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Abstract

Cyclic AMP (cAMI an ancient second messenger that is essential for many cellular
processes including synaptic plasticity and controheért rate and contractility.
Cyclic AMPdependent protein kinase (PKA) is the major intracellular receptor for
cAMP. PKA consistsdimeric regulatory (R) subunits that bind and inhibit catalytic
(C) subunits. PKA is activated upon binding of cCAMP to the R subunits, which leads to
the release of C subunijtand phosphorylation of intracellular protein substrates. An
enduring challeng in cAMP research is to understand how PKA activity is directed to
specific substrategsthe C subunits exhibit only limited substrate specifiaityitro.
Elevations oEAMP are controlled in both space and time in the cell. This is achieved
by the calocaliation of enzynes for both the synthesis (cysks) and breakdown
(phosphodiesterases) of cAMRnchoring proteins are also essential for directing
PKA to substrates in their immediate vicinity. However, a mechanism is yet to be
established to expla how the activity of the C subunit of PKA is restrained following

its dissociation from R subunits.

This thesis details three parallel investigations that apply novel approaches with the
shared aim of understanding how C subunit restraint is achievedst, using
guantitative immunoblotting in conjunction with purified PKA subunits, | investigated
PKA subunit stoichiometryfinding that PKA R subunits typically outnumber C
subunits by ~150ld. Second, | developed a novel approach for monitoringdRiisit
isoformspecific association with C subunits in gellgth temporal precision.

Comparative experiments using this approach and measurements with a fluorescent



reporter of PKA activity show that only a small portion of C subunits need be
dissociatedo achieve high PKA activity. Third, | applied and develepsalelcross
linking coupled to mass spectrometry {MIS)protocol for analysis of the structure

of PKA complexes. Insights include the likely orientation of PKA complexes that
contain type Il R(RIl) subunits towards the membrane, and identification of a
possible conformatioal change in PKA upon binding an anchoring protein. Together
these experiments illuminate several aspects of PKA to show how the activity of this

critical signalling enzymie restrained within cells.
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Chapterl. Introduction

1.1 Major discoveries in the cAMP second messenger
signalling cascade

Much of the knowledge of second messenger systems, as well as study of their constituent
parts, including kinases, phosphodiesterases, gmthses has come from research into the
cAMP signalling cascade as it relates to PKA. Here | will detail the discoveries that underlie
the current state of research in the field, as well as some of the recent methodological
developments that are continugto drive advancementln the context of this background,

I will also outline the goals | hoped to accomplish with this project.

1.1.1 Early studies of protein phosphoregulation led to the discovery of cCAMP

cAMP is now understood to be a second messengelecule that is essential for the
transduction of chemical signals from outside the cell into a range of biochemical
modulations inside the cellas part of the Grotein coupled receptor (GPCR) cascade.
Continuing research across many disciplinescisvely elucidating in greater detail the
downstream effects of CAMP activation, as well as the functional consequences of the

modulation of cAMP signalling.

The study of the biological effects of CAMP is generally considered to have started in the mid
1950s,though itcan trace its origins to even earlier work. Earl Sutherland, who won the
Nobel Prize in Physiology or Medicine in 1971 for the discovery of cAMP, started his work in
the lab of Carl and Gerty Cori, who themselves won a Nobel Prize infa®4ibrk on

glycogen phosphorylasgioussay, 1956; Kresge, Simoni, & Hill, 2005adherland and his

18



co-workers showed that the incubation of an enzyme from liver tissue that deactivated
glycogen phosphorylase resulted in an increase in free phosphate in the sigttinerland

& Wosilait, 1955; Wosilait & Sutherland, 195@xperiments using radiolabelled substrates
further showed that te phosphate was released from glycogen phosphorylase directly
(Wosilait & Sutherland, 1956) Based on this result Rall, Sutherland and Wosilait
hypothesizel that the reactivation of glycogen phosphorylase would require the
incorporation of phosphateRall, Sutherland, & Wosilait956). This was supported when
the authors showed that radiolabelled phosphate that was incorporated into glycogen
phosphorylasén conjunction with its activation by epinephrine. They further showed that
phosphatase removed this radiolabelling, showing that reversible, enzymatically mediated
phosphorylation was key for the control of glycogen phosphorylase adiiRaty, Sutherland,

& Wosilait, 1956)

Working contemporaneously with Sutherland, Fischer and Krebs showed that the activation
of glycogen phosphorylase in rabbit skeletal muscle reguNEP, as webs a divalent cation
(Fischer & Krebs, 1955They hypothesized that the conversion was catalysed by an enzyme,
reliant on the fact that in muscle extract that was treated and cleared at low pH, the addition
of a divalent cation and\TP could not induce phosphorylase activation. However, adding
the precipitated fraction to back into the supernatant resulted in the activation of
phosphorylase. They purified the enzyme present in the supernatant, and showed that it
was capable of aatating glycogen phosphorylase by phosphorylation, this enzyme was

deemed phosphorylase kinagéischer & Krebs, 1955)

Similarly, Rall, Sutherland and Berthet showed that epinephrine and glucagon activated
glycogen phosphorylase in #&TP and M& dependent manner when applied to liver cell

lysate Rall, Sutherland, & Berthe,957). However, when the lysate was centrifuged to
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remove the particulate fraction, the hormormediated response was lost. The authors
found that this activiy could be restored by adding pelleted material to the supernatant.
This led to experimentation with washed particulate fractions of centrifuged homogenate.
Pelleted cellular material was incubated with hormones, magnesium, and ATP, following
which the mxture was boiled to denature any active enzymes, and further centrifuged. The
resulting supernatant was mixed with the ndwormoneresponsive supernatant of
untreated homogenate. An increase in activation of glycogen phosphorylase proportional to
the anmount of boiled supernatant added was then observed. When the same process was
carried out in the absence of hormones in the initial liver homogenate treatment, there was

no increase in glycogen phosphorylase activation.

From these experiments, the autt®iinferred the presence of a previously unidentified
active factor resulting from the treatment of pelleted liver homogenate with hormones. This
factor was found to be heat stable, and was purified by ion exchange chromatography. The
application of thigurified factor, which the authors showed to contain adenine, ribose, and
phosphate in a 1:1:1 ratio, resulted in raised glycogen phosphorylase activation in liver
homogenate supernataniRall, Sutherland, & Berthet, 195Further analysis of the active
factor, by identification of breakdown ducts, showed the molecule to be identical to a
product of barium hydroxide digest of ATP, which yielded a molecule which would later be
classified 3',5tyclic adenosine monophosphate or cAM®ook, Lipkin, & Markham, 1957;
Lipkin, Cook, & Markam, 1959; Sutherland & Rall, 1988l and Sutherland showed using
radiolabelled molecules that cAMP was a product of the cyclization of ATP. These results
also indicated that the previously observed increased formation of active glycogen
phosphorylase as the result of the applicatimfiglucagon and epinephrine was the result of

indirect activation of an unknown mechanism, rather than direct action on phosphorylase
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(Rall & Sutherland, 1958 thisway, a burst of activity in the late 1950s established many

key features of CAMP signalling.

1.1.2 The discovery of phosphodiesterases

The first indication of a control mechanism for cAMP concentration wasdnoyeRall and
Sutherland who showed thataz Y L2 y Sy & 2F oNFX Ay K2Y23SylIrdS K
AMP (Rall & Sutherland, 1958)Building on this observation, Drummond and Peréée

described an active factor of tissue extract that was capablayafolyzingcAMP, was

precipitated by sulfate, anequired the addition of Mg&for activity(Drummond & Perrott

Yee, 1961; Sutherland & Rall, 1958; Sutherland & Rall, 198@®)s work was further

supported by Butcher and Sutherland who, noting that the enzyme breaks an ester bond to

0 dzNy-08 QE p Q Y2y 2 LIAMR dalied thie@nzymé fihdsphmpdesteréBatcher

& Sutherland, 1962) They also showed that phosphodiesterases were present in sufficient

intracellular quantities to have a significant effect physiological cCAMP concentrations.

1.1.3 Tte discovery of adenylytyclase

With the downstream target of cAMP, and an enzyme responsible for its hydrolysis
established, Sutherland, Rall, and a number ofvookers announced their preliminary
investigdion into the enzymatic system catalysing the formation of cAMR series of four
papers inwhich they namedhe enzymeadenylylcyclasgKlainer et al., 1962; Murad et al.,
1962; Sutherland, Rall, & Menon, 196Rall & Sutherland, 1962)Sutherland, &I, and
Menon described the localization atlenylylcyclase as particulate fraction associated, and
independent of mitochondria, noting specifically the high likelihood of membrane
associationwhich was later confirmed by Sutherland and Davai@avoren & Sutherland,

1963; Sutherland, Rall, & Menon, 1962 the second paper, Rall and Sutherland showed,
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through the use of ATRith radiolabellingon different phosphatesthat cAMPwas produced

oe GKS OfSI@r3as 2F GKS + FyR 1 LK2aLKI GSa
(1962). In the remaining papers, the authors tested the effects of hormones on the
production of cAMP, showing that several, including epinephrimerepinephrine and
isoprenaline increased cAMP production in a variety of tissues (Murad et al. 1962; Klainer et

al., 1962).

1.1.4 The discovery of cyci&MP dependent protein kinase

The search for another protein constituent of the cANiBnalingcasade was driven by
suggestions that phosphorylase kinase was not activated directly by ¢BMBnge et al.,
1968; Krebs, Graves, & Fischer, 1958) 1968 Walsh, Perkins, and Krebs reported the
discovery of such a protein, which could be purified from rabbit skeletal muscle and was
F2dzy R (2 GLNR /3 1BSRP-ATK2BThe target proteins casein or protamine.
This reaction was found tbe completely dependent on cAMP to progress, and was not
stimulated by a range of other nucleotides. The protein was then shown to activate
phosphorylase kinase by phosphorylation, again in a completely CAMP dependant manner.
The authors noted that theikely source of phosphorylase kinase activation observed in
earlier purifications was likely due to trace contamination from the original purification of
phosphorylase kinase, citing the previously published dependence of phosphorylase kinase
activation o1 cAMP, and similar.Kvalues for the reported activation of phosphorylase
kinase, thought to be bgutophosphorylatior{Delange et al., 1968; Walsh, Perkins, & Krebs,

1968)

Walsh, Perkins, and Krebs offered the theory that this new protein rbigihe missing step
between the production of cAMP by adenylyl cyclase and the activation of phosphorylase

kinase, and offered that if this relationship were correct the new protein should be called
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phosphorylase kinase kinase later becoming known as edéypEndent protein kinase

(PKA).

