cCMP-binding proteins from the soluble
fraction of rat brains isolated using synthesized 3’,5’-cCMP-affinity probes (Figure 3.13).
Proteins at bands 1, 2 and 3 on the SDS-PAGE gel were isolated using the 2’-OH-cCMP
probe (Figure 3.13, Lanes 4 and 5). The intensities of bands 1, 2 and 3 are enhanced in
2’-OH cCMP agarose lanes (Lanes 4 and 5), as compared with the total protein present in
the crude lysate fraction (Lane 9). A competing reaction was performed by introducing 2

mM 3°,5’-cCMP in the incubation mixture (Lanes 1, 3 and 6). cCMP-binding proteins
100



show interaction with free 3’,5’-cCMP, and reductions of band intensities in control
experiments indicate isolation of 3°,5’-cCMP-binding proteins. Results show increasing
intensities of bands 2 and 3 in the competing reaction, likely because protein in either
band was isolated by the 2’-OH-cCMP resin through non-specific binding, due to the fact
that these proteins do not interact with free cCMP; or because the presence of 2’-OH-
cCMP resin interferes with proteins in bands 2 and 3 interaction with free cCMP. Protein
in band 1 that was competed away by 3°,5’-cCMP (Lanes 3, 4 and 5) could potentially be
a cCMP-binding protein, because it interacts with both the synthesized probe and its
native substrate 3°,5’-cCMP. The proteins isolated by cCMP-phosphate resins only show
faint bands at around 46 to 58 kDa (Lanes 7 and 8). On the other hand, a competing
reaction performed by introducing 2 mM cCMP into the incubation mixture shows
multiple bands; it could be because the isolated cCMP-phosphate-binding proteins were
activated in the presence of free cCMP (Lane 6). The control cAMP-phosphate probe also

isolated a potential cAMP-binding protein at around 40 kDa (Lane 2).

m @ @& @ 6 (. (7 (8 (9
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Figure 3.13 SDS-PAGE analysis of isolated cCMP-binding proteins from rat brains
using various synthesized cCMP resins. Lane 1, control cAMP-phosphate resin + 2 mM
cAMP; lane 2, control cAMP-phosphate resin; lane 3, 2’-OH-cCMP resin + 2 mM
cCMP; lane 4, 2°-OH-cCMP resin, lane 5, 2’-OH-cCMP resin; lane 6, cCMP-phosphate
resin + 2 mM cCMP; lane 7, cCCMP-phosphate resin; lane 8, cCMP-phosphate resin; lane

9, rat brain crude lysate.

Bands 1, 2 and 3 containing potential putative cCMP-binding proteins were
extracted from the SDS-PAGE gel for the subsequent tryptic digest MALDI analysis.

The MALDI-MS data was searched in the SwissProt database 2012.09.06, which
contains sequences of rat proteins (Table 3.2). The MOWSE (MOlecular Weight SEarch)
score, used in peptide mass fingerprinting, is a score based on peptide frequency
distribution from the OWL non-redundant Database, and is used to evaluate the
significance of the correlation analysis.'” There is no particular threshold for a reliable
MOWSE score- the higher the score is, the more likely the putative protein matches an
identified protein in the database. Intriguingly, results show that protein in band 2 shares
8% (10/124 matches) sequence similarity to a THO complex subunit 5 (Thoc5) homolog.
Thoc5 is one of the subunits of the THO complex, which functions to rectify aberrant
structures that arise during transcription and is required for cell proliferation.'®
Preliminary data suggest the potential role of 3°,5’-cCMP in cellular proliferation through

regulation of the THO complex.
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Table 3.2 Results of the in-gel MALDI analysis of potential cCMP-binding proteins
extracted from bands 1, 2 and 3 in Figure 3.13. Predicted proteins with the highest

MOWSE scores are reported here (prospector.ucsf.edu).

Band 1

MOWSE % Matching Species Protein name

Score

462 5 Rat Exocyst complex
component 5
Single-strand selective

414 4 Rat monofunctional uracil-
DNA glycosylase

Band 2

MOWSE % Matching Species Protein name

Score

32114 3 Rat THO complex subunit 5
homolog
Zinc finger protein

14912 6 Rat DZIPIL

Band 3

MOWSE % Matching Species Protein name

Score

2403 10 Rat Neurotrypsin

300 10 Rat Rho guanine nucleotide
exchange factor 2

Table 3.3 shows the matched peptide sequences of the isolated binding proteins
with previously established protein THO complex subunit 5 homolog. Our preliminary
MALDI-MS based 3°,5’-affinity chromatography results suggest that 3°,5’-cCMP could
be binding and interacting with the THO protein complex. Furthermore, MALDI-MS/MS
on individual peptides will be performed to confirm the results. Future work includes

optimizing the in-gel tryptic digest MALDI analysis conditions in order to improve the
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sequence coverage of extracted proteins and identify cCMP-binding proteins with greater

confidence.

Table 3.3 Matched peptide sequence of the putative protein extracted from band 2 in

figure 3.13 with THO complex subunit 5 homolog. The matched peptides cover 29.3% of

the protein. (prospector.ucsf.edu)

MH" MH"
Submitted @~ Matched Matched peptide sequences

(m/z) (m/z)

520.2609 520.2799 (K)EMLK(R)
2309.1780  2309.2024 (K)DIVEAGLAGDTNLYYLALIER(G)
2518.1069  2518.2018 (R)LCVLLDVYLETESHDDSVEGPK(E)
2611.3433  2611.1334 (K)EQPQHTVMADHSQSASHMETTMK(L)
2753.5054  2753.3312 (K)AEITMGDPHQQTLARLDWELEQR(K)
2839.5723  2839.3793 (R)LNSIMQASLPVQEYLFMPFDQAHK(Q)
2942.4329  2942.5444 (K)VDAYHLQLQNLLYEVMHLQKEITK(C)
2995.0476 29953035 (K)ALFKPPEDSQDDESDSDAEEEQTTRR(R)
3062.8193  3062.5768 (K)QFASLEHGIVPVTSECQYLFPAKVVSR(L)
3276.3525  3276.5617 (R)LCVLLDVYLETESHDDSVEGPKEFPQEK(M)

2.3. Conclusion

For many years, progress made in isolation of 3°,5’-cCMP-related enzymes has been
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slow due to the lack of efficient purification methods and sensitive analytical tools to
identify and isolate enzyme members of 3°,5’-cCMP signaling pathways. In this chapter
we report a preliminary mass spectrometry-based technique that is suitable for detecting
putative cNMP products. In the first approach, we have identified putative cCMP product
synthesized in purified rat liver fraction, which could be an indication of the presence of a
novel cytidylate cyclase or an active non-specific cyclase in rat. Future work includes
developing an efficient protocol to further fractionate the cytosolic fraction, in order to
isolate and characterize the putative mammalian cytidylate cyclase. Results show that the
putative cCMP-specific PDE may be present, but the purification procedure has
destroyed its activity. Future work includes developing a more gentle and rapid protocol
to preserve the active cCMP-specific PDE in mammalian tissues. cCMP affinity
chromatography results from the second approach suggest that we may have isolated
THO complex subunit 5 from rat brains, using synthesized 3°,5’-cCMP resins. THO
complex subunit 5 is involved in cellular proliferation by controlling transcription and
mRNA export, suggesting 3’,5’-cCMP may be involved in regulation of the THO
complex activity. Improving the coupling efficiency between 3’,5’-cCMP intermediates
and immobilized DADPA is crucial to synthesize cCMP resins effectively. In addition,
various analogs of cCMP agarose such as amine-cCMP agarose will be synthesized in
order to improve the accessibility of the affinity ligands to proteins, thereby increasing

the likelihood of obtaining a variety of cCMP-binding proteins (Scheme 3. 3).
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Scheme 3.3. Synthesis of amine-cCMP agarose for isolation of cCMP-binding proteins.
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amine-cCMP agarose

Identifying proteins involved in the cCMP signaling pathway will not only provide
starting point for establishing physiological relevance of cCMP in mammals, but also
provide a platform for studying the role of cCMP in mammalian signaling transduction,

with a possible role in cancer biology.
3.4 Materials and Methods

3.4.1 Materials

Organs from Sprague-Dawley rats (brain, spleen, lung, kidney, heart and liver)
were purchased from Innovative Research Inc. (Novi, MI, USA). According to the
supplier, frozen organs were flash-frozen immediately after harvest and were stored at
—80 °C upon receipt. Adenosine 3',5'-cyclic monophosphate hydrate (3',5'-cAMP) was
purchased from TCI America (Portland, OR, USA). Cytidine 3',5'-cyclic monophosphate
(3',5'-cCMP) was purchased from BioLog (Bremen, Germany). Guanosine 3',5'-cyclic

monophosphate ~ sodium  salt  (3',5'-cGMP), theophylline, 4-(2-Aminoethyl)
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benzenesulfonyl fluoride hydrochloride (AEBSF), 1, 1’-carbonyldiimidazole, TCEP
Tris(2-carboxyethyl)phosphine (TCEP) and lodoacetamide (IAA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ethylenediaminetetraacetic acid, disodium salt,
dihydrate (EDTA) was purchased from EMD Millipore (Gibbstown, NJ, USA).
Dithiothreitol (DTT), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimides HCl (EDC),
Immobilized diaminodipropylamine (DADPA), HPLC-grade acetonitrile and methanol
were obtained from Thermo Fisher Scientific (Rockford, IL, USA). 4-bromocrotonic acid
was purchased from TCI America. N',N’-dicyclohexyl-4-morpholinecarboxamidine was

purchased from VWR.

3.4.2 Partial purification of cytidylate cyclase

3.4.2.1 Soluble cytidylate cyclase preparation

Soluble cytidylate cyclase was fractionated using a previously published protocol
with modifications.® A frozen male rat liver was homogenized using a hand homogenizer
(OMNI TIP™ Homogenizing Kits) in pre-chilled homogenate buffer (10 mM Tris-HCI
buffer, 2 mM DTT and 0.25 M sucrose (pH 7.5), 9 volumes relative to tissue weight)
containing 1 mM protease inhibitor AEBSF in conical tubes. Crude lysate was
centrifuged at 1000 g for 3 min; a small portion of the crude lysate was tested for
cytidylate cyclase activity and the rest of the supernatant was transferred to a new conical
tube. The homogenate was centrifuged at 10,000 g for 20 min to separate the soluble

proteins in the supernatant from the membrane-bond proteins. Centrifugation procedures

107



were maintained at 4 °C for stability of the protein. The supernatant containing soluble

protein was tested for cytidylate cyclase activity.

3.4.2.1 Membrane-bound cytidylate cyclase preparation

Membrane-bound cyclase was fractionated using a previously published protocol
with modifications.® A frozen male rat liver was homogenized using a hand
homogenizer (OMNI TIP™ Homogenizing Kits) in pre-chilled homogenate buffer (50
mM Tris-HCI (pH 7.4), 9 volumes relative to tissue weight) containing 1 mM protease
inhibitor AEBSF in conical tubes. The homogenate was centrifuged at 500 g for 5 min; a
small portion of the crude lysate was tested for cytidylate cyclase activity, and the rest of
the supernatant was dialyzed in the homogenate buffer for four hours. 0.25 M sucrose
solution was added to the dialysate, followed by ultracentrifugation at 100,000 g for 90
min to re-suspend membrane-bound proteins. The supernatant containing membrane-
bound proteins was tested for cytidylate cyclase assay. Homogenate buffer containing
0.3% Triton X-100 was added to the pellet, vortexed to re-suspend membrane-bound
proteins, and the resulting mixture was centrifuged at 100,000 g for 1 hr. Centrifugation
procedures were maintained at 4 °C for stability of the protein. The resulting supernatant

was tested for cyclase activity.

3.4.3 Partial purification of cCMP-specific PDE
cCMP-specific phosphodiesterase was fractionated based on a previously

published protocol using ammonium sulfate fractionation technique.’ A frozen male rat
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liver was homogenized using a homogenizer (OMNI TIP™ Homogenizing Kits) in pre-
chilled homogenate buffer (50 mM Tris-HCl and 3 mM B-mecaptoethanol (pH 7.5), 9
volumes relative to tissue weight). The homogenate was centrifuged at 4 °C at 1000 g for
10 min. Centrifugation procedures were maintained at 4 °C for stability of the protein.
The supernatant was dialysed at 4 °C against 12 volume of homogenate buffer for 3
hours. The dialysed material was fractionated by slowly adding the requisite amount of
ammonium sulfate at 4 °C to produce fractions: 0-20%, 20-40%, 40-60% and 60-90%.
The precipitates were re-suspended in the minimum volume of 50 mM Tris-HCl buffer
(pH 7.4) then dialysed overnight against 12 volume of the same buffer at 4 °C. The re-
suspended 60%-90% fraction, which was previously reported to have the highest
observed PDE activity, was further purified using analytical gel filtration. Each re-
suspended precipitate and analytical gel filtration fraction was assayed for PDE activity

and analyzed for protein content.

3.4.4 Cytidylate cyclase activity assay

Cyclase preparations (80 puL) were incubated in 50 mM Tris-HCI buffer, pH 7.4
in a total volume of 100 pL containing I mM CTP and 4 mM MnCl; at room temperature
for 10 min. Control studies were prepared exactly as above except that 1 mM ATP or
GTP were used to test for substrate specificity of the putative cyclase and to test for
contaminating adenylate and guanylate cyclases. The reaction was quenched with 100 uL

of 150 mM EDTA (pH 4) and heated at 90 °C for 3 minutes. The reaction mixture was
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cooled on ice for 1 min and centrifuged at 2000 g for 20 min. The supernatant containing

putative cNMP products was analyzed on HPLC or MS.

3.4.5 cCMP PDE activity assay

PDE preparations (38 pL) were incubated in 50 mM Tris-HCI buffer, pH 7.4 in a
total volume of 100 pL containing 10 mM cCMP and 10 mM FeSO4 7H,0O at room
temperature for 20 min. Control studies were prepared exactly as above except that 10
mM cAMP or cGMP were used as to test for substrate specificity of the putative PDE and
to test for contaminating 3’,5’-cAMP and 3°,5’-cGMP specific PDEs. The reaction
mixture was heated at 90 °C for 2 minutes, cooled on ice for 2 min, and centrifuged at

13,000 g for 3 min. The supernatant containing putative NMP products was analyzed via

HPLC or MS.

3.4.6 HPLC optimized conditions

HPLC experiments were performed using an Infinity 1260 HPLC system (Agilent
Technologies, Germany) equipped with a quaternary pump, a degasser, and a temperature
controlled autosampler. Samples were separated using a reverse phase (C-18) column
(250% 4.6 mm, Agilent Technologies). 20 uL of sample was analyzed by HPLC during
each run. Buffer A contained 150 mM sodium phosphate (pH 5.2) and buffer B contained
60% buffer A and 40% acetonitrile. Putative cNMP and NMP products were eluted using
a linear gradient from 0 to 100% buffer B in 30 min at 1 mL/min. Three independent

HPLC runs were performed for each sample.
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3.4.7 HRMS optimized conditions

HRMS experiments were performed using a Thermo Electron LTQ-FTMS system
equipped with a diode array detector controlled by Xcalibur and DCMSlink software
(Thermo Scientific). The samples were ionized by positive ion electrospray in the LTQ-
FTMS using 5 kV voltage on the needle, with a capillary voltage of 35 V, capillary
temperature of 275 °C, and tube lens voltage of 110 V. Detection was done in the FT

portion of the LTQ-FTMS.

3.4.8 Size exclusion chromatography optimized conditions

Size exclusion chromatography experiments were performed using a BioLogic
DuoFlow Medium-Pressure Chromatography System (Bio-Rad) equipped with a 26/600
Superdex 200 prep grade size exclusion column (GE Healthcare Life Sciences). Re-
suspended 60%-90% ammonium sulfate fraction was separated using the elution solvent

containing 50 mM Tris-HCI, 50 mM NaCl and 1 mM DTT (pH 7.5) at 1 mL/min.

3.4.9 Synthesis of intermediate 2 in Scheme 3.1

A mixture of 4-bromocrotonic acid (0.3 mmol, 20 mg) and cCMP tert-
butylammonium salt 1 pre-formed by stirring cCMP (20 mg) with tetra-n-
butylammonium hydroxide (1.5 mL) overnight was refluxed in acetonitrile (2 mL) in the
dark for 5 hours. The solvent was evaporated in vacuo, and the residue was washed with

2 mL of water, dried and dissolved in chloroform/methanol. The mixture was purified by
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flash chromatography. Elution using chloroform/methanol (19:1 to 4:1 v/v) yielded 2
(over 100% yield due to the presence of t-butylammonium salt). 'H NMR spectrum
indicates 2 as the major product of this reaction along with other possible side products.
HRMS (ESI): exact mass calculated for C;4H;¢NsOgP ([M+H]"): 413.0736, mass found:

413.0667.

3.4.10 cCMP-phosphate probe synthesis

Immobilized DADPA resin/gel slurry (0.7 mL) was centrifuged at 500 g, the
supernatant was discarded and pellet was washed with H,O. The slurry was centrifuged at
500 g, the supernatant was discarded and the pellet containing DADPA resin was used
for subsequent coupling reaction. Intermediate 2 (Scheme 3.1) was dissolved in 0.5 mL
of coupling buffer containing 0.1 M MES (2-(N-Morpholino) ethanesulfonic acid) buffer
and 0.9% NaCl, pH 4.7. Solution containing intermediate 2 was added to the pre-washed
DADPA resin and the mixture was gently stirred end-over-end for several minutes to pre-
mix. EDC (15 mg) was added to 0.1 mL coupling buffer, and the EDC solution was
added immediately to the resin slurry. The resulting mixture was stirred end-over-end for
3 hours at room temperature. The resin was washed three times with water and three
times with MeOH. Concentration of un-reacted intermediate 2 in the supernatant was
analyzed using UV-Vis spectrometry. The pellet containing cCMP-phosphate probe was
re-suspended in 0.7 mL water and stored at 4 °C. The coupling reaction yielded 35%

cCMP-phosphate probe.
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3.4.11 Synthesis of N, N’-dicyclohexyl-4-morpholinecarboxamidinium cCMP salt 3
in Scheme 3.2

Tributylamine (0.11mL, 0.2 mmol) was added to a suspension of cCMP (25 mg,
0.076 mmol) in methanol (1 mL). The mixture was refluxed until it became
homogeneous, and the solvent was evaporated under reduced pressure. The residue was
dissolved in  anhydrous DMF (1 mL) and N, N’-dicyclohexyl-4-
morpholinecarboxamidine (22.42 mg, 0.076 mmol) was added to the mixture. The
mixture was warmed gently until it became homogenous, the solvent was evaporated
under reduced pressure, and the residue was dried by repeated vacuum evaporation of

anhydrous DMF and then kept under vacuum overnight over P,Os to give 3.

3.4.12 Synthesis of imidazole-activated cCMP 4 in Scheme 3.2

A solution of N, N’-dicyclohexyl-4-morpholinecarboxamidinium cCMP salt 5
(0.15mmol) was dissolved in anhydrous DMF (1.5mL). The solution was stirred with
1,1°-carbonyldiimidazole (0.75 mmol) at room temperature for 2 hr. The reaction mixture
was treated with methanol to quench excess 1,1’-carbonyldiimidazole and the solvent
was evaporated in vacuo to give 4 (over 100% yield due to the presence of salt). '"H NMR
spectrum indicates 4 as the major product of this reaction alone with other possible side
products. HRMS (ESI): exact mass calculated for C;3H;4sNsOgP ([M+H]+): 399.0580,

mass found: 399.2158.

3.4.13 Synthesis of 2’-OH-cCMP probe
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Immobilized DADPA resin/gel slurry (0.7 mL) was centrifuged at 500 g. The
supernatant was discarded and pellet was washed with H,O. The slurry was centrifuged at
500 g, the supernatant was discarded and the pellet containing DADPA resin was used
for the subsequent coupling reaction. Intermediate 4 (Scheme 3.2) was dissolved in 0.5
mL of coupling buffer containing 0.1 M MES (2-(N-Morpholino) ethanesulfonic acid)
buffer and 0.9% NaCl, pH 4.7. Solution containing intermediate 4 was added to the pre-
washed DADPA resin and the mixture was gently stirred end-over-end at room
temperature for 72 hr. The resin was washed three times with water and three times with
MeOH. Concentration of un-reacted cCMP in the supernatant was analyzed using UV-
Vis spectrometry. The pellet containing cCMP-phosphate probe was re-suspended in 0.7

mL water and stored at 4 °C. The coupling reaction yielded 36% 2°-OH-cCMP probe.

3.4.14 Determination of coupling efficiency of cNMPs with DADPA resin using
spectrophotometric analysis

Measurements of un-reacted ¢cNMPs described above were accomplished by
Agilent UV-Vis spectrophotometer (Agilent Technologies Cary 100). For all
measurements the background absorbance of 50% water and 50% methanol was
determined and corrected. To obtain absorbance spectra, samples of CAMP (Ama=270
nm, &= 9000 Mm! cm'l) and cCMP (Amax=260 nm, e= 12600 M cm'l) were scanned from
320 nm to 600 nm. The amount of cNMPs coupled to the DADPA resin can then be

calculated.
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3.4.15 Preparation of enzyme fraction for cCMP affinity chromatography

A frozen male rat brain was homogenized using a hand homogenizer (OMNI
TIP™ Homogenizing Kits) in pre-chilled homogenate buffer (50 mM Tris-HCI (pH 7.4),
9 volumes relative to tissue weight) containing 1 mM protease inhibitor AEBSF in
conical tubes. The homogenate was centrifuged at 500 g for 10 min to remove cellular
debris. The supernatant was centrifuged at 100,000 g for 45 min. The resulting
supernatant containing soluble protein was used to isolate ¢cCMP-binding proteins.
Homogenate buffer containing 0.3% Triton X-100 was added to the residue pellet and
vortexed to dissolve membrane-bound proteins in the pellet. The resulting mixture was
centrifuged at 100,000 g for 1 hr. Centrifugation procedures were maintained at 4 °C for
stability of the protein. The supernatant was used for cCMP-affinity chromatography

experiments.