1.1.5Completing the canonical grotein coupled receptor signalling cascade

With the main components of the intracellular cAMP signalling cascade identified, the focus
now turned to understanding how the application ofteacellular agonists was capable of
modulating intracellular process¢Beavo & Brunton, 2002)The first molecular studies in

this vein expaded upon the known properties @fdenylylcyclase activation.

In a series of studies which showed that a combination of hormones that were known to bind
at different sites did not increase cAMP concentration beyond the simgimone
maximum, another macularly discreet recognition component was discovered

(Birnbaumer et al., 1969; Rodbet al.,1971)

It was shown thathe activation of adenylhdyclase by glucagon following high temperature
incubation was dependent on the presence of guanyl nucleotides, even in instances where
the maximum amount of glucagon was bound to the membrane, indicating a relationship
between glicagon and guanyl nucleotidéRodbell et al., 1971) The authors also used a
biosynthetically generated nehydrolyzableanalog of ATP, Gpp(NH)p, to show that GTP was
necessary for glucagon to induaedenylylcyclase activatioifRodtell et al., 1971; Rodbell,

1994)

Rodbell, Lin and Salomon further showed in a liver cell membrane system that there was a
lag in activation ohdenylylcyclase following the application of glucagon in the absence of
added GTP. This lag was ameliodafeSTP was added to the system. Equally, treatment of

the system with glucagon for an incubation period before ATP based substrates were added
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also abolished the lag. GTP added without glucagon did not incadasglylcyclase activity
(Rodbell, Lin, & Salomon, 1974hese experiments cemented the understanding of GTP as

a transducer in the activation aidenylylcyclase (Rodbell, 1994).

The discovery of the G protein hinged upon the use of mutant cell lines to deduce the role of
each component in the cascade. Masiportant was the use of a cell line, now knowntas

S49, which was shown to bind hormones, but could not produce cAMP, leading to the
assumption that is was deficient in Al@sel et al., 1976Tatsuya Haga, Ross, Anderson, &
Gilman, 1977) However the combination of extracts from this cell line, as well extract from
20KSNABR GKFd 6SNB RSFAOASY(dH Ay i [TRNBYSNHAO N
though extract from wild type cells with heat deactivated AC could restore functirom

this, Ross and Gilman suggested the existence of an as yet uncharacterized protein in the
adenylylcyclase system, which is activated by fluoride ions and Gpp(NH)p, and suggested
that the might be a guanine nucleotide binding protéRoss & Gilman, 197.7)This was
further supported by work that stwed the AC and receptor were not colocalizéthga,

Haga, & Gilmarnl977; Limbird & Lefkowitz, 1977The thermostabile portion of this system
would prove to be the rotein, and it would prove that th&S49 cells contained functional

AC, but were deficient in the-@rotein (Howlett & Gilman, 1980)

Northup and colleagues were the first to successfully purify the regulatory component, now
known as the G protein, of thadenylylcyclase system. Their separation indicated three
distinct proteins of 52, 45 and 35 kilodaltons, the first two of which wqubve to be splice

variantsof GE g KAt S G KS { KGilmdk 19853 NoiihkipSet al., 18806 dzy A (

The aforementioned studies combine to form the framework of the general dynamics of the
GPCR signalling cascade as it is understood today. An extracellular hormone binds to the

GPCR, which spans the membrane, andnallGTP to replace GDP in the heterotrimeric
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activating it and enabling the generation of cCAMP from ATP. The released cAMP then binds

H(McERiden &t al., 2008)

¢t KS

to a range of downstream effectors, including PRiy(re 1.}.

RA & a2 OAnlbind R AD,h

The understanding of GPCRs and their signalling cascade would later expand Giteatty .

are now more than 800 known human GPCRs, which play major roles in processes from

cardiovascular activity to neuronal activati¢katritch, Cherezov, & Stevens, 2013Jhe

understood complexity of the regulation of GPCRs has also advanced since this time.

RA a O2 @ -arieBtins2whichi block the reactivation of deactivated GPCRs is one way in

which the ntricacies of GPCR activity is beginning to be understood.
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Figure 1.1 The GPCR signalling cascégeextracellular hormone binds to the GPCR, stimulating the
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which begins producing cAMP from ATP. cAMP then diffuses to activate PKA, inducing the dissociation

of the C subunit.
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1.2 Biochemical Discoveries of cAMP Compartmentalization

In the late 1970s, with the major functional pieces of the GCPR casdadelated,
researchers started to detail how these components interacted with one another to impart

spatiotemporally specific control within the cell.

1.2.1 Discovery and localization of type | and type Il PKA

Corbin, Keely and Park discovered that P#fied from adipose tissue or from heart tissue
exhibited differing dissociation kinetics (1975). Spurred by this finding, the authors identified
two different PKA isoform peaks by ion exchange chromatogré@bybin, Keely, & Park,
1975) Itwas subsequently discovered that both isoforms vedse present within the same

tissueg(Corbin & Keely, 1977)

The first study to characterize spatial separation of regulatory subunit isofoamscarried

out by Corbin and cworkers in 1977. The authors noted that previous studies on PKA
localization had reported populations of PKA associated with both the particulate fraction
and the soluble fraction of homogenized tissue following low speadriugation, but their
differences had not been explored furth@Corbin et al., 1977) Based on this, Corbin and
colleagues spun rat heart homogenate at low speeds and then used ion exchange
chromatography to characterize the localization of the PKA isoforms. After applying the
pellet or supernatant to a DEAfllulose column, the two diinct peaks that were produced

as the result of increasing NaCl concentration were dubbed PKA type | and Il. The
characteristics of these PKA isoforms matched with those isolated from the separate tissues
in their 1975 study(Corbin et al., 1975) Importantly, the authors also showed that the
concentration of type Il holoenzymim the particulate fraction was not altered when
exogenous purified RIl protein was added to the homogenate as a competitor binding,

indicating that the association between the holoenzyme and the particulate fraction is the
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result of a specific anchoringechanism (1977).These findings are consistent with later
discoveries about the primarily membrane associated anchoring of RIl subunits, and the

cytosolic positioning of Rl subuniBold et al., 2013; Gold et al., 2006; Skalhegg et al., 1994)

1.2.2 Different hormones that elevate CAMP may exhibit different effects on PKA

phosphorylation

The functional consequences of PKA isoform specificity were first seen by Corbin-and co
workers, who used a radiometric cAMP binding assay, in conjunction withd®idify assays
based on the phosphorylation of histidine, to demonstrate that the application of
epinephrine, a &@oupled protein receptor agonist, to whole hearts caused an increase in
activation of particulate bound cAMP and a corresponding increassolmble fraction
phosphorylation, presumably induced by the release of catalytic (C) subunits from
particulate-associated RIl subunits into the soluble fraction. With these findings, Corbin et
al. suggested for the first time that the cAMP mediated resmof PKA to a hormone might

be regulated by the association of specific isoform of regulatory subunit with a specific

compartment of the cell.

In 1977 Stanley Keely published his observations on the differences in cAMP concentration,
protein kinase agtity, and phosphorylase activation in response to the profusion of rat
hearts with prostaglandin,:EPGE1) oepinephrine Keely found that cAMP concentration

and protein kinase activity rose in response to both hormones. However, phosphorylase
activation, which requires phosphorylation by PKA, increased only when epinephrine was
applied. He also showed that the addition of both hormones together caused a greater
cumulative increase in PKA activity, but phosphorylase activation increased only toghe lev
seen with epinephrine alone. These findings indicated that each hormone had a separate

pool of kinase on which it acted, and importantly that laclpbbsphorylase increase seen

27



PGEWwas not due to any inhibitory activity of the hormone. This markeddhservation of
differential downstream activity as the result of the activation of protein kinase, and would
become a keystone discovery to the field of cCAMP signalling, laying the groundwork for the

study of cAMP compartmentalization that was to come.

Two years later Keely expanded upon this work by characterizing the effects elicited by the
application of varying concentrations of PIGid epinephrine on cAMP concentration, PKA
activation, glycogen phosphorylase activity, and contractile force ifupeal rat hearts
(Keely, 1979 Keely reiterated his 1977 findings, pertaining to PKA activity and glycogen
phosphorylase activation, and he also showed that epinephrine incogasart contractility

while, PGE1ailed to produce this change, thgh both had activated PKA. Keely further
showed that PGEdid not inhibit epinephrine activation of glycogen phosphorylase or heart
contractile force by applying it in conjunction with cAMP. Based on these findings, Keely
offered two hypotheses. Theadt, that the hormones might be acting on different cell types

in the heart tissue, was based on the observation that the activation of PKA was not
increased by the addition of PGEt maximum concentrations of epinephrine. Keely
postulated that both celtypes were actd upon by epinephrine, while PGBaly caused
responses in a smaller subset. Importantly, he also suggested that the same results could be
achieved if the hormones acted upon spatially separated pools of PKA within the same cell
(Keely, 199). Citing his previous work (Corbin and Keely, 1977; Corbin et al., 1977) Keely
noted that the differential activation of PKA pools might be connected to differences in the
activation of type | and type Il PKA, and their localization at the membrani dhne cytosol

of the cell (Keely 1979).

CKA&A ¢2N)] o1& GKSYy o0dZAfd dzZlR2y o6& |1 l&Sa FyR

adrenergic receptor agonist isoprenaline, as well asIP@EcCAMP concentration, PKA
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activity, and the phosphorylation stateof phosphorylase b kinase and glycogen synthase
(1979). Isoprenaline was chosen over the previously used epinephrine, which activates both

i YR h NBOSLI 2 NA I -aReieSgiciieeptarfHayeszeaf, $909) A oA 1 & T2

Hayes and cavorkers observed the expected effects of isoprenaline, an increase in
phosphorylase kinase activation, a decrease in glycogen synthase activity, and increased
pressure in the heart ventricle. However, only an increase in cCAMP concentratibana
increase in PKA activity were observed following the application ol PGEen when the
concentration of each hormone was adjusted to produce similar cAMP concentration,
downstream effects were not seen with PGdpplication. This indicated that thactivation

of PKA by cAMP was not solely sufficient to cause downstream activity of phosphorylase
kinase and glycogen synthad@runton, Hayes, & Mayer, 1979The authors also noted that

the effects of isoprenaline and PGE1 are additive, and there is no increase in the
concentration of cCAMP when both are applied to whole hearts in comparison to isoprenaline
alone, suggesting that the differences in downstreagtivation do not stem from the
hormones acting on separate cell populations (Hayes et al., 1979). A subsequent study
carried out by Hayes and cevorkers using 85% homogenous cultured cardiomyocytes
recapitulated these findings and furthered the finditgt different cell populations are not

responsible for differential responses to PiGIAd isoprenalingHayes et al., 1982)

To augment this work, Brunton Hayes and Mayer examined the effects of BGE
isoprenaline on troponin | activation in the heart (1979). Troponin is a protein that helps
control relaxation and contraction in musclagke dynamics of which are regulated by
phosphorylation. Though the manner in which PKA interacts with troponin | to cause
increased heart contractility was not clear at the time, it is now known that PKA

phosphorylates serine residues in the inhibitorpsuit of troponin in an Nerminal domain
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that is present only in the cardiac muscle isoform, which results in decreased sensitivity to
C&*, and leads to an increased rate of contraction and release cytlaydand, Solaro, &
Shah, 2005) Brunton, Hayes and Mayer found that similarly to the previous results, the
application of both PGEand isoprenaline raised the levels of cAMP and PKA activation, while
only isoprendhe activation produced troponin | phosphorylation and increased heart valve
pressure. These findings further supported the idea that a secondary mechanism controls

the downstream effectors of PKA, beyond the simple cAMP concentration of a tissue.