3.4.16 cCMP matrices for the affinity purification of cCMP-binding protein in rat
brains

Enzyme fractions were pre-incubated with clean DADPA resin at 4 °C for 1 hour
prior to the binding experiments to eliminate non-specific binding. Various analogs of
synthesized cCMP probes (70 pL) were incubated with pre-incubated enzyme fractions
(330 uL) and stirred end-over-end at 4 °C for overnight. Competing reactions were
performed by introducing 2 mM cCMP in the incubation mixture. cCMP-binding proteins
that interact with cCMP probes should also recognize cCMP as a substrate. The reaction

mixture was centrifuged at 1,000 g for 3 mins and the agarose beads were washed three
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times with 500 pL of wash buffer containing 10 mM NaCl. The cCMP probes containing
cCMP-binding proteins were heated for 10 min at 90 °C, and protein content was

analyzed by SDS-PAGE Gel.

3.4.17 Preparation of in-gel tryptic digest samples

Protein-containing gel lanes 1, 2 and 3 were cut into 1x 1 mm pieces and
destained with acetonitrile. Subsequently, gel pieces were reduced by 50 mM TCEP
(Tris[2-carboxyethyl]phosphine), then alkylated by 50 mM IAA (Iodoacetamide) to avoid
cross-linking product. Trypsin was then added at a concentration of 10 ng/uL in 25 mM
of ammonium bicarbonate and the protein digest was performed at 30 °C overnight with
shaking. The supernatant of each digestion was desalted and concentrated using ZipTip®
Pipette Tips with 0.6 pL. C-18 resin before spotted onto a MALDI target plate (AB Sciex,

Darmstadt, Germany).

3.4.18 MALDI-MS optimized conditions

MALDI-MS using Applied Biosystems (4700 Proteomics Analyzer) equipped
with 355 nm laser. Samples were analyzed using MS Reflective Positive Mode. Error
tolerance was set to 100 ppm for precursor masses. a-cyano-4-hydroxycinnamic acid in
water/acetonitrile (1:1 ratio) was used as sample matrices. A trypsin fragment at 842.51

m/z ((M+H]") was used as an internal calibration standard.

3.4.19 Statistical analysis
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Peptide identifications and assignments of post-translational modification were
performed at peptide N-terminal Gln to pyroGlu, Oxidation of M and protein N-terminus
acetylation was specified as variable modifications. All data sets were searched using the
following constraints: only tryptic peptides with up to one missed cleavage site were

allowed; £100 ppm mass tolerance for peptide precursor mass search.
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Chapter 4: Study of 3°,5’-cCMP as a Putative Mammalian Second Messenger- A
Facile and Sensitive Mass Spectrometry-Based Method for Quantification of Cyclic

Nucleotide Monophosphates in Mammalian Organs

Adapted with permission from (Jia, X., Fontaine, B. M., Strobel, F., and Weinert, E. E.,
A Facile and Sensitive Method for Quantification of Cyclic Nucleotide Monophosphates
in Mammalian Organs: Basal Levels of Eight cNMPs and Identification of 2°,3’-cIMP,
Biomolecules, 4(4), 2014). Copyright (2014) MDPI, Basel, Swizerland.
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4.1 Introduction

Cyclic nucleotides adenosine 3',5'-cyclic monophosphate (3',5'-cAMP) and
guanosine 3',5'-cyclic monophosphate (3',5'-cGMP) are essential mammalian metabolites
that function primarily within the cell as secondary messengers. 3',5'-cAMP and 3',5'-
cGMP have been investigated for decades and have been found to perform crucial roles
in regulating cellular metabolism and mediating actions of numerous mammalian
hormones and neurotransmitters.' The existence of additional cyclic nucleotides, including
cytidine 3',5'-cyclic monophosphate (3',5'-cCMP), inosine 3',5'-cyclic monophosphate (3',5'-
cIMP) and 2',3'-cyclic nucleotide monophosphates (2',3'-cNMPs), in mammalian tissues
and cell lines has previously been reported.” However, while their potential roles in
tumorigenesis, cellular signal transduction and post-injury mechanisms have been
suggested, their signalling pathways have yet to be elucidated.’

Of the atypical cyclic nucleotides, 3',5'-cCMP has been the best studied, having
previously been found in pmol/g concentration ranges in various mammalian tissues.”
Furthermore, 3',5'-cCMP was found to occur at increased concentrations in the brain and
in dividing tissues (such as regenerating livers). Putative proteins involved in ¢cCMP
signalling pathways were also reported 20-30 years ago, but have yet to be identified and
fully characterized.* In addition to cCMP, 3'5'-cIMP has been identified as an
endogenous product released from a variety of rat organs using fast atom bombardment
mass spectrometry.”® Recently, 3',5'-cIMP has been shown to be synthesized from ITP by
purified soluble guanylyl cyclase (sGC) and by sGC in porcine coronary arteries.’
Furthermore, CadD, an enzyme found in the pathogenic bacterium Leptospira

interrogans, has been recently reported as a cAMP specific deaminase, resulting in the
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production of 3°,5’-cIMP.*™ This conversion has suggested the possibility that cells also
sense 3°,5’-cIMP levels.*®®

In addition to 3',5'-cNMPs, recent reports have detailed the identification and
putative roles of the 2',3'-regioisomers. 2',3'-cAMP was first detected in perfused rat
kidney using liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS).” Additional studies have suggested that tissue injury triggers mRNA
degradation, leading to production of 2',3'-cAMP that is converted through the action of
the enzyme 2',3'-cyclic nucleotide phosphodiesterase to endogenous adenosine, which
upon binding to various adenosine receptors can protect against acute organ injury, as
well as have profound effects on the cardiovascular system.”*® Recently, 2',3'-cAMP and
cGMP have been shown to correlate with leaf wounding stress in Arabidopsis, further
suggesting that these nucleotides may be important in post-injury mechanisms.” 2',3'-
cCMP and 2',3'-cGMP also were reported in two mammalian cell lines (HEK293T and
HuT-78), however their role is unknown.”® Such observations imply that multiple 2',3'-
cNMPs may be involved in various cellular pathways, including mechanisms to protect
against tissue injury.

Despite the progress that has been made to establish the role of ¢cNMPs in
signalling pathways, quantitation of mammalian tissue distributions has been challenging.
Previous studies have reported problems with identifying cNMPs due to interference
from tissue components and lack of an efficient extraction protocol for analyzing
extremely low concentrations of cNMPs in mammalian organs '°. Since the 1970s, various
procedures for measurement of extracted cNMPs in organs have required initial separation

by thin layer chromatography (t. . ¢.) or ion exchange resin (e.g. dowex resin).loa’ i
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However, those protocols were time-consuming and resulted in low sensitivity, which
made rapid analysis of large numbers of tissue samples that contain low concentrations of
cNMPs problematic.

Radioimmunoassay techniques have also been used due to the improved
sensitivity and simplified quantification protocol, but the use of radioactive isotopes can
introduce difficulties, as radioactive materials can cause health issues, if not handled
properly.'* To date, most reports measure relative levels of either cAMP or cGMP
following an external stimulus wusing commercially available enzyme-linked
immunosorbent assays (ELISAs), rather than absolute concentrations.”> Using ELISAs
has significant advantages, including safety of handling, minimal training requirements
and ease of waste disposal. Unfortunately, despite the adequate sensitivity and cost, cross-
reactivity may occur with the secondary antibody, resulting in over-estimation of the analyte-
of-interest.'* Additionally, ELISA assays can only provide relative quantitative, but not
absolute quantitative results. High performance liquid chromatography (HPLC) and mass
spectroscopy provides a means of unambiguous identification of analyte-of-interest, and
have quickly been adapted to provide unequivocal evidence of cCMP catalyzed by
purified putative enzymes. The application of fast-atom bombardment (FAB) mass
spectrometry with collision-induced dissociation (CID)/mass-analysed ion kinetic energy
(MIKE) spectroscopy gained popularity in identifying cNMPs due to its capability in
detecting involatile and/or thermally labile molecules in the early 90°s."> However, FAB,
using a “hard ionization” technique, usually generates high chemical background and
lower sensitivity, as compared to the modern “soft ionization” electrospray ionization

mass spectrometry (ESI-MS)."> ESI tends to produce mass spectra with little or no
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fragmentations, which is advantageous due to that the parent molecular ion is always
present. Therefore, a sensitive modern and high-throughput method to analyze low
concentrations of multiple ctNMPs in tissues should find utility in both research and
clinical laboratories.

Using LC-MS/MS techniques provides the advantages of high sensitivity, high-
throughput data analysis, and widespread instrumentation.'® It has been quickly adapted
as a main method for quantitative metabolomics and nucleotideomics in the past

16a-
decade. ™**

Furthermore, LC-MS/MS has found significant utility in studying biomarkers
in clinical laboratories.'” However, current LC-MS/MS protocols for extraction of
cNMPs from mammalian tissues have typically quantified only one to two cNMPs, rather
than monitoring a wide range of cNMP levels.'® Previous work has observed the negative
impact of matrix effects in organ extraction samples analyzed by LC-MS/MS,
specifically phospholipids in biological extracts that can be ionized competitively with
the analytes-of-interest, decreasing the sensitivity and reproducibility of the method."
However, in most published organ extraction protocols, a solution to solve such matrix
effects has not been offered.”

Since previous studies suggest that both 3'.5'- and 2'.3'-cNMPs may be
biologically important, an efficient and sensitive protocol has been developed and
validated for extraction and quantification of multiple cNMPs simultaneously in various
systems (organs, cell lines, efc.) using instrumentation available in the majority of
research institutions. By utilizing standard instrumentation and a readily available
internal standard (IS), this procedure should be useful for a wide variety of researchers
and will facilitate further investigations into the physiological roles of cNMPs.
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4.2 Results and Discussion

4.2.1 Optimization of LC-MS/MS Analytical Method

Development of the current method to extract and quantify cNMPs from
mammalian tissues began with optimization of the separation and detection protocols by
LC-MS/MS. The LTQ mass spectrometer in a Thermo LTQ-FTMS system was used for
all analyses, as similar systems are typically available to researchers through
departmental or university instrument cores due to their popularity and because of their
ease of use and utility in protein studies. Many existing protocols studying metabolomics
use a combination of ultra-performance liquid chromatography (UPLC) coupled with a

triple quadrupole MS for greater sensitivity and precision.'™ !

However, these
instruments often are not readily available to non-specialist investigators.

Initial work focused on optimizing the separation of various cNMP isomers so that
unique retention times can be used as identifiers for each cNMP. Different types of LC
columns such as HILIC, fluoro phenyl, and C-18 were tested due to their abilities to
separate polar compounds and acidic compounds that contain aromatic substituents.”
Following testing of various columns, a reverse phase C-18 column was chosen due to its
stability, as well as reproducibility and peak shapes when separating seven cNMPs.
Positive electrospray ionization (ESI) was used to fragment cNMPs in the mass
spectrometer using a 0.1% formic acid buffer to enhance protonation of the cNMP

species. Positive ion MS/MS in the LTQ yielded much greater sensitivity compared to

other ion modes tested (Table 4.1).
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Table 4.1 Comparison of ionization methods for LC-MS/MS analysis of cNMPs. Data
for four cNMPs (ratios of peak areas of cNMP to internal standard) are listed. Positive

ion mode exhibits improved sensitivity, particularly at lower cNMP concentrations.

A2',3'- A@3',5'- AQ2',3'- A@3',5'-

cAMP)/ cAMP)/ cGMP)/ cGMP)/

AIS81) A(IS81) AIS81) AIS81)
Positive ion: 2.5 uM 3.07 2.15 1.87 3.35
Negative ion: 2.5 uM 1.52 1.90 1.99 1.27
Positive ion: 1 uM 1.65 1.03 1.24 1.78
Negative ion: 1 uM 0.68 0.82 0.93 0.56
Positive ion: 0.5 uM 0.82 0.51 0.60 0.86
Negative ion: 0.5 uM 0.35 0.43 0.48 0.27

Using solely the FTMR analysis, 3°,5’-cAMP and 2°,3’-cAMP yield identical
mass fragmentations, which makes differentiating the 2°,3’- and 3’,5’-regioisomers
difficult (Figure 4.1). Therefore, chromatographic separations of all seven cNMPs and the
IS (8-Br-cAMP) was achieved by liquid chromatography, prior to using the mass
spectrometer to distinguish analytes based on mass to charge ratio. Figure 4.2 depicts the
reconstructed ion chromatograms of the different protonated cNMPs. The 2',3'- and 3',5'-
isomers of each cNMP are visualized by fragment ions corresponding to the protonated

base, which were used for peak integration.
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Figure 4.1 FT-MS of 3°,5’-cAMP (A) and 2°,3’-cAMP (B). While FT-MR analysis of

cNMPs results in excellent sensitivity, the regioisomers yield identical mass spectra and

cannot be distinguished.
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Figure 4.2 Reconstructed ion chromatogram of authentic ¢cNMPs using Xcalibur

software. From top to bottom, transition 408 = 214 m/z was monitored and reconstructed for
"Br-cAMP (Top, red trace) and transition 410 = 216 m/z was monitored and reconstructed
for ¥'Br-cAMP (dotted red trace); transition 306 = 112 m/z was monitored and
reconstructed for 2',3'-cCMP and 3',5'-cCMP (blue trace); transition 330 = 136 m/z was
monitored and reconstructed for 2',3'-AMP and 3',5'-cAMP (green trace); transition 346
> 152 m/z was monitored and reconstructed for 2',3'- cGMP and 3',5'-cGMP (purple
trace); transition 331 = 137 m/z was monitored and reconstructed for 3',5'-cIMP (orange

trace).

Previously, due to the structural similarity of purine and pyrimidine cyclic
nucleotides, clear separation by LC was difficult achieve.” Optimization of the LC-
MS/MS system to fully separate all cNMPs also can be difficult to accomplish, as has
been observed in a number of publications that utilize LC-MS/MS systems.” ** As

shown in Table 4.2, although ¢cGMP and cIMP are structurally similar, the current
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method can readily separate the two analogues due to the difference in protonated
precursor ion [M + H]" mass to charge ratio (15 m/z). The improved peak shapes on the
reconstructed ion chromatogram (Figure 4.2) yielded separation of cGMP and cIMP (RTs
of cGMP and cIMP are 24.3 and 24.1 min, respectively, Table 4.2), allowing for accurate
identification.

8-Bromoadenosine 3',5'-cyclic monophosphate (8-Br-cAMP) was employed as an
internal standard (IS) in the present method to quantify extracted cNMPs. 8-Br-cAMP
was chosen because it is readily commercially available, relatively inexpensive, and not
naturally present in mammalian cells. In addition, the cyclic phosphate group of 8-Br-
cAMP is shared with the cNMPs, resulting in similar ionization efficiencies. Moreover,
the two naturally occurring isotopes of bromine allow for unequivocal identification and

quantification of 8-Br-cAMP in extracted samples.

Table 4.2 Mass spectrometric parameters for the measured transitions of cyclic

nucleotide monophosphates (c(NMPs) and internal standard (8-Br-cAMP; IS).

8- 8-
23-  3'.5-  2.3- 3'5-  2'3-  35- 35- a1
Parameters ’ ’ > > > ’ > Br- Br-
CAMP cAMP c¢CMP c¢CMP ¢GMP ¢GMP cIMP /U0 o
_
IM+HI 3301 3300 3061 3061 3461 3461 3310 408.0 410.0
(m/7)
Production .0\ 1300 1121 11201 15201 1520 1370 2140 2160
(m/7)
Ret.time (o 179 16 40 156 243 241 263 263
(min)
LOD 273 153 171 455 94 487 219 NA  NA
(fmol)
LOQ 910 510 570 1517 313 1623 730 NA  NA
(fmol)

[M + H]" = protonated molecular mass; NA = not applicable; LOD = limit of detection;

LOQ = limit of quantitation.
130



4.2.2 LC-MS/MS Method Calibration and Limits of Detection

Limits of detection (LOD) using the developed LC-MS/MS protocol for 2',3'-
cAMP, 3'5'-cAMP, 2'3'-cCMP, 3'5'-cCMP, 2'3'-cGMP, 3'.5'-cGMP and 3',5'-cIMP
were calculated ** as 273 fmol, 153 fmol, 171 fmol, 455 fmol, 94 fmol, 487 fmol and 219
fmol, respectively (Table 4.2). For all samples, in order to minimize intra-assay variability,
each sample was measured in 2-3 separate runs. The average and standard deviation (or
range) were calculated and reported for each sample. A set of standards to generate
calibration curves was included at the beginning of each LC sequence to account for any

day-to-day variability in ionization efficiency or retention times of cNMPs.
4.2.3 Optimization of Extraction Method

Difficulty with organ extractions has previously been reported due to low levels

of cNMPs and interference from the complex organ matrix.'* "

In addition, published
protocols typically have focused on identifying or quantifying only a small number of
cNMPs in cells and often are not adapted to analyze organ extracts.” 164,185 The Jack of
an efficient extraction and analysis protocol to study multiple ¢cNMPs has made
establishing tissue distributions of all cNMPs very challenging. As cNMPs are of interest
as both established and putative signalling molecules, it is crucial to develop a versatile
extraction protocol using standard instrumentations that many researchers can employ in
order to establish the role of cNMPs in mammalian tissues, as well as in other systems.
An outline of the optimized extraction protocol is depicted in Figure 4.3. In order

to achieve the best results, a series of optimization experiments were performed to

maximize internal standard (IS) recovery and cNMP signal intensities in LC-MS/MS.
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Frozen rat organs were homogenized in pre-chilled extraction buffer containing the
phosphodiesterase (PDE) inhibitors EDTA and theophylline (Figure 4.3, step 1).
Different combinations and ratios of organic and aqueous solvent were evaluated and the
reported extraction mixture (acetonitrile/methanol/water 1:2:2, v/v/v) yielded the best analyte
recovery. A solubility test was conducted to ensure extracted cNMPs were dissolved in the
extraction mixture. Solubilities of the IS and seven cNMPs are greater than or equal to 1
mM in extraction mixture. As a previous publication indicates, cCAMP and cGMP levels
in mammalian cells are well below the micromolar range, the chosen extraction mixture
will therefore dissolve all extracted cNMPs. 2> *- 18

Following homogenization, the crude lysate was heated (Figure 4.3, step 2) to
denature enzymes that could bind, synthesize, or hydrolyze cNMPs, thereby decreasing
the possibility of altered basal levels. Thermal stability of the seven cNMPs and IS were
tested under the heat denaturation conditions and all were found to be thermally stable.
cNMP concentrations were 87%—141% compared to the reference samples, indicating that
heating does not degrade cNMPs (Table 4.3). Moreover, a stability test of cAMP in water
exposed to the extraction conditions did not result in formation of cIMP, suggesting that
2',3'-cIMP and 3',5'-cIMP detected in rat organs were not degradation products of 3',5-
cAMP and 2'3'-cAMP. A similar test was also conducted in crude organ lysate and
addition of 3',5'-cAMP to an organ extract did not cause an increase in 3',5'-cIMP levels,
indicating that 3',5'-cIMP, and likely 2',3'-cIMP, detected in organ samples were not
deaminated products of 3',5'- and 2',3'-cAMP (Table 4.4).” Low-speed centrifugation
following step 2 was used to remove lipids, cell walls and denatured proteins from

extracted small molecules in the supernatant. Results have shown that low centrifugation
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at ~3000x g is sufficient to remove most insoluble material, as the supernatant (Figure
4.3, step 3) generated after treatment appears to be clear, except for liver samples, which
are particularly complex. Homogenization, heating and centrifugation were performed in

the same conical tube to minimize loss of extracted cNMPs.

Table 4.3 Thermal stability test (uM). Samples dissolved in water were treated at 60°C

for 10 min.

2°,3- 3°,5- 2°,3’- 3°,5°- 2°,3’- 3,5- 3,5- 8-Br-
cAMP c¢cAMP c¢cCMP cCMP cGMP cGMP c¢IMP cAMP

Sample 46.4 50.3 48.6 60.8 40.5 54.7 30.3 45.8
conc.
Conc. after 59.4 48.1 69 70.6 35.2 62.7 42.1 50.4
treating
with heat
% to 128%  95.6% 141% 116% 87% 114% 138% 110%
reference
sample

Table 4.4 Deaminase activity test (pmol/ g wet tissue), concentrations are reported as
mean + range (each sample was analyzed twice on LC-MS/MS). Liver A and B were

from one liver. 40 pmol of 3°,5’-cAMP was added to liver B.

3'5°-CAMP  2°,3’-cIMP 3’,5’-cIMP
Liver A 3.90+£0.82 1.85+0.19 1.76+0.02
Liver B 1844.14 + 106.63 2.34+0.17 2.28+0.40

133



Frozen rat organs were homogenzized using a
tissue homogenizer in pre-chilled
acetonitrile/methanol/water buffer
(1:2:2, viviv; 3 ml extraction buffer/g wet tissue)

Crude lysate was heated for 10 min at 60°C,
cooled on ice for 10 min, centrifuged at 2427 g
for 90 min

Supernatant was transferred to
a round bottom flask

The washed sample was
centrifuged at 2427 g for

Organic solvent of the
combined supernatant

30 min. The supernant was
combined with supernatant 2a

2b

The pellet and the sides
of the tubes were washed
2-3 times with 2 ml water
each time

3b

Rinsed twice with 1 ml
of water

3 was removed using a
rotary evaporator
Aqueous layer was ransferred to
3a , high-speed centrifuge tube
3c 4
> High-speed centrifugation

Transferred to a high- at 18,000-20,000 g
speed centrifuge to remove remaining
tube particulates

4a

Supernatant was transferred
to a glass vial. IS (67 pmol/ g wet

LC-MS/MS quantification <

Lyophilized powder waas dissolved
in 50 mM phosphate buffer (pH=7.4)

tissue) was added to each sample,
which was then lyophilized
over-night to remove water

(~100 pl/ g wet tissue). Mixed
throughly until extracted compounds

were fully dissolved
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Figure 4.3 Workflow chart of cNMPs extraction from rat organs. Brain, spleen and heart
samples require high-speed centrifugation (step 4) at 18,000x g. Liver, lung and kidney

samples require high-speed centrifugation (step 4) at 20,000% g.
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Figure 4.4 LC-MS/MS signal intensity of 3',5'-cCMP in rinsing tests. Crude lysate from
a brain extract was split into two portions A and B, heat extractions were performed
independently. (A) Sample was treated without extensive rinsing of tube walls; (B) sample

was treated with extensive rinsing of tube walls (Figure 4.3, step 2b).

Rinsing of the sides of the tube walls and pellet during step 2b in Figure 4.3 was
performed to ensure transfer of any residual cNMPs on the tube walls or pellet. Figure
4.4 shows that 3',5'-cCMP recovery improved by over three fold when tube walls were

washed extensively, suggesting that cNMPs can stick to the tube walls or to fine
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particulate matter removed during centrifugation. 8-Br-cAMP is less soluble than most
natural cNMPs, and all cNMPs tend to stick to the tube walls and/or particles within the
tubes, making the rinsing steps (Figure 4.3, steps 2b and 3b) crucial for complete
recovery of extracted cNMPs and IS.