1.2.3The isoformspecific activation of PKA

Building on the earlier work presented here, Hayes, Brunton, and Mayer attempted to
elucidate the mechanism by which different downstream effects are created by hormones
which cause similar rises in cAMP concentmatinoting that the difference very likely arises
from timing and localization dependent relationships of the receptor, cAMP, PKA and the
substrate (1980) They investigated the gsibility that it is activation of the separate
particulate RIl and soluble RI populations of regulatory subunits that causes differences in
downstream activation of PKA phosphorylation targets. To further support the idea of
different intracellular PKAgols, the authors examined the effects of isoprenaline and PGE1
on the primarily type 1l PKA in the particulate fraction of heart tissue (1980). They found that
isoprenaline, PEL or a combination of the two led to an increase in PKA activity in the
soluble fraction of cell homogenate, however only isoprenaline or isoprenaline with PGE1
led to the activation of phosphorylase. In addition to which, this condition also led to a
decrease of the PKA activity associated with the particulate fraction, whighatithors
hypothesized was caused by the dissociation of the catalytic subunit from its anchored
regulatory subunit. PGEL, in contrast, did not change the localization of PKA activity.

Considering these findings, Hayes, Brunton, and Mayer hypothesiaédht cause of the
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differential effects of PGEL and isoprenaline is the spatial separation of PKA pools activated

by each hormone (1980).

Buxton and Brunton also focused on measuring the horriodeced changes in the
glycogen metabolism cascade in horeagus cell population§1983) Using rabbit heart
myocyte suspensions, Buxton and Brunton found an increase over heart homogenate in both
cAMP levels and PKA activation with PGE1 and isoprenaitiieating that PKA is also
localizd in myocytes. The authors also found that the application of isoprenaline raised the
level of cAMP and demonstrated a corresponding decrease in total particulate PKA activity,
presumably owing to the release of the abttic subunit into the soluble fraction. In
contrast, PGE1 increased cAMP concentration in the soluble fraction alone, and did not cause
a shift in PKA activity away from the particulate fraction, indicating activation of only seluble

fraction PKA.

FroyY 6§ KS&S8 SELISNRYSY (4 >adknérgigrecaptoRafaniSiNas well 8k (1 K |
PGE1 cause increased intracellular cAMP concentration when applied to tissue and cell

al YLX Sao | 2-@dRaeRyiNIrecefoy fagonists lead to the downstream
phosplorylation of substrates.The mechanism by which these processes are separated is

still notfully understood.

1.2.4 Outstanding questions concerning PKA in compartmentalised cAMP signalling

Despite the advances that have been made in the understandinthe cAMP second
messenger system, the field awaits a satisfactory mechanism to explain how PKA C subunits
are restricted following their dissociation from R subunits. This problem was encapsulated
by Ted Rall, the ediscoverer of cAMP, in his openinmgmarks of the 1974 Second

International Conference on cAMP
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protein kinases in the days ahead, a picture of -gxisting

multimolecular complexes may begin to emerge. Either these

complexes are part of a membrane matrix whose properties might be

changed by combination with cAMP with or without protein

phosphorylation, or these complexes may become associated with

other cellular components as a consequence of interaction with cCAMP,

FIAFAY 6AGK 2N gA0K2dzi LIK2ALIK2NRBf I GAZ2Y

complexes.In_any event some_conceptualization must emerge to

replace the unsatisfying picture of the catalytic subunit of protein

kinase swimming about, happily phosphorylating a variety of cellular

constituents whether they need it or ndt €

This problenoutlined by Ted Rall over forty years ago was the focus of my doctoral studies.
In the remainder of my introduction, | first review the state of our current understanding of
the physiological roles of PKA in a selection of biological proceSsesian 1.3. | next
explore the functional organization and mechanistic properties of the PKA subunits, as they
pertain to both catalysis and regulation of the catalytic subunit, and how the dynamics of the
subunits contribute to their biological functiois¢ctionl1.4). | will ben turn to the best
understood mechanisms byhich the control of spatial and temporal localization of PKA
activation by cAMP generates diverse function in subcellular regions, in regards to cAMP
hydrolysis and selective anchorirfgetionsl.5 & 1.§. Having established more established
aspects of PKA form and function,saction 1.71 cover emergent ideas for restraining C
subunits following activation, including pesanslational modification, and the potential for

the translocation ofactive C subunits to inactive R subunits. | will then detail the
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methodological advances that are enabling advances in the field, with a special emphasis on
the technigues used in this studgdction 1.8. Finally, having outlined the state of the field,
| will define the further contributions | hope to make to it, by enumerating the aims of the

project Section 1.9.

1.3 PKA subunit classification and function

PKA consists of complexes of catalytic (C) and regulatory (R) subunits that can assemble into
tetramers formed of two regulatory subunits and two catalytic subunits. The PKA
WK2t2SyTeyYySQ A& O2yaARSNBR G2 68 | O2YL)X SE 2
foundation of the PKA holoenzyme is a pair of isofonaiched regulatory subunitthat

form a constitutive homodime(Bruystens et al.2014) There are two types of regulatory

subunit, type | and type Il (Rl and RIl), which are differentiated from each other by the nature

of their binding to the C subunit. While C subunit binding to RIl subunits relies on
phosphorylation of the semie within the inhibitor site, Rl has a pseuihhibitor site in which

the phosphorylatable serine in the-tdrminal linker region is replaced with an alanine
NBaARdzZS Ay wLh 2 NKin, Xdohg &Taylds, 200D ue koRhdzBseutlo/ w L |
inhibitor site, Rl subunits require MgATP for binding to C subunits, with affinity between the
subunits in the presence of MgATPaal of below 1 nM, and in the absence of MgATP at a

Kiof 125 nM(Herberg & Taylor, 1993Fach of the two regulatory types is further divided

Ayili2 G662 Aaz2F2Nyaz G2 YF1S F2dz2NJ Fdzy OldAz2yl €

wLLh X wLLi OO
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The R subunit isoforms of PKA share the same general struEigred 1.2. The Nerminus
contains a docking and dimerization (D/D) domain that organizes into a four HelirdXe
(Newlon et al., 1999, described further belowfjhe D/D is followed by a linkergion, which

is the least conserved region between R subunit isoforms. Within this disordetexdhivhal
linker is the five residue inhibitor site, which binds to the C subunit active site cleft upon
formation of the holoenzyme (Taylor et al., 2012)heTNterminal linker is followed in
primary sequence by two highly conserved cAMP binding domains, A and 2\ (CNEB),

which are joined by a short helix (Bruystens et al., 2014).

Rla Inhibitor site
RIB Inhibitor site
Rlla Inhibitor site
. owea )] ows )
RIIB Inhibitor site
L on ) B (o ) ows )

CAIdzNBE monw ¢2L2f 238 27F t V. Eackhazbed®/shbirdt isofotnts Fatwdsi =  wL |
an Nterminal D/D domain (orange) followed by a linker region which contains a five residue inhibitor

site (red) that binds to the C subunit. Theedx¥minal linker is followed in primary sequence by two

highly corserved cAMP binding domains, A and B (@INBNEB, blue).

The CNBs contain phosphate binding cassettes, whose overall structure is highly conserved
throughout evolutionary history. The CNBs binds to the phosphate of CAMP via an arginine

residue (Berman et al., 2005; Kornev, Taylor, & Ten Eyck, 2008 two CNBs show
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cAMP, while CNB. exhbited 60 nM binding affinity, with a Hill Coefficient of 1.6 (Herberg

S Ffdx mMphpno ® ¢tKS ONeRadGFfttATIGAR2Y 2F (GKS
cooperative binding between CNBs of a single R subunit, there is-ayosaunication

between theprotomers in the R subunit dimer with regards to sensing the binding of CAMP

at CNBB (Bruystens et al., 2014). It is the binding of the second cAMP molecule which

induces the conformational change that results in the release of the now active C subunit

(Figure 1.3.
RI i
*-___ Catalytic Y i
*- CNBs - cAMP
- Regulatory i
D/D ;
Inactive Active
RII
¥ ----__ Catalytic i
" CNBs - cAMP
Regulatory i
. DD i
Inactive Active

Figure 1.3 Inactive and active conformations of the PKA type | (RI) and type Il (RIl) holoenayme

the absence of cCAMP two C subunits are bound to the R subunit homodimer, which is formed by
association at the D/D. Following the bindiofga CAMP molecule to each of the two CNBs in each of
the R subunits, a conformational change is induced, resulting in the release of the now active C subunit
(Taylor et al., 2012)

1.3.1 PKA in synaptic plasticity

The roles of PKA the brain are too numerous to list, however amongst the kstsdied are
the function of PKA in the modulation of synaptic strength by {mmm potentiation (LTP)
and longterm depression (LTD). In excitatory glutamatergic synapses (the most prevalent

class in the human brain), control of Na+ influx through AMyp& glutamate receptors is
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fundamental to synaptic plasticity. PKA plays a key role by phosphorylating a key amino acid
¢ Ser845 in the AMPAR subunit GluR1. PKA phosphorylation of this amii@esgdntial to

LTD in the Schaffer collateral pathway of the CA1 region of the hippocaikpoeyama et

al., 1998) When PKA activity is inhibited, LTD cannot be revegjiseel et al., 2000)t has

further been shown that the PKA is-tmralized with AMPA receptors at the post synaptic
density via the anchoring protein AKAP79 (also known as AKAP150), which directs basal
phosphorylation of Ser845, effectively primingetisynapse for LTRGomez et al., 2002

Tavalin et al., 200Z5nyder et al., 2005)

In contrast to the possynaptic LTP and LTD generally studied in the CA1 region, the mossy
fibers of the CA3 region are a common system to observe the related phenonoémoe
synaptic LTP and LTD, which are generally induced by modulated neurotransmitter release
(Bliss & Collingridge, 2013; Nicoll & Schmitz, 20Uh earliest indication of the role of PKA

in presynaptic LTP was the observation that the iagibn of forskolin, which raises cAMP
levels by activatingdenylylcyclase, leads to increased neurotransmitter release in mossy
fibers (Huang, Li, & Kandel, 1994; Weisskopf et al.,199%his was supported by the
observation that inhibition of PKA reduces (WP Y. Huang et al., 1995, 199%he PKA

substrates underlying presynapti TP in mossy fiber synapses are currently unknown.

1.3.2 PKAmediated control of heart rate and contractility

PKA is an essential part of the chain of events that transduces electrical excitation of the
myocytes, in turn regulating cardiac contractiliBers, 2002) The chief mediator of cardiac
transduction is C&, which is raised intracellularly by a combination of entry through
depolarizationactivated C& channelsand release from the sarcoplasmic reticulum through

ryanodine receptors. The intracellular?Cen binds to the myofilament protein troponin
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C (TnC) to begin the mechanical process of contra¢iers, 2002) In order for contraction

to occur, the C4 must be removed from the cell. In the absence of phosphorylation, the
protein phospholamban (PLB) inhibits the activity of the sarcoplasmic reticuléhp@ap,
reducingthe rate at which Cais removed from the intracellular space following its release
(Li et al., 2000) The phosphorylation of phospholamban by PKA removes its inhibitory effect
on the pump, increasing the rate at which?Cia transported, thereby contributing to an

increase in relaation rate(Kranias, 1985; Tada et al., 1983)

PKA also phosphorylates troponin | (Tnl), which in turn decreases af@aity of the
associated protein troponi€, increasing the off rate of €dinding, which also contributes

to an increased rate of cardiac cycliflg Li et al., 2000; Robertson et al., 1982; Solaro, Moir,
& Perry, 1976) The combination of increased rate of?Caeuptake, and dissociation of €a

from the myofilament leads to an increase in rate cardiac cy¢Begs, 2002)

1.3.3 PKA ithe kidney

Water reabsorption in the renal collecting duct is a key homeostatic mechanism, and variable
control of its regulation is essential to adjust the process to the hydration needs of the body.
An important mechanism that determines the rate oabsorption is cell surface expression

of the water channel aquaporin 2 (AQP2) the trafficking of which is mediated by the GPCR
cascade. Binding of the hormone arginiresopressin to the transmembrane vasopressin
receptor (V2) initiates the GPCR signglloascaddValenti et al., 2005)fFigure 1.). The
resulting increase in cCAMP concentration activates PKA, which phosphorylates Ser256 of
AQP2, initiating the translocation of the phosphorylated channel to the cell surface from

intracellular vesiclegFushimi, Sasaki, & Marumo, 1997; Katsura, Gustafson, Ausiello, &
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Brown, 1997) PKA is localized to these vesicles by the longest splice variant of AKAP18,

' Y! t (Hgnn etal., 2004; Stefan et al., 2007)

1.3.4 PKA in disease

The unregulated activation of AGC family kinases has been observed in a range of diseases
(Pearce, Komander, & Alessi, 2Q10here is evidence indicating that the loss of regulation

of kinases is a contributing factor to tumorigenesis in cancer, as well as insulin ivignsit

in diabetes(reviewed in Pearce et al., 2010)n addition to the kinase actiyiin these
RAaSIFraSasz ! D/ adzoaidNIGSa INB Ay@2f SR Ay | Y
RA&SIFraSy aOKAT2LIKNBYAlF FYR ldzyiAy3ad2yQa RAASC

PKA specific disorders: Carney complex (CNC) and acrtm$ysos

First characterized in 1985, CNC is an autosomal dominant disorder that manifests in a
number of symptoms including, myxomas, endocrine tumours, and schwannomas which
generally arise in teens or young adu&ratakis, Salpea, & Margarita, 2015)he typical
outwardly presenting symptom is the fmation of lentigines, discoloured brown or black
patches on the skin. The greatest pathological risk to CNC sufferers is the formation of
cardiac myxomas, which can occur in one or more heart chambers, leading to obstruction

and occasionally heart failei(Stratakis et al., 2015)

The primary mutation underlying CNC was discovered in 2000 by Kirschner and colleagues,

who observed the loss of one copy of a gene in on chromosome 17. Noting the similarity of

CNC symptoms to that McCu#dbright syndrome, in which AC is constitutivattive, the

authors investigated the possibility that CNC is a result of a mutation iRRI€AR14ene,

gKAOK SyO02RS& tY! wLho® {SljdSyOday3 2F (KS 13

mutations, in addition to which, it was shown that the tumouistis of CNC sufferers had
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lower basal PKA activity, but greater PKA activity following cAMP appli¢kiischner et

al., 2000)

The sequencing of CNC patient genes has revealed more than 100 difRfRARLA
(Horvath et al., 201Q)and in a 2009 study, mutations to this gene were present in 73% of
the patients (CNCXBertherat et al., 2009) Most of these mutations, do not result in the
expression of mutant protein, as cellular R elements degraded the mutant mRNA, however
a subset of patients express mutairotein (Bertherat et al., 2009; Horvath et al., 2010he
remaining patients did not have mutations to the gene (CNC2). Subtle phenotypic
differences in the manifestain of the disorder were also observed in the CNC2 patients,
leading the authors to speculate that this disease subtype might be due to a deficiency

relating to molecules relating to PKA RI, rather than the protein iBelftherat et al., 2009)

Recently, another mutation iRRKAlAnutation was discoved, which is associated with a
condition known as acrodysostosis, which causes skeletal deformation. Analysis of patients
GAGK GKS O2yRAUAZY AYRAOFGISR (KS LINBaSyoOS
disruption of the CNB B domain, which efigely decouples the CBN A and B domains,
abolishing the cooperative dynamics of their cAMP bindirigglart et al., 2011)As a result

of the lowered affinity of PKA for cAMP, the patients exhibit hormone resistance. Patients
with a similarly presenting mutath in the gene encoding phosphodiesterase 4D do not
exhibit this hormone resistandginglart et al., 2012 he severe pathological consequences

of PKA mutations observed in CNC and acrodysostosis demonstrate the critical reté play

by PKA in different parts of the body.
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1.4 General insights into protein kinase function from studies

of PKA

1.4.1 AGC family kinases

Protein kinases account for approximately 1.7% of human genes, coding for more than 500
recognized kinases, which asplit into 9 evolutionarily conserved grougslannng et
al.,2002) The AGC group of highly conserved serine/threonine kinases, was named for its
the three most highly researched members at the time of its characterization: eAMP
dependent protein kinase (PKA), cGlligpendent protein kinase (PKG), andtein kinase

C (PKCJjHanks & Hunter, 1995; Manning et al., 2Q02his group is now understood to
contain 60 kinases, including many well studied kinases like phosphoinedgjdndent
kinasel (PDK1), Akt, ribosomal S6 kinase (S6K), and G pcotgited receptor kinase (GRK)
(Anum & Blenis, 2008; Pearce et al., 20Ihe PKA C subunit has served as a prototype for
understanding the structure and function of AGC protein kinases, and for protein kinases in

general.

The defining characteristic of the AGC group is a consermadeicore of 25@00 residues,

which has been shown to fold into a conserved conformation of 12dsubains in all of

structures determined to datéPearce et al., 2010; Tayl&rKornev, 2011) The majority of

protein kinases including all AGC kinases fold with a bilobal arrangement with a smaller

amino terminal lobe (Mobe) and a larger carboxy terminal lobel¢@e)(Pearce et al., 2010)

¢tKS (g2 t20Sa F2NXY (KS |phospHats Fransfeil Huring 0 A Yy R
phosphorylation. It is because of the highly conserved core that work on the PKA C subunit

has bea highly transferable to other AGC kinaséghe PKA C subunit provided the first

crystal structure of an ACG kinase, and allowed the conservedauhins of the class to be

three-dimensionally mappedKnighton et al., 1991)
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A. PKA RIIB

Inhib'|tor site

B. PKG1
Inhibitor site

Dimerization
site

C. PKC B
Calcium Binding Site

o e )

Inhibitor
site

Figure 1.4 The conserved regions of AGC class kinaes. key characteristiof the AGC class of

kinases is the conserved bilobal catalytic core (green), which is divided intécdre lind Gobe, the

cleft between which binds ATP for phosphorylatioh. ThePKA holoenzyme forms a holoenzyme of

F2dzN) adzodzy AGas 6KAOK O2yairada 2F (G2 w owlLLi aK2ce
(red) which binds the inactive C subunit is on a separate polypeptide, which changes conformation
following the bindng of cCAMP and releases the active C subunit. The D/D, which is the site of R dimer
formation and association with scaffolding proteins is also in the R sufftihéng, Phelps, & Taylor,

2001; Taylor et al., 2012B. In contrast, PKG regulatory and catalytic domains are contained in the

same polypeptide, with the binding of cGMP causing the release of the inhibitdraitehe catalytic

domain, but not the catalytic domain from the regulatory domé#earce et al., 2010)Similarly to

PKA, the dimerizationfd®KG is controlled by a leucine zipper dimerization domain at tterhinus

of the regulatory domaitfRichieJannetta, Francis, & Corbin, 2008).In contrast to the PKA and PKG,

PKC is activated l§&*F Yy Rk 2 NJ RA Ll Oét 3t @ OSNRt RSLISYRSyilG 2y Aaz-
both, though not all members of the family ¢@/ebb, Hirst, & Giembycz, 2000\ ccession numbers:

tY! wLLIY btynamonydmmdm tY! [ Y bttagpmmavdp TcT MOMZ

The prototypi@al members, PKA, PKG, and PKC, highlight both a number of similarities and
differences within the class. While all of members have the same conserved kinase core, the
elements both Nand Gterminal of the core can vary. Both PKAgUre 1.4 Aand PKG
(Figure 1.4 Bare cyclic nucleotiddependent kinases, which are activated by cAMP and
cyclic guanosine monophosphate (cGMP) respectively. In both cases, the binding of the
cyclic nucleotide causes the dissociation of the inhibitor site, resulting ifytatactivity of

the kinase domairfPearce, Komander & Alessi, 201®jowever, the egulatory domain of
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PKA is a separate subunit from the catalytic domain, while the regulatory and catalytic
domains of PKG are contained in same polypeptRarce et al., 2010; Tayloradt, 2012)