The combined supernatants from steps 2a—2c were concentrated using a rotary
evaporator to remove organic solvent, as organic solvents often resulted in melting of the
mixture on the freeze-dryer. Depending on the lyophilizer/free-dryer used, this step can
be eliminated and the supernatant can be concentrated without use of the rotary
evaporator. As discussed above, an extra rinse (Figure 4.3, step 3b) was included when
transferring the aqueous layer to a high-speed centrifuge tube (Figure 4.3, step 3a—3c) to
ensure complete recovery of extracted cNMPs.

The high-speed centrifugation step was employed to remove remaining particulate
material, thereby improving separation on the LC column and sensitivity of the LC-
MS/MS. Results in Figure 4.5 show that IS recovery was improved to ~90% by utilizing a
high-speed centrifugation step in sample preparation. As previously mentioned, steps to
eliminate matrix effects by removing cellular debris were crucial for improving
sensitivity. High-speed centrifugation eliminated the remaining particulates in the
sample, which resulted in improved sensitivity. Filtering samples using a number of
different brands of syringe filters to remove remaining matrix components also was
tested; however, including a filtering step did not decrease the prevalence of sample
components that limited sensitivity and clogged the column. Additionally, the signal
intensity of the IS on LC-MS/MS is crucial in quantifying putative cNMP levels, since the
IS signal and concentration of the cNMP analytes are inversely proportional, low IS
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signal will lead to over-estimation of cNMP concentration. Treating brain, spleen and
heart samples with high-speed centrifugation at 18,000x g is sufficient to achieve the
reported percent recovery. However, due to the nature of the organs, centrifugation at
20,000x g or higher is required for liver, lung and kidney samples. Finally, the clear
supernatant extracted from each organ was transferred to a glass vial, followed by
addition of the IS and lyophilization over-night to remove water (Figure 4.3, step 4a).
The lyophilized powder containing extracted cNMPs was re-dissolved in 50 mM

phosphate buffer (pH = 7.4) (~10 uL/g wet tissue) before analysis by LC-MS/MS.

90 —
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% recovery of IS based on buffer sample

Figure 4.5 Percent recovery of IS signal in samples without and with high-speed
centrifugation. Heat extractions were performed independently. (A) Sample was treated
without high-speed centrifugation step; (B) sample was treated with the high-speed

centrifugation step (Figure 4.3, step 4).
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4.2.4 Method Validation and Reproducibility Tests

In order to validate the present extraction protocol,”® extraction replicates using a
frozen brain were performed. Sample A in Figure 4.6 shows the basal level of 3',5'-cCMP
detected in the brain sample, which was below the LOD. To samples B and C, 60 pmol of
3',5'-cCMP were added at various points during extraction protocol to determine if the
developed method is able to isolate all of the cNMPs within biological samples. Addition
of 60 pmol 3',5'-cCMP to the crude lysate (Figure 4.3, step 1) or with IS (Figure 4.3, step
4a) resulted in 105% =+ 12% and 118% =+ 28% recovery of the added 3',5'-cCMP,
respectively. These results demonstrate that the present extraction protocol is efficient in
recovering extracted cNMPs. Also, addition of IS at various points during the extraction
protocol does not affect the outcome of the extraction procedures (Table 4.5).

To test the reproducibility of the protocol, the optimized method was performed
using rat brains. A frozen brain was split into three portions, which were extracted and
quantified independently (refer to Experimental section 4.3.10). As shown in Table 4.7,
the relative standard deviation of each calculated cNMP concentration ranges from 2.1%-—
20.0%. It is worth noting that the relative standard deviation may have suffered,
particularly for 3',5'-cCMP, due to the extremely low concentration in each organ portion.
The relative standard deviations for the calculated concentrations that are several fold
above the LOD (2',3'-cAMP, 3',5'-cAMP and 3',5'-cGMP) are less than or equal to 10%

(Table 4.6).
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Figure 4.6 Method validation test shows recovered 3',5'-cCMP (added 60 pmol 3'5'-
cCMP) following addition at various time points during the extraction protocol. A brain
crude lysate was split into three portions A, B and C, and heat extractions were
performed independently (refer to Experimental section 4.9). (A) Basal level of 3',5'-
cCMP; (B) 60 pmol of 3',5'-cCMP was added with the crude lysate (Figure 4.3, step 1);
(C) 60 pmol of 3',5'-cCMP was added with IS (Figure 4.3, step 4a). Data in tabulated

form can be found in Table 4.6.
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Table 4.5 Comparison of extraction efficiency of the internal standard (IS; 8-Br-cAMP)
at different addition times. A rat brain was homogenized, split into two equal parts, and
IS was added either to crude lysate (Fig. 4.3, step 2) or following centrifugation (Fig. 4.3,
step 4). 3°,5’-cAMP was quantified to provide a reference. No significant difference in

peak areas was detected.

Sample Internal Standard 3°,5’-cAMP
IS addition to crude lysate 123458 £ 6715 272637 + 12635
IS addition post-heating 140722 + 7070 267800 + 13043

Table 4.6 Intra-run precision and accuracy data in tabulated form. Extractions and

measurements were performed in rat brains (see Fig. 4.6).

Measured (pmol) Precision (RSD in %) Accuracy (%)
3°,5’-cCMP (60 pmol) 63.3+7.4 11.7% 105.4%
3°,5’-cCMP (60 pmol) 70.8 £16.6 23.5% 117.9%

Table 4.7 Reproducibility of the method. A rat brain was split into three portions, and

cNMPs were extracted and quantified independently. Results are reported in pmol/g of

tissue.

Sample 2'.3'- 3'.5'- 2'3'- 3'.5'- 2'.3'- 3'.5'- 3'.5'-
p cAMP cAMP cCMP cCMP cGMP cGMP cIMP
. 9.9 + 88.7 £ 0.9+ 2.5+ 10.1 + 2.6+

Portion 1 0.2 123 12E09 s 0.01 23 0.9
. 9.6 + 923+ 0.6 £ 23+

Portion 2 0.3 29 ND 0.4 1.8 8.7+0.3 03
. 9.7 + 87.9 + 0.6 + 3.1+

Portion 3 0.2 48 1.3 0.4 1.8+0.5 &83+0.7 03
9.7 + 89.6 + 0.7+ 2.7+

Average 0.2 73 1.3+0.1 01 20+£04 9.0+0.9 0.4
Inter-run 2.1 2.6 7.7 143 20.0 10.0 14.8

Precision

N/D—Not detected, concentration below LOD; Precision—relative standard deviation in

%
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4.2.5 Applications

The existence of additional cyclic nucleotides beyond the paradigmatic second
messengers 3',5'-cCAMP and cGMP has been reported in the literature for a number of
years.”™ 2> ?" Therefore, the optimized extraction and quantification protocol was used
to detect levels of previously identified, as well as novel, cyclic nucleotides in
mammalian organs. Using t. 1. c., previous work has found that the concentration of
mammalian 3',5'-cGMP is several fold lower than that of 3'.5'-cAMP in mammalian
organs (488 pmol/g extracted 3',5'-cAMP and 119 pmol/g extracted 3',5'-cGMP in rat
heart; 11.8 pg/mg extracted 3',5'-cAMP and 5.2 pg/mg extracted 3',5'-cGMP in rabbit

10a, 18b .
%1% The concentration

pancreas; all measurements listed as per gram of organ weight).
of 3.5-cCMP in rat organs also has been previously determined using
radioimrnunoassay2b and 3',5'-cIMP and 2',3'-cAMP have been detected in various rat
organs.”®’ Therefore, a panel of rat organs, including brain, spleen, heart, kidney, lung
and kidney, was chosen to validate previous studies and to establish tissue distribution of
cNMPs in major rat organs. As shown in Figures 4.7 and 4.10, eight cNMPs were
detected and quantified in the majority of rat organs studied. The ability to analyze eight
cNMPs simultaneously in a single run demonstrates the efficiency of the developed
method. The concentrations of 3',5'-cGMP, 3',5'-cAMP and 3',5'-cCMP (Figure 4.7, Table
4.9) agree with the previously reported values within less than an order of magnitude.zb’

102, 185 1 addition, the range of cNMP levels detected in organs from different rats

confirms the biological variability between animals that has previously been reported.
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In addition to 3',5'-cAMP and cGMP, 2',3'-cAMP has previously been detected in
rat kidney and neurons, while 2',3'-cGMP has been detected and quantified in cellular
systems.”®” This report details the first measurements of 2',3'-<cGMP in rat tissues, which
should aid in the study of its putative role in post-injury mechanisms (Figure 4.8, 4.9 and
4.10). In addition, 3',5'-cIMP has been previously reported as an endogenous product
found in a variety of rat organs using t. I. c. and fast atom bombardment mass
spectrometry.” The present study confirms that 3',5'-cIMP is an endogenous molecule
produced in the heart, kidney, spleen and liver (Figure 4.7 and Table 4.8). As a recent
publication has suggested a possible role of 3',5'-cIMP in cellular signal transduction,
quantification of 3',5'-cIMP in healthy tissues will be useful in establishing relevant
physiological concentrations.”™ ¢ 2',3'-cIMP also was detected in a number of the rat
organs studied, although its role in vivo has yet to be proposed (Figure 4.10 and Table
4.4). We believe the present extraction protocol will help identify and quantify 3',5'- and
2'.3'-cIMP levels in various disease states and promote further study of their potential

roles as signalling molecules.
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Figure 4.7 Levels of extracted 3',5'-cNMPs (pmol/g wet tissue) in rat organs. Each point

represents the level measured in a replicate from a different rat. (A) 3',5-cAMP (B) 3',5'-cCMP

(C) 3'.5'-cGMP (D) 3'5'-cIMP. Whisker top: 90 percentile, box top: 75 percentile, box

middle: 50 percentile, box bottom: 25 percentile and whisker bottom: 10 percentile.

Table 4.8 Measured concentrations of 8 cNMPs in various rat organs reported as mean +

SD (pmol/ g wet tissue). Each cNMP was calculated using 4-7 individual organs as

replicates, each sample was analyzed in 2-3 separate runs.