Similarly in both PKA and PKG, the regulatory domains are also the site of subunit binding,
however the PKA subunit binds via the four helix docking and dimerization domain, while
PKG is bound by leucine zipp€RichieJannetta et al., 2003) The cofactors with which

kinases associate are one way in which control of the activation of the kinase domain of AGC
kinasesh & A YL} NI SR® ¢ K Sigute Y.4 Qequirds £2 ah@ dadyIgigpckr@ ¢ A Y
as cofactors for activation, while others rely on other small moledidl&y, phosphorylation

(S6K)or are constituently active (PDK(Bearce et al., 2010; Webb et al., 2000)

1.4.2 Insights from the first PKA structures

The PKA C subunit wastfirst AGC class catalytic subunit to be crystalized, revealing the
kinase core that has served as the model for the entire class of enzymes. In 1991 Knighton
and colleagues published a paramount paper in the field of PKA structural research, first x
ray diffraction crystal structure of the C subunit of Pik&ighton et al., 1991)This structure
brought to ligh the three dimensional significance of the many conserved regions of the
protein kinase family The authors found that the protein existed in a biolobal arrangement
with the cleft between the smaller amin@rminal Nlobe, and the larger carboxgrminal

Clobe in part occupied by the inhibitor peptide. This cleft was identified as the catalytic site
of the molecule Figure Intro 1.5 A Throughout the protein kinase superfamily it is the
residues around this cleft that are most highly conser{Ealylor et al., 2012) The Nobe is

the primary binding site for ATP, which causes a conformational change that links the lobes,
without ATP the lobes are minimally connec{ddhnson & Lewis, 2001) The authors also

recognized the significance of many of the conserved catalytic core amino acids identified by
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Hanks, Quinn and Hunter including the glyefiod logp and the catalytic loopF{gure 1.5 B)

(1988).
A. B.
Val57
N-lobe Ny Aspi84
¥ .~ Gly-Rich -
; loop ~-4&7
ATP -5,

GIuS"J_‘I_+ o
Lys72

______

Figure 1.5 AGC class biolobal arrangement and ATP binding 8lefthe defining characteristic of

the ACG class is its conserved kinase core, which takes a bilobal conformation, with a small
N-terminal N-lobe (dark pink), and a largert€minal Globe (green). The ATP binding cleft

is formed between the two lobes (orange. The residues involved in phosphate transfer
are highly conserved throughout the class. The naming conventions used hererarthéro

PKA Catalytic subunit. The glycine rich loop (yellow) helps to orient the ATP molecule for
transfer. The ATP molecule if further anchored by Val57 (blue). Metl120 sterically limits
access to the binding site by blocking larger molecules from ewtdiparple). Aspl84
interacts with the Mn2+ ions, and is thought to help offset their charge (pink). The salt bridge
formed between Glu9l and Lys 72 interacts helps to allosterically direct conformational
shifts in the kinase core following the binding/fP (teal). PDB: 1ATP (Zheng et al., 1993).

1.4.3 Catalytic mechanism of the kinase domain

The PKA catalytic subunit has been shown to phosphorylate more than 150 substrates, by
the binding and transfer of the gamma phosphate of ATP to the target serine or threonine
(Kemp, Graves, Benjamini, & Krebs, 1977; Neuberger, Schneider, & Eisenhabery\20iG)

the most common recognition sequence for substrates is theAkggx-Ser/Thrmotif, X-Arg
X-Ser/Thrand XArgArgSer/Thr substrates have also been identiligkemp et al., 1977;
Kemp & Pearson, 1990; Songyang et al., 1994yications from he ATFbound crystal
structure as well as a transitional state mimics show that the glycine rich loop (GXGxxG)

I 342 OA I (i Sghosghateiok ATR, képing to orient it for nucleophilic attatgufe 1.5
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B, yellow) (Madhusudan et al. 2002; Taylor & Kornev, 201The ATP molecule is further
anchored by a valine residue following the loop (Val57), which makes a hydrophobic contact
(Figure 1.5B, blue) (Taylor and Kornev, 2012). The salt bridge formed between Glu91 and
Lys72 in the closed conformation of the active loop couples the phosphates of the bound

ATP to the @elix of the Nlobe, which in turn coordinates many parts of the protefig(re

1.5B, teal) (Johnson et al., 2001; Taylor and Kornev 2012). ATP is also positioned in part by
Clobe residues. Aspl184, which is highly conserved throughout the kinase superfamily,
interacts withthe M§> ¢ KA OK A & (0 K 2 gibsphatedioptrasfig, ankl wifick y (G KS
offsets the strongly negative charge of the phosphatéigure 1.58 pink (Adams, 2001;

Herbeag et al., 1999; Johnson & Lewis, 2001)

1.4.4 Organization of the kinase domain

Analysis of the kinase domain by local spatial pattern (LSP) alignment, which compares
protein sequences by assessing their position in space as opposed to sequenatan te

other residues, revealed a further level of organization that allows underlies communication
throughout the moleculgKornev et al., 2006; Kornev & Taylor, 2010)he C subunit is
2NBFYAT SR AyiG2 (62 Y23ATFa Olcortighdus hydioplfohicS & ¢ G K
residues Figure 1.6. These spines coordite the molecule by anchoring the structural

St SY Sy i ahelix Figute ¥.6 y&lldv) and come into formation or disassemble based

on the activation state of the subunit (Kornev and Taylor, 2010). The regulatory spine (R

spine) was discovered by coaming the surface residues of 23 active ser/thr kinase crystal
structures, revealing a sequence of four highly conserved-aomsecutive hydrophobic
NBaARdzSSa GKFG fAy]l] GKS (g2 fhelix $athe lagive |y |
conformation, but are at aligned in the inactive conformation (Kornev et al., 2006; Kornev

and Taylor 2010). The assembly of thepihe depends on the orientation of the active loop
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(PKA residues 19197), and typically forms following active loop phosphorylation (PKA

Thr197)(Kornev, Taylor, & Ten Eyck, 2008; Taylor & Kornev, 2011; Taylor et al., 2013)

A. B.

-

Figure 1.6 €and R spines coordinate kinase domain conformatioA. The discovery of the spatially
aligned Gspine (red) and Rpine (blue) revealed a means of allosteric coordination between the N
and C lobes of the kinase domain in response to AJiRding. B. The two coordinated spines
coordinate the molecule by association with théélix (yellow). PDB: 1ATPhenget al., 1993)

When the same principles of LSP alignment were applied to all of the residues in ser/thr
kinases, a second spine, the catalytic spinsgi@e) was discovered that stretches across
molecule and contacts the adenine moiety of bound Addyrdinating the nucleotide
OAYRAY3I | YR {KNR dz3 K 2 dzi -hdlixkrtearhy thak ATB bindiggfd®&/€sdzt S O
the coordination of the N and C lobes (Kornev, Taylor, and Eyck, 2008; Kornev and Taylor,
2010). With the recognition of the existenoéthese hydrophobic spines, it became clear
that the hydrophobic fhelix in the conserved catalytic core is responsible for the overall
coordination of the molecule as a whole (Taylor and Kornev, 2011). Between the two spines
fASa GKS a HelFigureSLS BiGNZ0, bd),dhk identity of which controls the
binding pocket. The large methionine residue present in PKA means that only ATP can bind,
though experimental evidence has shown that mutations in this position allow other larger

nucledides to bind (Taylor and Kornev, 2011). The C subunit haeran@al tail, called the
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Clinker that contains two ATP binding residues, in addition to which tliek€r spans both

N-and Clobes (Taylor et al., 2012).

1.4.5 The role of disordered regns

While the allosteric interactions of folded domains have been extensively studied, there is
relatively little information about the functional consequences of interactions involving
disordered linker regiongAkimoto et al.,, 2013) Understanding of the R subunit linker
function is limited in part due to its absence from crystal structures (Akimoto et al., 2013).
Crystallization stul S& 3ISYSNI f f & dah&h theluhstabledaiker AndD/DF N2 Y
domainhave beerremovedin order to ensure stabilityBruystens et al., 2014)However,

the deletion of these portions elimates the cooperativity of CAMP binding between the

CNBA and CNBB domains as shown affinity studies usir@fladéletion of R(Herberg,
Dostmann, Zorn, Davis, & Taylor, 1994his is strong evidence for allostery between the

two binding domains mediated by the-tdrminal linker, which is be absent from the
traditional crystallographic studies. In the only tetrameric RIl holoenzyme structures
published to date, the Ninker, including the docking and dimerization domain is entirely
absent from the electron density, and its position in relation to the rest of thedmtyme

KFa 2yteé 0SSy AYyFSNNBR FTNRY ONEaG118)linkdk O1 Ay 3 d
is missing from crystal structures used to study the transitional states of R subunit activation

(Akimoto et &, 2013; P. Zhang et al., 2012

However investigations have begun into the role linker regions may play in enzymatic
dynamics. The first holoenzyme structuie \tisualize a major portion of the-férminal

disordered region of the RI subunit showed that the linker region binds to a hydrophobic
pocket on the opposing C subunit, creating a tetramer out of two homodimers, and dictating

the shape of the holoenzyme wdh differs greatly between isoforms, despite their high

46



degree of sequence identity outside of thet&tminal region (Zhang et al., 2012). In 2013,
Akimoto and colleagues showed, using NMR and thermodynamic modelling, that the
interaction of the disordé8 R f A Yy 1 S NJ NE§ hepgito dichte the binding gffipity

of the C subunit in the transitional stage of holoenzyme activation and deactivation. This is
accomplished by controlling the position of the CBD and increasing C subunit bindiitg affin
for the holoenzyme conformation in the absence of cAlARIMoto et al., 2013) These
examples indicate that, though poorly characterized, the disordered regions of the PKA

holoenzyme are integral to the holoenzyme formation and function.

1.5 Localisation synthesis and breatn of cCAMP

1.5.1 Localisation of phosphodiesterases

The preceding sections have described how the PKA C subunit has some inherent substrate
specificity; and how RI and RIl subunits are able to inhibit the C subunit in the absence of
cAMP. | now also apeciate that cAMP signals are spatially and temporally restricted in cells

by the concerted action of cyclases and phosphodiesterases. Phosphodiesterases (PDESs) are
SyievySa (KIFi KeRNRteéeasS GKS OeO0tAld ydzOt S2GARS
enzymes are the longest recognized mechanism of termination of the cAMP signalling
cascade, and are key regulators of the cyclic nucleotide second messenger ¢as¢ale&

Sutherland, 1958)The localization, concentrati, and dynamics of PDEs delineate the

temporal and spatial limits of CAMP activity. The binding of PDEs in specific subcellular
locations helps to shape the cAMP concentration of these domains. Though there is much

ambiguity surrounding the subtellular distribution of cAMP, there are strong indications

that PDEs are integral to the maintenance of local cCAMP concentration gradients. In FRET
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studies, it was shown that the application of the PDE inhibitor IBMX ceased the formation of

cAMP gradient§Zaccolo & Pozzan, 2002)

There are 11 classes of PDEs, each with distinct characteristics in terms of affinity for cyclic
nucleotides, allosteric control, and localizatjoencompassing more than 50 mammalian
proteins (Keravis & Lugnier, 2012)0f these, three classes are specific to cAMP, PDEs 4, 7,
and 8, and an additional five can hydryolyze both cAMP and cGMP, PDEs 1, 2, 3, 10, and 11
(Conti & Beavo, 2007The first crystal structure of the catalytic domain of a PDE was that of
PDE4BXu et al., 2000) This data, combined with the structures that have followed, revealed

a highly conserved binding pocket that contains 11 residues common to all(EDis &

Beavo, 2007) Within this binding pocket is a glutamine residue which &itadthe purine

ring of cCAMP or cGMP, and is believed to impart cyclic nucleotide specificity to the PDE
through its orientationConti & Beavo, 2007)The position of this glutamine is held in a fixed
conformation ion in cAMP or cGMP specific PDEs, while in dual specificity PDEs it has
rotational freedom allowing the bindiof either cyclic nucleotidéConti & Beavo, 2007)

The localizatiorand functional specificity of PDEs is largely dictated by domains that fall
outside of this region, generally at thetBrminal of the enzymé¢Maurice et al., 2014)

PDEs may also be part of multivalent complexes that include other cAMP dependent
molecules, like PKA, and determinants of localization. Some examples include the
colocalization of PDE4 to the plasma membrane by complexes containing AKAP3, and

AKAP150, AKA 8, and AKAP{8viewed in Maurice et al., 2014)

1.5.2 Localisation of adenylyl cyclases

Another manner in which specificity of activation is imparted in the GCRP signalling cascade

is through the differential expression, activation and localization of AC. Though there ar
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many mechanisms by which AC activity is controlleghr@®ein subunit binding, PKC
phosphorylation and PKA phosphorylation, the most analogous to our research is the

colocalization of ACs with their interacting molecules.

All nine types of membrane assated ACs associate with AKAER®oper & Tabbasum,
2014) Coprecipitation experiments using labelled forms of AC5 and AC6 in cell lines showed
their association with AKAP7{®auman et al., 2006) It was further reported that cells
coexpressing AKAP79 and ACV denrated significantly reduced cAMP production as
compared to those expressing ACV alone, indicating the role of colocalization of AKAP79 in
the deactivation of ACV. In a series of experiments, it was shown that the interruption of
PKA anchoring to AKAPT#, either the addition of inhibitory binding peptides or mutation

of the binding site, eliminated the reduction in AC activity typically seen following the
activation of PKA. This revealed that the mechanism underlying the deactivation of ACV
when coexprased with AKAP79 is the colcalization of PKA, which directs the inhibition of AC

by phosphorylatior{Bauman et al., 2006; Chen et al., 1997; Iwami et al., 1995)

AKAP79 also serves other functions in coordinating the regulation of AC eamsof the
muscarinic cholinergic receptor. It has been shown recently that not only does AKAP79
colocalize AC2 and its activating kinase PKC, it also bindings PDE4, which breaks down cAMP

produced by the AC, as well as PKA, which activates (3bEd & Cooper, 2013)

Additionally, the membrane associated AKAP9 splice variant, Yotiao illustrates thétylivers

of interactions an AKAP can have with AC isoforms. Yotiao has been shown to associate with
AC1, 2, 3, and 9 in rat heart and brain tis§Beygott, Bauman, Scott, & Dessauer, 2008)
However, the effect Yotiao has across different ACs is striking, AC 2 is fully inhibited by Yotiao,

while AC3 bound to the AKAP requires forskolopligation in addition to the typically
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sufficient G s In contrast, AC 1 and 9 aredtized by not inhibited by Yeat, indicating that

it acts as a scaffolding mechanism for these fRggott et al., 2008) In supportof this,
Yotiao has been shown to localize with the slow delayed rectifier current potassium channel
(k) in cardiac tissue, which requires phosphorylation for activitgddition to binding PKA,
PDE4, and protein phosphatase 1, creating a localized regulatory domain contrglling |

activation(Y. Li, Chen, Kass, & Dessauer, 2012)

1.6 Anchoring of PKA R subunits

While it has been shown that the subcellular localization of PKA is essential to the regulation
of a wide range of processes effected by PKA activation, PKA R subunits have only two broad
types divided into two isoforms each. This spatial specificity itagdry only four R subunit
isoforms through their association with a class of proteins known as A kinase anchoring
proteins (AKAPs). AKAPs act in conjunction with R subunits to convey a high degree of
specificity to the positioning of PKA within the c&lhich in turn imparts spatiotemporal

control to the exposure of R subunits to cAMP, and ultimately the activation of C subunits.

To date there have been more than fifty AKAPs characterized (reviewed in Welch, Jones and
Scott, 2010), which all share haracteristic helical domain that binds to the D/D domain
found in the R subunits. AKAPSs are the key structural protein in coordinating PKA activity by
localization, and have been shown to direct PKA to the cytoskeleton, plasma membrane,
postsynaptic denty, nuclear envelope, sarcoplasmic reticulum, mitochondria, endoplasmic
reticulum, centrosome, golgi, plasma membrane, microfilaments, vesicles and nuclear

matrix among othergWelch, Jones, & Scott, 2010)
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1.6.1 The discovery of AKAPs

The first AKAP was discovered in 1981 by Vallee, DiBartolomeis and Theurkauf, who had
previously observed that mild digestion of tpeojection region of microtubule associated
protein 2 (MAP2), a phosphorylation target for PKA, did not reduce the phosphorylation of
the projection, leading the authors to suspect that PKA might be directly associated with this
portion of the protein(Vallee, DiBartolomeis, & Theurkauf, 1981Jhrough a series of
fractionation and kinase assay experiments, Vallee, DiBartakomed Theurkauf showed

that akinase cofractionated with MAPThe authors went on to show that this kinase was
activated by cAMP, and inhibited by PKA specific protein kinase inhibitor peptide (PKI). In a
further study, Theurkauf and Vallee went on tioosv using photoaffinity cCAMP analogues

that the cAMP binding protein corresponded in size to the phosphorylated and
dephosphorylated RII subunit, while there was no detection of the Rl su882) The
authors then used a microtubule preparation to show that upon addition of cAMP, the active
portion of the kinase cdd be completely separated from the cAMP binding portion, which
was still associated with MAP2. Through this series of experiments, it was shown that MAP2
binds directly to PKA, and that binding takes place on the R subunit, and persists even after
the dissociation of the C subunit, outlining the basics of the AKAP field (Vallee, DiBartolomeis
and Theurkauf, 1981; Theurkauf and Vallee, 1982). Similarly AKAP75, another prototypical
AKAP, was first identified due to its cofractionation with the RIl sub(8éirkar, Erlichman,

& Rubin, 1984) Many further AKAPs were discovered by-Wastern blotting using the N
terminal region of the R subunits as a probe, exmies cloning, and yeast twlybrid

analysis (Welch, Jones and Scott, 2010).

While most RIl is anchored by AKAPs to structures within the cell, the majority of RI is
cytosolic(Skalhegg et al., 19944l early studies identified only Rihding AKAPs, however,

in 1997, the first AKAP with the ability to bind to both Rl and RIl subuni&APL, was
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discovered by yeast twhybrid analysigHuang et al., 997a) This category would expand
to include other dual specificity AKAPSARAPZAHuang et al., 1997PAR (Li et al., 2001)
AKAP22(Reinton et al., 2000)merlin (Gronholm et al., 2003and ezrin(Ruppelt et al.,
2007) In the last decade, a number ofdelective AKAPs have also been identifiects€h
include PAP7 and ezrfdarneess et al. 008), and SKIP1, which contains two anchoring sites

for RI subunits (Kovanich et al., 2010; Means et al., 2012).

1.6.2 Molecular basis of AKAPPKA interactions

The basis of interactions betweerkK®R R subunits and AKAPs have been extensively
investigated by a combination of NMR anday crystallography for both RAKAP
interactions (Newlon et al., 2001; Gold et al., 2006; Kinderman et al., B#g;et al., 2016

and RIAKAP interactions (Banky et al., 2003; Sarma et al., 2010). The D/D domains of both
Rl and RII fold up into similar fehelical Xtype bundles against which the amphipathic AKAP

anchoring helix packs at an@qoximately 45° angle~{gure 1.7.

Rla D/D

AKAP2

Isoform specific
docking regions docking regions

Rla Rlla

Isoform specific

Figure 1.7 Comparison of AKAP binding to Rl and RIl D/D domak#&s wLh 5k5 R2YIFIAY 0:
AKAP2 peptide. The amphipathic helix of AKAP2 (purple) is shown bound ttypleebundle forming

region of the Nterminusof Rl known as the D/D domain. The helix formed by therMinal domain

forms the isoform specific docking region (yellow), which creates the deep hydrophobic cleft that is
characteristic of Rl (Banky et al., 2003). (PDB: 3IM4, Sarma et al, R0O1®" R2 01 Ay 3 I yR
dimerization domain bound to AKAP18. The amphipathic helix of AKAP18 is shown binding to the
R201Ay3 YR RAYSNAT I @SN ARZ Y A2yF 2WL LWL LR2d5a /RS bF >
shallower binding groove compared to the cleftRif The differences in Rl and RII structure allow the
preferential binding of AKAPs to one or the other isoform, and have been capitalized upon to create
highraffinity synthetic binding peptides. PDB: 3Ik&arma et al., 2010%ZP3G6tz et al., 2016)
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The most notable difference between binding ofdRlective compared to Réklective

AKAPs is that theselective AKAPs engage with an additioeddtively deep cleft created

by an additional Nerminal helical region, which is known as the isoform specific docking
region in RIKigure 1.7A; Banky et al., 2003Presently, there are no structures of fldhgth

AKAPs in complex with any fragment of PKA R subunits. The closest is a recent structure of
the shortest variants of AKAP18 (AKAP18a) in complex with RIl subhiststructure shows

that the anchoring helix in AKAP18 engages RIl over a span of approximately 20 amino acids,
which was a helical turn more than expected prior to this structural investigation (Gotz et al.,

2016).

1.6.3 AKARJerived sequences for irestigating PKA anchoring

Anchoring disruptor peptides derived from AKAP anchoring helices have proved to be useful
reagents for investigating PKA anchoring. Typically, short helical peptides (~18 amino acids)
are rendered cell permeable by stearation. Ttagiplication to cells enables the contribution

of PKA anchoring to a given cellular process to be assessed. For example, the necessity of
PKA anchoring for maintaining lens transparency was demonstrated using this approach
(Gold et al.,, 2012) A number of synthetic peptides derived from endogenous AKAP
sequences have followed (reviewed by Patel & Gold,3p0The most recent generation
includestwo synthetic helical sequences: the highly$plécific peptide SupehKARs (Gold

et al., 2006), and the highly-B¢lective peptide RIAD (Carlson et al., 2006). | exploited the

latter of these peptides during ngoctoral studiesChapter 3.