2’,3’_ 3a,5’_ 2,,39_ 3’,5’_ 29,3’_ 3’,53_ 2,,39_ 3”5a_
cAMP c¢cAMP cCMP c¢cCMP cGMP cGMP cIMP cIMP
Rat 1 8.73 497.03 N/D N/D N/D 2.71 0.90 + N/D
+ 0.52
243.75
Rat 2 N/D 162.61 2.50" N/D 648+ 522+ N/D N/D
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+31.21 1.19 1.79
Rat 3 11.50 351.00 2.63 067+ 1749+ 2209+ N/D N/D
+24.84 0.09 11.86 4.82
Rat 4 N/D 458.28 N/D 375+ 2209+ 11.12+ 0.17+ N/D
+67.80 0.01 0.63 4.05 0.37
Ave 10.11+£ 367.23 257+ 221+ 1535+ 1029+ 0.54+ N/D
brain 1.96 = 0.07 1.54 8.02 8.62 0.37
149.75
2°,3°- 3°,5’- 2°,3’- 3°,5’- 2°,3’- 3°,5- 2°,3’- 3°,5-
cAMP c¢cAMP cCMP c¢cCMP cGMP c¢cGMP cIMP cIMP
Rat 1 N/D 849.05 8.73 N/D 4.17 N/D N/D N/D
+10.44
Rat 2 N/D 442.14 457 £ 3.60 £ 13.63 7.61 £ BQL N/D
+46.57 0.27 0.04 +6.16 3.04
Rat 3 N/D 365.55 4.22 3.62 7.27 6.58 N/D N/D
+43.38 +0.10 +4.04 +1.98
Rat 4 28.35 887.34 N/D 1096 28.06+ 1598+ BQL N/D
+ +0.75 7.03 12.12
156.06
Rat 5 7.30 439.40 N/D 949+ 2090+ 11.16 0.07 2.86
+69.43 1.12 4.48 +4.60 0.03
Female 32.84+ 443.07 N/D 376 £ 5.63+ N/D N/D N/D
rat 1 2936 +62.82 4.06 0.03
Ave 2283+ 571.09 5.84 629+ 1330+ 10.33+ 0.07 2.86
heart 13.63 £232.33 £2.51 3.63 9.52 4.25
Rat1 15.67+ 51552 291.44 N/D 6.67 5.98 N/D N/D
20.89  +£48.28 + 3.74
425.18
Rat 2 N/D 212.66 1889+ 474+ 328+ N/D N/D
+4.98 0.81 1.42 0.61
Rat 3 N/D 91496 735+ 960+ 2542+ 2549+ N/D N/D
+ 1.47 0.97 1.46 12.15
130.83
Rat6 19.58+ 55421 68.73+ 0.78 N/D 12.24 N/D N/D
2.42 +50.42 6.94
Rat 7 17.42 227.84 N/D 1.45 N/D N/D N/D N/D
+
114.58
Female 2921+ 607.29 2.04 1.69+ 27.73+ N/D N/D N/D
rat 2 2.97 + 1.00 2.64
106.08
Ave 2048+ 50558 9239+ 648+ 16.14= 11.75+ N/D N/D
lung 6.04 = 136.11 7.81 12.11 9.90
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262.05

Rat1 2031+ 417.72 187.15 N/D 12.66 N/D N/D 3.05+
11.65 £13.15 +£24.26 1.83
Rat2 28.60+ 646.05 1480+ 36.68+ 11.61 N/D BQL N/D
11.02 + 11.99 6.37
143.88
Rat3 21.88+ 647.25 6.58 + 7.45 N/D N/D N/D N/D
12.04 + 0.66
372.78
Rat4 1796+ 45231 3.94 + 12.06 2.38 0.02 BQL 4.16
7.53 + 1.97
190.19
Rat6 46.08+ 305.35 N/D N/D 381+ N/D N/D 4.16
11.72 £59.38 1.22
Rat7 5620+ 51395 438.16 N/D 10.99 + N/D N/D N/D
4.84 + 63.81 + 0.19
262.27
Female 72.68+ 44549 10.88 + 1.22 9.64 + 8.50 £ N/D N/D
rat 2 48.38 +43.87 5.03 2.00 6.14
Ave 37.67+ 489.73 110.25 1435+ 851+ 426+ BQL- 3.79%
kidney  21.06 e = 15.53 4.33 6.00 N/D 0.64
124.08 175.77
23’35_ 33,53_ 29,3a_ 33’55_ 23,33_ 35’5’_ 29,3a_ 35’5’_
cAMP c¢cAMP cCMP c¢cCMP cGMP cGMP cIMP cIMP
Rat1 21.80+ 72448 114.56 N/D 11.84 N/D N/D 3.39
3.47 +14.16 +79.19
Rat2 30.07+ 339.83 933+ 574+ 1707+ 647+ N/D N/D
15.39 +7.73 2.07 0.10 5.51 1.24
Rat3 79.60+ 1050.12 191.18 20.14+ 4720+ 2550+ BQL N/D
32.62 + +91.08 4.66 7.28 5.48
290.46
Rat4 1152+ 694.34 N/D 743+ 2654+ 1798+ 0.05=+ N/D
2.86 + 84.05 0.37 3.39 2.01 0.01
Female 214.65 604.31 123.48 14.81 N/D N/D N/D N/D
rat 1 + + +
109.03 249.78 11742
Ave 7153+ 682.62 109.63 11.10£ 2566+ 16.65=+ 0.05 3.39
spleen  84.17 == +75.11 7.87 15.59 9.59
255.24
Rat 8 N/D 144.31 15.62 N/D N/D N/D 1.7 N/D
Rat 9 N/D 195.03 64.70 N/D N/D N/D N/D 1.25
Rat 10 12.63 617 £ 610 4696+ 7.07+ N/D 2.5 7.95
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192.93 1.54 7.08 1.39

Rat 11 6.23 8497+ 1.19+ 2.48 N/D N/D N/D 2.39
23.22 0.17
Ave 943+ 26046 2190+ 2472+ 7.07+ N/D 21+ 386+
liver 32 + 29.16 22.24 1.40 0.4 3.59
242.26

* Only one injection was evaluated for numbers without standard deviation
N/D — Not detected, concentration below LOD

BQL — below quantification limit; detected, but level too low to quantify
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Figure 4.8 MS/MS spectrum of authentic 2°,3’-cGMP.
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Figure 4.9 MS/MS spectrum of extracted 2°,3’-cGMP in rat heart.

It is worth mentioning that the concentrations of 2',3'-cCMP, 3',5'-cCMP, 2',3'-cIMP
and 3',5'-cIMP in brain, heart and liver samples are close to the LOD of the method, and
therefore are associated with relatively high standard deviations (Figures 4.7 and 4.10,
Table 4.8). While the higher deviations potentially could be due to variability in the
method, the validation experiment described above suggests that bio-variability between
animals and organs plays a larger role than variability due to the method. For low
abundance cNMPs, the precision of calculated concentrations can be improved by
increasing the injection volume or concentration of samples. However, caution should be
used when attempting to produce extremely concentrated samples as cNMPs can be lost
if the entire extract is not completely dissolved. In addition, analysis of samples using a

triple quadrupole MS instrument would likely improve sensitivity and the described
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method can be readily adapted if researchers have access to such an instrument.
Improving sensitivity through either method will be important for future studies
analyzing small organs such as rat spleen and heart (~0.7 g and ~0.8 g, respectively), as
the total amounts of cNMPs in smaller organs are close to the LOD.

During the analysis of cNMP tissue distributions, a peak proposed to correspond
to 2',3'-cIMP was identified. An authentic standard of 2',3'-cIMP was synthesized 28 and
used to verify the identity of the extracted compound based on molecular weight,
fragmentation pattern, and retention time. As can be seen in Figure 4.11, both authentic
and extracted 2',3'-cIMP elute at 2.4 min, supporting our identification of 2',3'-cIMP in
mammalian organs (Figure 4.11). The other peaks in the extracted 2'.3'-cIMP
chromatogram include 3',5'-cIMP and 3',5'-cAMP that has incorporated a single "°C,
which results in the same low resolution mass as cIMP.

Additionally, the high resolution spectrum of extracted 2',3'-cIMP yielded m/z of
331.0455 (authentic 2'3'-cIMP = 331.04525) and, based on the fragmentation of
authentic 2',3'-cIMP (Figure 4.12) and on previously published fragmentation patterns of
2°,3’-cGMP,” the predicted product ion corresponding to the protonated inosine base
[BH,]" was observed at m/z 136.9 (authentic 2',3'-cIMP, [BH,]" = 136.9, Figure 4.12).
2',3'-cIMP was detected, although often below the limit of quantitation, in extracts from
brain, kidney, spleen, heart, and liver (Table 4.8). Therefore, we believe that we have

detected 2',3'-cIMP in a panel of mammalian organs.
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Figure 4.10 Levels of extracted 2',3'-cNMPs (pmol/g wet tissue) in rat organs. Each point

represents the level measured in a replicate from a different rat. (A) 2',3'-cAMP; (B) 2',3'-

cCMP; (C) 2'.3'-cGMP; (D) 2'.3'-cIMP. Whisker top: 90 percentile, box top: 75

percentile, box middle: 50 percentile, box bottom: 25 percentile and whisker bottom: 10

percentile.
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Xcalibur software. Transition 331 = 137 m/z was monitored and reconstructed for

extracted 2',3'-cIMP.
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Figure 4.12 High resolution MS (A) and MS/MS (B) spectra of 2',3'-cIMP extracted
from rat brain. Authentic 2',3'-cIMP: 331.04525; extracted: 331.04552. Authentic 2',3'-

cIMP [BH,]": 136.9; extracted: 136.9.
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Based on the precedence of enzymatic production of 3',5'-cIMP from 3',5'-cAMP,
2'3'-cIMP also may be formed enzymatically in vivo through the deamination of 2°,3’-
cAMP.? If so, deamination of 2',3'-cAMP may play a role in modulating levels of 2',3'-
cAMP to alter the downstream effects of the mammalian 2'3'-cAMP-adenosine
pathway.* To our knowledge, this study presents the first detection of 2',3'-cIMP and the
first quantification of 3',5'-cIMP in a panel of mammalian organs, laying the groundwork

for future studies of the biochemistry and physiology of both cIMP isomers.

4.2.6 Versatility of the Method

To further extend the method, its utility was tested on mammalian cells. NIH-3T3
cells were studied using the developed LC-MS/MS protocol. As shown in Table 4.9, most
cNMPs, except 3',5'-cCMP, 2',3'-cIMP and 3',5'-cIMP, were detected and quantified in
this particular cell line. Extracted samples from cell lines were much cleaner and required
fewer washing and transfer steps (due to the decreased volume) compared to organ
extractions and the data showed improved sensitivity and reproducibility. On-going
experiments have found that the present method also can be used to quantify levels of

cNMPs in Escherichia coli samples.
Table 4.9 Measured concentrations of eight cNMPs in NIH-3T3 cell line reported as mean +

SD (pmol/10° cells). Each ¢cNMP concentration was calculated from three separated

samples (1, 2 and 3), and each sample was analyzed in two separate runs.
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Replicate. 3= 3.5- 23 35 23- 35 23 3
CAMP cAMP c¢CMP ¢CMP c¢GMP ¢GMP c¢IMP cIMP

1 SE AsESE gp 2E D ND N

2 N/D 1275..101 ND  ND é‘%i 170'%i ND  ND

3 np o P8E s owp 10 %0 N N
Average 5.1 9&? 1&* N/D lfé(_)oi li'%i ND  ND

N/D—mnot detected, concentration below LOD.

4.2.7 Discussion

The aim of this work was to develop an efficient and versatile LC-MS/MS
protocol that can detect and quantify multiple cNMPs concurrently in biological and
cellular samples using standard instrumentation. There are several key steps that were
discovered in developing the current protocol. First, cNMPs tend to stick to the centrifuge
tube walls during extraction, regardless of whether glass or plastic tubes are used;
therefore, an extensive rinsing step is key to ensuring complete recovery of extracted
cNMPs. Secondly, matrix effects resulted in unfavourable competitive ionization with
the analytes-of-interest, which is common in complex biological samples. However,
introduction of a high-speed or ultra-centrifugation step to remove remaining particulate
can greatly reduce the matrix effect and increase sensitivity. Despite high-speed
centrifugation, liver samples were found to clog the ion transfer tube on the LC-MS/MS;
cleaning the tube after every 4-5 samples also can help to maintain high sensitivity
during high throughput sample analysis. In addition, large numbers of sample runs (~50—
70) lead to the build-up of extracted compounds from organs on the column. This
problem is easily solved by washing with organic solvents (e.g., acetonitrile or DMF) or
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switching buffer systems (e.g., triethanolamine HCI, pH 5.5) to remove the remaining
material. Lastly, while the results of the current work were achieved using a quadrupole
ion trap, this method could easily be adapted to a triple quadrupole detector, which would
further increase the sensitivity of the current method.