1.6.4Multivalent AKAP complexes

In addition to binding PKA, AKAPs serve as binding sites for many other proteins, organizing
functionally important colocalization of proteins by the formation of multivalent complexes.
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Thisprotein coordination has been shown to be a feature of almost all ARABKkh, Jones

and Scott, 2010 One of the best characterized examples of this is AKAP79, which is located
predominantly on the plasma membrane of neurons and cardiomyocytes, has been shown

to bind to PKA and the serine/threonine phosphatase calcineurin (CaN) as well as protein
kinase C (PKC), placing them in position to respond to second messenger(§igghlan et

I f ®X mMdpppT 5Stf Q! Olj dzl . $hié constitdehts anttispART9, PKA L dzO1 S
PKC, and CaN complex have been shown to play a role in a wide variety of cellular activities.

They act in the downregulation of cAMP by phosphorylatioradénylylO& Of I a-8§ | yR |
adrenergic receptoréBauman et al., 200&raser et al., 2000)It has also been shown that

AKAP79 based localization of PKC regulates sorfteckmnelso ht A 3SNA I X 5Sff Q
Sather, 2007)as well as some potassium chanr(@so et al., 19978nd synaptic glutamate
receptors(Colledge et al., 2000; Hoshi, Langeberg, & Scott, 2005; Tavalin et al, 2008y

many other functions.

hiKSNI SEFYLX S& AyOftdzRRS ' Y!tupn 63NI GAYOZ HKA
adrenergic receptors, and PKC, localizing them to the plasma memlfraviewed in

Malbon, Tao, & Wang, 2004and AKARDbc bindsprotein kinase, guanine nucleotide

exchange factor, and GTPase rho, coordinating their activity in a variety of functions
(reviewed in Welch, Jones and Scott, 2010). AlsdIKAP was found to bind to the RyR2
ryanodine receptor Carelease channel found in the sarcoplasmic reticulum of cardiac

muscle in a complex consisting of MAKAP, RyR2 PKA, FKBP12.6, and phosphatases PP1 and

PP2AMarx et al., 2000; reviewed in Michel & Scott, 2002)

These discoveries have made it clear that tbeplexity and specificity of PKA localization
is controlled by the multiplicity of AKAPs with which it associates, effectively conveying a

diverse range of function to the relatively limited number of R subunit isoforms.
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1.7 Recent Ideas for explainingsgBbunit restraint

Although many intricaciesof cAMP signallingre understood,including the coordinated
localisation and timing of PKA R subunits, phosphodiesterase and cyclases by anchoring
proteins, our understanding of local CAMP signalling is stibinplete: it is still unclear how

C subunits are restrained once they are releas@&at is the mechanism to prevent them

from éswimming about, happily phosphorylating a variety of cellular constituents whether
they need it or nab Rall, 1975) In recentyears, a number of new ideas and novel aspect

of PKA have emerged that mae helpful for a complete understanding of local cAMP
signalling. In this sectioncbnsider two new theories to explain how the activity of C subunits

is restrained, and describe recent insights into the myristoylation of C subunits, which may

be important for determining movements of free C subunits in cells.

1.7.1 Are catalytic subuts released upon activation?

One of the theories as to how the activity of C subunits are restrained following their
activation by cAMP discards the idea that dissociation is necessary for C activity, and instead
focuses on the idea that activated PKA lempymes retain their association, and rely upon

the flexible linker region spanning from the D/D to the CBD in the R subunit to define a sphere
in which the kinase ac{&mith et al., 2013)One of the factors that led Smith and colleagues

to question the canonical observation that C subunits dissociate from R subunits following
cAMP binding, was the observation thahing affinity of CAMP for PKA R subunits is below

10 nM for both binding sites A and B in both Type | and Type Il, while the association constant
is 1, as well as the relatively low rate of cCAMP hydrolysis by phosphodiestgfasppe et

al., 2008. The fast on time and slow off time led the authors to gisgshow the activity of
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the C subunit could be controlled with temporal and spatial accuracy if it was unable to re

bind these activated R subunits on a short time scale.

Smith and colleagues performed electron microscopy of negatively stained panicles
AKAP18 coupled holoenzymez ¢ & A & (0 A+ @ H YT t wifyom ¢his data, a odel

was constructed that placethe C subunit and the majority of the RI subunit at the end of
the flexible linker region, allowing a range of conformations of tHe &embles in relation

to the D/D. The authors suggested that the mechanistic justification for this disordered
region was to allow the C subunit to orient itself in relation to a substrate within the reach
of the linker arm, allowing phosphorylation of loclbstrates in the absence of cAMP

activation(Smith et al., 2013)

Smith and colleagues investigated whether tlss@ciation of the holoenzyme with the AKAP
precluded the dissociation of the C subunit even in the presence of CAMP. To do so, the
authorsused acbINS OA LA G GA 2y | aal & Ay 6KAOK 1 9YHpo
YR wLLh O2yaid8yz0uBBl 6 EROKA o & NB >,aekultidgdUlINS y | { A
downs indicated that for all constructs and in all conditions, C subunits weoyeeed by

the coprecipitation The authors interpreted this to indicate an enduring association of the

C and R dwnits, even following the elevation of cCAMP induced by the activation of the
adrenergic signalling cascade by isoprenaline. In order for this to be true, they reasoned, the

C subunit must be retained by the R subunit even when cAMP is bound. Hoviievenvere

a number of procedural shortcomings apparent in the study that led us to question these

conclusions, which will be discusseciapter 4.2
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1.7.2 Myristoylation of C subunits

In eukaryotic cells, the #rminus of the C subunit is pestanslationally myristoylated.
Myristoylation is the process by which the lipid myristoyl group is covalently bound to-the N
terminal glycine of the C subunit bymyristoyltransferas¢Gaffarogullari etl., 2011) The
N-terminus of the C subunit (residues39) falls outside of the conserved region of AGC
kinases, and differs between PKA isoforfBastidas et al., 2012There is a body of work
supporting the idea that RIlI subunits drive C subunit association with the membrane via

conformational changes which alter the orientatiohthe myristoylated Nerminus.

Two studies in particular have attempted to quantify changes in the conformation of the
myristoylated C subunit fierminus. Gangal and colleagues studied membrane association
of fluorescein maleimiddabelled C subunits+(- myristoylation) with Texas red labelled
liposomes using FRET (Gangal et al., 1989)he absence of R subunimmyristoyhted C
showed a modest increase of liposomal binding over-mymistoylhted C. The combined
addition of C subunit myristoylaticsnd RII, but not RI, increased C subunit association with
the membrane by 340% compared ttoe un-modified C subunit (Gangal et al., 1999). By
comparison, the increase in membrane association resulting from the myristoylation of the
C subunit alone wasnty 64%. NMR showed that RII binding greatly decreased the stability
of the myristoyhted C Nobe, which is likely to be fundamental to its ability to induce
membrane insertion of the myristoylated-fdrminus of the C subunit (Gangal et al., 1999).
Gaffaogullari and colleagues have also applied NMR to investigate C subunit myristoylation,
andproposeatwa i 1S Y2RSt Ay 6KAOK (KBy D #Niidey & NI S
conformation (2012). These states are augmented by two transitional statesiam the N
terminal is extruded from the C subunit and inserted into the membrane (Gaffarogullari et

al., 2012). The authors predicted that thet®minus assumes the myn conformation in
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the absence of membranes, while the rrguit conformation is indued by the presence of
membranes, possibly encouraging lipid binding by allowing the myristoyl group and the chain
of basic residues at the N terminus to interact with the membrane (Gaffarogullari et al.,
2012). Membrane association could potentially lithe movement of free C subunits within

the cell to the two dimensional plane of the membrane, increasing the likelihood that contact
would be made with membranassociated RIl subunits, and also maintain largely separate

pools of C subunits for type | atype 1l R subunits.

1.7.3 RI buffering hypothesis

An alternate hypothesis that was keen to test during my doctoral research was that C
subunits may switch between Rl and RIl subunits during theebrand offset of cAMP
signalling. According to this adel, in the basal state, C subunits would associate
predominantly with RIl subunits with an excess of unoccupied Rl subunits residing in the
cytosol. The RI subunits would bind to C subunits following their release from anchored RII
subunits following cAR elevation. The position of RI subunits at a greater distance from the
presumed highest concentrations of cAMP compared to RIl might enable to satisfy this C
ddzodzy AG WodzZFFSNAY3IQ FdzyOlAz2yad L FAYSR (G2 (GSa
Csubunits with both RI and RII during the activation anehdtvation of cAMP signalling in
HEK293T cells. One of the foundations to this model was that R subunits exist in an excess to
C subunit; determining the stoichiometries of PKA subunits was adogig also an aim of

my doctoral research.
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1.8 Recent technologies for investigating cAMP signalling

Forster resonance energy transfer (FREA9ed probes of cAMP concentration and PKA
activity have transfomed our understanding of loca¢id cCAMP sigriang. InSection 1.8.1

the theoretical basis of FRET sensors is introduced, before sensors of cCAMP concentration
(Section 1.8.1 and PKA activitySgection 1.8.2 are described in the following sections. In
Section 1.8.3crosslinking coupled to mass spemetry (XEMS) is introduced, which is an
emerging structural technigue that promises to be powerful for investigating the structure

of signalling complexes involving PKA.

1.8.1 Theoretical basis of FRET sensors

FRET relies upon the noadiative energyransfer of energy applied a donor molecule that

is then imparted upon an acceptor molecule, which in turn produces radiation. In biological
systems this usually takes the form of two fluorescent molecules known as fluorophores. In
these cases the donanolecule is excited by a specific wavelength of light, a portion of the
energy of which is transferred to the acceptor fluorophore, which in turn radiates that energy
as a different, separately measureable wavelength. However, this energy transfer only
occurs over very short distances, due to the increased likelihood that donor energy will be
lost as the distance increases. The simplified transfer efficiency of resonance energy transfer
for complex systems in which the angular dependence of energy &aisshot considered

can be expressed as:

5 =—F—
In which R is the distance between the donor and acceptor, aisltRe distance between
the donor and acceptor at which the probability of transfer between the two is equal to the

likelihood of spontaneous emission by the donor, that is when the FRET emissions are 50%

of maximal Figure 1.8 (Andrews, 2009; Piston & Kremers, 2Q0R)is also because of this
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sixth power, that the distance between chromophores is the main determining factor of FRET
intensity (Piston and Kremer2007). FRET offers much greater precision in determining

molecular interactions than colocalization as measured by immunofluorescence microscopy,
as the acceptor donor interaction occurs over a nanometer scale, while the resolution of

colocalization is indreds of nanometers wide (Piston and Kremers, 2007).