One advantage of the present extraction protocol is that unlike quantification
protocols using isotopically labelled cNMPs or expensive/synthetically challenging
nucleotide analogues as the internal standard, affordable and commercially available 8-Br-
cAMP was employed as an IS to allow for quantification of cNMPs and to account for
any losses during sample preparation. 8-Br-cAMP was chosen because it is not naturally
present in mammalian cells, is readily commercially available, and is relatively
inexpensive (particularly in comparison to previously described internal standards).” '*°
Due to the structural similarity between the internal standard and the cNMP analytes, the
ionization efficiency of 8-Br-cAMP is similar to the natural cNMPs.

The optimized extraction and quantification protocol was used to detect levels of
previously identified, as well as novel cyclic nucleotides in mammalian organs. The
quantification of additional atypical nucleotides should aid in identifying their roles in
vivo. 2',3'-cAMP and cGMP have been shown to correlate with stress in perfused kidney
and in Arabidopsis following leaf wounding, suggesting that these nucleotides may be
important in post-injury mechanism.” Furthermore, the potential roles of 3',5'-cCMP,
cIMP, cUMP, cTMP and cXMP as secondary messengers have been proposed for
decades and are still under investigation.” ** 10227 previous studies have revealed the broad
substrate specificity of purified soluble guanylyl cyclase (sGC) and its ability to synthetize
a variety of atypical ¢cNMPs at various rates; however, little is known about their
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physiological and biochemical roles in mammalian systems.™ *

The developed protocol
allows for the detection and quantification of a large panel of cNMPs, which will provide

a powerful tool in analyzing cNMPs levels in mammalian systems.
4.2.8 Conclusions

In summary, we have described a sensitive, efficient and versatile method using
standard instrumentation to extract and quantify cNMPs in mammalian tissues and
cellular systems. The optimized LC-MS/MS protocol can separate and quantify all eight
cNMPs studied. By utilizing the present method, we have established the tissue
distributions of a panel of cNMPs, allowing for future studies on their cellular roles.
Using commercially available 8-Br-cAMP greatly reduced the cost of experiments,
relative to the use of isotopically labelled standards, thereby making the protocol
economically feasible for a wide variety of researchers. Furthermore, this study allows for
quantification of eight ¢cNMPs simultaneously, which provides the opportunity to
compare levels of multiple cNMPs in the same system and examine the relationship
between tissue levels of cNMPs and organ function. Since the signalling networks for
some cNMPs may be intertwined (e.g., 3',5'-cIMP is likely a deamination product of 3',5'-
cAMP in cells)’, correlation of cNMPs levels in various rat organs, and their alterations in

disease states, will provide insights into additional potential signalling pathways.

4.3 Experimental

4.3.1 Materials
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Organs from Sprague-Dawley rats (brain, spleen, lung, kidney, heart and liver)
were purchased from Innovative Research Inc. (Novi, MI, USA). According to the
supplier, all organs were flash-frozen immediately after harvest and were stored at —80
°C upon receipt. Adenosine 2'3'-cyclic monophosphate (2',3'-cAMP) was purchased
from MP Biomedicals (Solon, OH, USA). Adenosine 3',5'-cyclic monophosphate hydrate
(3',5'-cAMP) was purchased from TCI America (Portland, OR, USA). Cytidine 2',3'-cyclic
monophosphate  monosodium salt (2',3'-cCMP) was purchased from Carbosynth
(Berkshire, UK). Cytidine 3',5'-cyclic monophosphate (3',5'-cCMP) and guanosine 2',3'-
cyclic monophosphate (2',3'-cGMP) were purchased from BioLog (Bremen, Germany).
Guanosine 3',5'-cyclic monophosphate sodium salt (3',5'-cGMP), inosine 3',5'-cyclic
monophosphate sodium salt (3',5'-cIMP), 8-bromoadenosine 3',5'-cyclic monophosphate (8-
Br-cAMP), theophylline and 3-isobutyl-1-methylxathanine (IBMX) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ethylenediaminetetraacetic acid, disodium salt,
dihydrate (EDTA) was purchased from EMD Millipore (Gibbstown, NJ, USA). HPLC-
grade acetonitrile and methanol were obtained from Thermo Fisher Scientific (Rockford, IL,
USA). Dulbecco’s Modification of Eagle’s Medium (DMEM), Cosmic Calf Serum
(CCS), L-glutamine, penicillin G and streptomycin were purchased from Mediatech Inc.

(Manassas, VA, USA).

4.3.2 Calibration Curves

Stock solutions of all cNMPs and internal standard 8-Br-cAMP were quantified
using a UV-visible spectrophotometer (Cary Series, Agilent Technology, Santa Clara,

CA, USA). Calibration curves were constructed by plotting the ratio of peak area for each
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cNMP/internal standard (IS) against the ratio of concentration of each cNMP/IS in each
standard sample. Concentration of IS in each calibration curve is 1 pM, while
concentrations of the cNMPs ranged from 0.05-2.5 uM. The concentration range for the
calibration curve was chosen because it encompasses the typical concentrations of
cNMPs within the experimental samples that are injected on the LC-MS/MS (section

4.6). Calibration curves were generated using a linear regression model.
4.3.3 NIH-3T3 Cell Growth

NIH-3T3 cells were cultured in DMEM supplemented with 10% (v/v) CCS, L-
glutamine (2.1 mM), penicillin G (100 ITU mL™") and streptomycin (100 pg mL™") were

incubated with 5% (v/v) CO, at 37 °C. Cells were passaged at 90%—100% confluency.
4.3.4 cNMP Extraction from Rat Organs

Frozen Sprague-Dawley rat organs (brain, spleen, lung, kidney, heart and liver)
were homogenized using a tissue homogenizer (TH, OMNI International, Kennesaw, GA,
USA) in pre-chilled acetonitrile/methanol/water buffer (1:2:2, v/v/v; 3 mL extraction
buffer/g wet tissue) containing the phosphodiesterase inhibitors EDTA and theophylline (1
mM each) in conical tubes (Celltreat Scientific Products, Shirley, MA, USA). The crude
lysate was heated in a water bath for 10 min at 60 °C, cooled on ice for 10 min, centrifuged
at 2427x g for 90 min and the supernatant transferred to a round bottom flask.

The pellet from the first centrifugation and the sides of the conical tube were
washed twice with 2 mL of water each time for brain, spleen, lung, kidney and heart

samples and centrifuged at 2427x g for 30 min to isolate the supernatant. The supernatant

157



from the wash was combined with the supernatant from the first centrifugation. One
additional rinse with 2 mL of water was required for liver due to its size. Combined
supernatants containing the extracted cNMPs were transferred to a round bottom flask
(Chemglass Life Sciences, Vineland, NJ, USA) and the organic solvent was concentrated
using a rotary evaporator (IKA™, RU10 Basic, Wilmington, NC, USA) at 35 °C and
the concentrated solution transferred to centrifuge tubes. The round bottom flask was
rinsed twice with 1 mL of water each time to ensure complete transfer of cNMPs to the
high-speed centrifuge tubes.

High-speed centrifugation of the cNMP solution following rotary evaporation was
performed for 30 min at 20,000x g for liver and 18,000x g for other organs to remove
any remaining particulates. The supernatant after high-speed centrifugation was
transferred to a glass vial (Wheaton, Millville, NJ, USA) and 67 pmol/g wet tissue of
internal standard (IS), 8-Br-cAMP was added. The sample was frozen in liquid N, and
lyophilized (Flexi-Dry™, FTS Systems, Warminster, PA, USA) overnight to remove

water.
4.3.5 cNMP Extraction from NIH-3T3 Cell Line

The pellet of NIH-3T3 cells was re-suspended in 125 pL pre-chilled extraction
buffer (125 pL/10°cells) containing EDTA and theophylline (1 mM each). IS (20 pmol
8-Br-cAMP/ 10° cells) was added to the sample, which was then subjected to 10 cycles of
flash-freezing in liquid N, followed by thawing on ice, until the cells appeared lysed by
visual inspection. The lysate was heated at 80 °C for 10 min, cooled on ice for 10 min,

and centrifuged at 13,000x g for 30 min at room temperature to precipitate cellular
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debris. The supernatant was removed for analysis, and then the pellet and sides of the
tube were washed twice with 100 puL of water, centrifuged at 13,000x g for 30 min and
the supernatants from each centrifugation step were combined. The combined

supernatants were lyophilized over-night to remove water.
4.3.6 LC-MS/MS Sample Preparation

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) samples were
prepared by re-dissolving lyophilized powder from each extraction in 50 mM phosphate
buffer (pH = 7.4) (~100 uL/g wet tissue and 20 pL/10° cells). Re-dissolved samples were
thoroughly mixed on a vortex mixer (Analog Vortex Mixer, VWR, Radnor, PA, USA)
and then placed in an ultrasonic cleaner (Branson Model 2510, Fisher Scientific,
Pittsburgh, PA, USA) for 3 min to fully dissolve all extracted compounds. The vortexing
and sonicating steps were repeated two more times to yield clear

LC-MS/MS samples.
4.3.7 LC-MS/MS Optimized Conditions

LC-MS/MS experiments were performed using a Thermo Electron LTQ-FTMS
system equipped with a Shimadzu autosampler (SIL20AC, Shimadzu, Columbia, MD,
USA) and a Dionex Ultimate 3000 dual gradient pump and diode array detector
controlled by Xcalibur and DCMSIink software (Thermo Scientific). Samples were
separated using a reverse phase (C-18) column (15 mm X 2.1 mm, 2.7 um, Ascentis
Express; guard column (0.5 cm x 2.1 mm, 2.7 um, Ascentis Express, Sigma Aldrich). 20

uL of sample were analyzed by LC-MS/MS system during each run. Buffer A contained
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0.1% formic acid in water and buffer B contained 0.1% formic acid in methanol. The
optimized LC protocol (Buffer A/B) for separating cNMPs is as follows: 0—4 min, 0% B;
4—15 min, 0%—1.5% B; 15-20 min, 1.5%—-8% B; 20-25 min, 8% B; 25-28 min, 8%—15%
B; 28-35 min, 15% B; 35-45 min, 0% B with a flow rate of 0.3 mL/min. After 4 tissue
samples, the column was washed using acetonitrile (Buffer C) to ensure removal of all
retained cellular compounds. The wash protocol is as follows: 0—2 min, 0%—-100% B, 0%
C; 2-10 min, 100% B, 0% C; 10-12 min, 100%—0% B, 0%—-100% C; 12-20 min, 0% B,
100% C; 20-25 min, 0% B, 100%—0% C; 2540 min, 0% B, 0% C with a flow rate of
0.3 mL/min. Three independent LC-MS/MS runs were performed for each sample.

The samples were ionized by positive ion electrospray in the LTQ-FTMS using 5
kV voltage on the needle, with a capillary voltage of 35 V, capillary temperature of 275
°C, and tube lens voltage of 110 V. The tandem mass spectra were obtained in the ion
trap of the LTQ-FTMS with an isolation window of 1 amu and normalized collision
energy of 35 eV, with an activation Q of 0.250 and activation time of 30 milliseconds.

Detection was done in the ion trap of the LTQ-FTMS.

4.3.8 Statistical Analysis

Xcalibur software (Thermo Scientific) was used to integrate the area under the
reconstructed selected ion chromatograms of the product ions. Xcalibur was also used to
obtain the retention time and MS/MS spectrum of each analyte. IGOR Pro software
(version 6.0.1.9, WaveMetrics, Lake Oswego, OR, USA) was used to analyze calibration

curves and calculate organ concentrations. Organ concentrations are reported as mean =+
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standard deviation and are based on 4-7 independent extractions. Data were corrected to

pmol/g wet tissue or pmol/10° cells to normalize between organs and cells.
4.3.9 Method Validation Test

A frozen rat brain (1.22 g wet tissue) was homogenized in 4 mL pre-chilled
acetonitrile/methanol/water buffer (1:2:2, v/v/v), as described above. The crude lysate was
split into three equal portions (~1 mL each, samples 1-3) and transferred to individual
tubes. The centrifuge tube was washed with 1.2 mL water; the wash was split equally into
each tube (0.4 mL each). 100 pmol IS (8-Br-cAMP) was added to each sample. 60 pmol
of 3',5'-cCMP was added to sample 2 following homogenization, while 60 pmol of 3',5'-
cCMP was added to sample 3 after heating. LC-MS/MS quantitation was performed

independently on each sample (refer to Experimental sections 4.6 and 4.7).
4.3.10 Method Reproducibility Test

A frozen rat brain (1.55 g wet tissue) was homogenized in 5 mL pre-chilled
acetonitrile/methanol/water buffer, as described above (refer to heat extraction from rat
organs section). The crude lysate was split into 3 equal portions (~2 mL each) and
transferred to individual tubes. The centrifuge tube was washed with 1.2 mL water, which
was split equally into each tube (0.4 mL each). Heat extraction and LC-MS/MS
experiments were performed independently on each sample (refer to Experimental

sections 4.4, 4.6 and 4.7).

4.3.11 Synthesis of 2',3'-cIMP
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2'3'-cIMP was synthesized by deamination of 2'3'-cAMP, as previously
described.”® A solution of NaNO, (26 mg) in 100 pL water was added to 50 mg of 2'3'-
cAMP (MP Biomedical) in glacial acetic acid (0.8 mL). The solution was stirred at room
temperature for 6 hrs. Three equal portions of NaNO, (60 mg total) were added over the
6 h period and the reaction was allowed to continue stirring for an additional 30 h (36 h
total). After 36 h, the reaction was evaporated in vacuo to dryness. The product was
purified by anion exchange chromatography using DEAE cellulose resin in carbonate
form and eluted with a gradient of 0.005 M ammonium bicarbonate (pH 7.8) to 0.1 M
ammonium bicarbonate (pH 7.0). The high resolution MS (calculated: 331.04515,
observed: 331.04525), ]H, 13C, and *'P NMR, and UV spectra confirmed the 2',3'-cIMP

structure.
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Chapter 5: Conclusions and Perspectives
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5.1 Summary

This dissertation focused on understanding of various signal transduction
pathways in prokaryotic and eukaryotic systems. Although kinases are known to be
involved in essential signal transduction pathways in stress adaptation in bacteria, the
bacterial mechanisms used to sense stress remains unclear.' We studied how Gram-
negative bacteria sense environmental O, and alter their stress-response pathways.
Additionally, studying signaling pathways of additional naturally occurring potential
secondary messengers provide insights into their roles in survival and tumorigenesis, and
also allow for the study of interplay between secondary messenger signaling networks in

eukaryotes.

5.2 A starting point for studying a novel stressosome-regulated pathway in Gram-

negative bacterium Vibrio brasiliensis

In Bacillus subtilis, the stressosome complex regulates diverse signaling pathways
that control transcription factor ¢° in response to various environmental challenges.” The
stressosome-regulated pathway is modulated by reversible protein phosphorylation
reactions controlled by kinase RsbT.** * A novel stressosome from the Gram-negative
marine bacterium Vibrio brasiliensis that contained a heme-bound GCS as the sensing
protein was described in chapter 2. The V. brasiliensis stressosome senses environmental
O,, and alters phosphorylation activity in response to gaseous ligands. Previous studies
have shown virulence genes expression require O,-limiting conditions in human pathogen
V. cholerae, this novel O,-dependent stresssome pathway could play a key role to sense

low O, concentration and induce transcription of virulence genes in the Vibrio genus.’
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Characterization of the novel stressome-regulated pathway in V. brasiliensis will allow
for future identification of ligand-dependent gene transcription and downstream effectors
of the stressosome-regulated pathway in vivo, but also potentially offer an explanation of
how a free-living environmental organism can switch upon a change in the environment
to become human bacterial pathogen. Future work includes exploring protein-protein
interactions between native proteins. MS-based Hydrogen-deuterium exchange (H/D
exchange) will be used to study the conformations and dynamics of the proteins, in order

to map the interaction surface between proteins in the stressosome complex.

5.3 Continuing to purify and investigate the functions of 3°,5’-cCMP-related

enzymes in mammals

Putative enzymes capable of synthesizing and hydrolyzing 3°,5’-cCMP, cytidylate
cyclase and phosphodiesterase respectively, as well as 3°,5’-cCMP dependent protein
kinase were reported in the 1970s, however, their molecular identity and functional
properties still remain elusive even today.’ In chapter 3, following previous published
protein purification protocols, we have partially purified a soluble enzyme fraction
contains a soluble cyclase that is capable of synthesizing 3°,5’-cCMP. Future work
includes developing a high-resolution fractionation technique to further purify the soluble
fraction, in order to isolate and characterize the putative mammalian cytidylate cyclase.
In addition, a more gentle and rapid fractionation method is needed to isolate mammalian
3°,5’-cCMP specific PDE. We also have isolated a potential 3°,5’-cCMP binding protein,

THO complex subunit 5, from rat brains using 3°,5’-cCMP affinity chromatography,
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suggesting 3°,5’-cCMP may be involved in mRNA export and controlling transcription
level through binding and regulation of the THO complex. Identifying enzyme members
on 3°,5’-cCMP signal pathway will provide a starting point for establishing physiological

relevance of 3°,5’-cCMP in mammals.

5.4 Development of a useful tool for identification and quantification of various

typical and atypical cNMPs

Progress made in identification of 3°,5’-cCMP-related enzymes has been slow in
recently years, mainly due to the lack of an efficient purification method and a sensitive
analytical protocol. In chapter 4, we developed a sensitive and versatile method to extract
and quantify cNMPs using LC-MS/MS, including both 3°,5’-cNMPs and 2°,3’-cNMPs, in
mammalian tissues and cells.’ The analytical method reported in this chapter allows for
comparison of multiple cNMPs in the various systems, and furthermore reports the first
identification and quantification of 2°,3’-cIMP.® This LC-MS/MS based method can be
adapted in the future to both hypothesis-driven and hypothesis-generating types of
research. For hypothesis-driven research, this analytical method can be used to quantify
analytes-of-interest on a triple quadrupole MS, whereas for hypothesis-generating
research, this method can be utilized to identify and quantify unknown/novel cNMPs
using a Q-TOF or an ion trap MS. This LC-MS/MS method offers a tool for
quantification of cNMPs levels in cells and mammalian tissues, which will provide

insight into the roles of cNMPs in vivo.

175



5.5 References

1. Marles-Wright, J.; Lewis, R. J., The stressosome: molecular architecture of a
signalling hub. Biochem Soc Trans 2010, 38 (4), 928-33.

2. (a) Marles-Wright, J.; Grant, T.; Delumeau, O.; van Duinen, G.; Firbank, S. J.;
Lewis, P. J.; Murray, J. W.; Newman, J. A.; Quin, M. B.; Race, P. R.; Rohou, A.;
Tichelaar, W.; van Heel, M.; Lewis, R. J., Molecular architecture of the "stressosome," a
signal integration and transduction hub. Science 2008, 322 (5898), 92-6; (b) Price, C. W.;
Fawcett, P.; Ceremonie, H.; Su, N.; Murphy, C. K.; Youngman, P., Genome-wide
analysis of the general stress response in Bacillus subtilis. Mol Microbiol 2001, 41 (4),
757-74.

3. (a) Kim, T. J.; Gaidenko, T. A.; Price, C. W., A multicomponent protein complex
mediates environmental stress signaling in Bacillus subtilis. J Mol Biol 2004, 341
(1), 135-50; (b) Kim, T. J.; Gaidenko, T. A.; Price, C. W., In vivo phosphorylation of
partner switching regulators correlates with stress transmission in the environmental
signaling pathway of Bacillus subtilis. J Bacteriol 2004, 186 (18), 6124-32; (c) Chen, C.
C.; Lewis, R. J.; Harris, R.; Yudkin, M. D.; Delumeau, O., A supramolecular complex
in the environmental stress signalling pathway of Bacillus subtilis. Mol Microbiol
2003, 49 (6), 1657-69.

4, Fan, F.; Liu, Z.; Jabeen, N.; Birdwell, L. D.; Zhu, J.; Kan, B., Enhanced
interaction of Vibrio cholerae virulence regulators TcpP and ToxR under oxygen-limiting
conditions. Infect Immun2014, 82 (4), 1676-82.

5. (a) Cech, S. Y.; Ignarro, L. J., Cytidine 3',5-monophosphate (cyclic CMP)

formation in mammalian tissues. Science 1977, 198 (4321), 1063-5; (b) Cech, S. Y.;
176



Ignarro, L. J., Cytidine 3',5'-monophosphate (cyclic CMP) formation by homogenates of
mouse liver. Biochem Biophy Res Commun 1978, 80 (1), 119-25; (¢) Cheng, Y. C.;
Bloch, A., Demonstration, in leukemia L-1210 cells, of a phosphodiesterase acting
on 3":5'-cyclic CMP but not on 3":5'-cyclic AMP or 3":5'-cyclic GMP. J Biol Chem 1978,
253 (8), 2522-4; (d) Kuo, J. F.; Brackett, N. L.; Shoji, M.; Tse, J., Cytidine 3":5'-
monophosphate phosphodiesterase in mammalian tissues. Occurrence and biological
involvement. J Biol Chem 1978, 253 (8), 2518-21; (e) Helfman, D. M.; Shoji, M.; Kuo,
J. F., Purification to homogeneity and general properties of a novel phosphodiesterase
hydrolyzing cyclic CMP and cyclic AMP. J Biol Chem 1981, 256 (12), 6327-34; (f)
Newton, R. P.; Salih, S. G., Cyclic CMP phosphodiesterase: isolation, specificity and
kinetic properties. Int J Biochem 1986, 18 (8), 743-52.

6. Jia, X.; Fontaine, B. M.; Strobel, F.; Weinert, E. E., A facile and sensitive method
for quantification of cyclic nucleotide monophosphates in mammalian organs: basal

levels of eight cNMPs and identification of 2',3'-cIMP. Biomolecules 2014, 4 (4), 1070-

177



	Cover_pages
	Chapter_1_111015
	Chapter2_2
	Chapter_3_110415
	Chapter_4_2
	Chapter 5_110615