(R/Rg)°

- 1
E= 1+(R/Rg)®

Transfer Efficiency (E)

Figure 1.8 FRET transfer efficiencf. The transfer of energy between donor and acceptor
chromophores is dependent upon the distance between th&nthe distance as which the transfer
is 50% of & maximum Ry) and the orientation of the chromophore$§3. In biological systems the
rotation of the chromophores is assumed to be free, and‘his not considered.

1.8.1 FREDased sensors of cAMP concentration

The first studies of cAMP concentratiousing FRET relied upon microinjection of
fluorescently labelled PKA R and C subyAitams te al., 1991)The first probefluorescein
Csubunit andrhodamineRsubunit (FICRhR)was applied to demonstrate through imaging

the existence of cAMP functional compartmentalization in ¢8&lckskai et al., 1993)hey
demonstrated this by injecting FICRhR iAfalysiasensory neurons in culture and applying
serotonin, which produced a gradient of FICRhR activation spreading from the distal
processes of the cell and decreasing witloximity to the cell body. Though FICRhR was
useful as the first tool to help researchers visualize the movement of cAMP and PKA subunits

through the cell, its enzymatic activity and binding dynamics reduced its usefulness in
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measuring cellular phenomeno As Rich and Karpen examined in their 2002 raetdlysis

of publications relying on FICRhR measurements, both the temporal and spatial results could
be misleading. First, using reported PKA affinity for cCAMP and observed dissociation rates,
the authorsshowed that the rate of holoenzyme reassociation is too slow for capturing real
time oscillations in cAMP concentration, using modelling to show that while the system can
discriminate changes over a 0.02 Hz (50 s) time scale, the dynamics fail to shitatiasc

of the physiologically relevant frequency of 2 Hz (§T$)omas C. Rich & Karpen, 2002)
Furthermore, as a high concentration of FICRhR is needed to overcome the effects of the
labelled subunits associating with endogenoug&Pte FICRhR concentration is high enough

to significantly alter cellular cAMP dynamics. At the experimentally typical FICRhR
O2y OSYyidNIGA2Y 2F H >a GKS FdziK2NER aK2gSR
FICRNhR altered the dynamics of the rise AMP concentration (Rich & Karpen, 2002). In
addition to which, the enzymatic activity of activated FICRhR could cause additional

phosphorylation that is not characteristic of typical cellular functions.

A significant step forward in FRBased cAMPexsors was made by Zaccolo andnarkers,

who developed a genetically encoded PKA construct tagged withb&de®d donor and
acceptor proteins on the Rl and C subunits respecti@@gcolo et al., 2000)This system

had the advantage of not requiring the purification, labelling and injection ofRIERhR
sensor. A second generation RPBa#sed FRET reporter was applied in myocytes to
RS Y2y a (i NJadrédergicktimiilation caused by norepinephrine resulted in reduction
of FRET ratios observed atiiZes but less so in the cytosol (Zaccolo & Poz2862), and

later to show that PDE4 is primarily responsible for the reduction in cAMP concentrations in

the cell(Mongillo et al., 2004)
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The identification ofexchange proteins directly actived by cAMP (Epacde Rooij et al.,
1998; Kawasaki et al., 1998)s more recently enabled the development of a new generation
of FREased cAMP probes bed on Epacl and Epac2 (Nikolaev et al., 2004; DiPilato et al.,
2004, Ponsioen et al., 2004). The mechanism of a generielfagad FRET sensor for cAMP
concentration is shown ifigure 1.9 In the case of perhaps the most efficient Epased
cAMP sensorsEpat¥ ¢ the GFP variants cerulean fulfils the role of donor and citrine the
role of acceptor (Klarenbeek et al., 2011; Li et al., 2015). Elevation in cAMP results in a
decrease in FRET between the two GFP vari&idsie 1.9B Epacbased probes posss a
number of advantages in comparison to Pased sensors: they exhibit higher FRET
efficiency, have higher temporal resolution, and since they are unimolecular they are no
concerns regarding balancing the expression levels of donor and acceptor protein
Furthermore, if PKAased signalling pathways are the focus of investigation, then there are
fewer concern regarding potential complications from interaction between the sensors and

endogenous PKA subunits.

Figure 1.9 Schematic of a generic FRET/Hpased cAMP sensdk. In its unbound state, the donor

and acceptor are within transmission range of each oth&rin response to cAMP binding, a
conformational change is induced which increases the distance between the donor and acceptor,
decreasing the riégo of 535/485 emission.
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One final class of cAMP sensor, that was not exploited during my doctoral studies are sensors
based on cyclic nucleotiegated channels (Rich et al., 2000; Fagan et al., 200®) first
example of this approach exploited rat CNG2 expression in human embryonic Zé8ey
(HEK293) cells (Rich et al., 2000). CNG2 mutations A C460W/E583M double CNG2 mutant,
which has improved cAMP specificity and sensitivity compared to-typlel Rich et al.,

2001), was used as a sensor to reveal that both G protein coupled receptor kinases and PKA
stimulate PDE degradation of cAMP followirfyAR simulation of HERO3 cells (Xin et al.,

2008. These sensors are commonly applied in combinationthétC&* dye Fura2, which
enables measurement of cAMP by proxy through imaging of idfix rather than
measuring CNGC currents by electrophysiol@gggan et al., 2001; Rich et al. 2001;

Willoughby et al., 2006)

1.8.2 FREDased sensors of PKA activity

A nunber of reporters have also been developed for monitoring PKA activity in cells. Zhang

and colleagues created the first-kdhase activity reporter (AKARR0O1) They took

advantag of the protein 1430 _ 3 KA OK O0AYyR&a (2 I Y2GATFT O2y
incorporating a PKA substrate/0 . 0 AYRAY 3 &SIljdzSyO0S G GKS Syl
separating it romthe 180 . LINRP G SA Yy @ ¢ KS | dzii K2 NBEenazd SR (K
LRRALP as a substrate for PKA, the phosphorylation of which created a target-80 14 ®

They also fused the fluorophores enhanced cyan fluorescent protein, and citrine to the N and

C terminals respectively. This organization yielded a four part chimesteiprin which
phosphorylation of the modified kemptide sequence results in the binding-&d4 > & KA OK

in turn brings the fluorophores close enough together to produce a measurable FRET signal.

In their initial investigations, Zhang andworkers wereable to show that anchoring PKA to

the reporter by fusion with an anchoring sequence greatly increased PKA phosphorylation of
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the reporter, thereby demonstrating the importance of PKA anchoring in cells (Zhang et al.,

2001).

The major drawback of the gpviously described AKAR1 based on 8-BAphosphoserine
binding domain is the lack of reversibility of its binding, which limits its usefulness to observe
cellularly relevant dephosphorylation of substrat&&hang et al., 2005) A reporter with
improved reversibility, AKAR2, was therefore developed that incatpsr the weaker
binding forkheaeassociated domain 1 (FHAL) in place 0f313l(Zhang et al., 2005). The
authors went on to show that in cells expressing AKAR2 following prolonged exposure to
insulin, the speed of the FRET response of the reporter in resspto isoprenaline was
delayed. They also showed that chronic insulin treatment decreased the phosphorylation of
nuclear CREB protein, which plays a role in controlling gene expression, in response to
isoprenaline. The authors showed a decrease in dssod A 2y 0SU6SSY »wlL Li
adrenergic receptors in response to insulin treatment. Neither of these results were seen in
response to forskolin or caged cAMP. These findings showed the ability of a hormone to
disrupt the interactions between PKAaits downstream effectors by altering its subcellular
position. The latest AKAR sensor, AKAR4, utilises cerulean and venus as the donor and

acceptor (Depry et al., 201Ejgure 1.10. Depry and cavorkers fused AKAR4 to different

64



membrane targeting sequeees to demonstrate that there is high resting PKA activity in

cholesterolrich regions of the cell membrane (Depry et al., 2011).

A. B.
92, Cerulean g
r) aoﬂ, 3”.?0"0;
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Dephosphorylated Phosphorylated
Figure 1.10 Schematic of the phosphorylation induced activation of AKARAKARRA4 is
built around the FHA1 domain, which binds phosphothreonines, but with low enough
affinity to allow unbinding by dephosphorylation. The region linking the FHA1 domain and
the acceptor molecule contains a PKA threonine phosphorylation site. WIKAR4 is not
phosphorylated, the Venus acceptor molecule (A) is out of range of FRET transfer from the
Cerulean donor molecule (B. Upon phosphorylation, the phosphothreonine Tis

bound by the FHA1 domain, bringing the acceptor molecule withingafighe donor, and
increasing the ratio of 535 nm to 485 nm emission.

1.8.3 Crosslinking coupled to mass spectrometry-(%Xg&)

Within structural biology, a number of techniques are available for interrogating protein
structure. High resolution (typically.5-3 A) approaches include-day crystallography and
nuclear magnetic resonance (NMR) spectroscopy, whereas electron microscopy (EM), and
small angle scattering (SAXS) are suitable for analysing larger structures at intermediate
levels of resolution (20 A). However, each of these techniques individually suffers from
limitations. Xray crystallography is unmatched for its resolution but achieving protein
crystallisation can sometimes present an insurmountable hurdle. In addition the
conformation observd in the crystal represents a single fixed view of the pro{Biatnam

et al, 2007)that may be physiologically inaccurate since crystal contacts can bias protein
conformations in wgs that are not observed in nature. The influence of crystal packing is
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particularly pronounced on the protein surface and in flexible regighgl et al., 2005)
NMR is limited the proteins up to ~ 50 kD; EM and particularly-EMare coming into their

own with the advent of improvements in structural suppditsviewed in Russo & Passmore,
2016) Nevertheless, in can be challenging to locate protein domains within EM maps
garnered through single particle averaging EM, and the process is not so wedl guite
structural analysis of more transient protein complexes. Crosslinking coupled to mass
spectrometry (XIMS) is a rapidly developing structural method that complements these

more established structural methods.

In XEMS, chemical crosslinking of pratesidechains, followed by protease digestion and
identification of crosslinked peptides by peptide mass fingerprinting MS enables
identificationof sidechains that are close to one another in thrdenensional space. Both
links within proteins (intrdinks) and between different proteins (int¢inks) contain useful
structural information. The key strengths of-MIS is that it allows protein interactions to be
examined in their native conformations, and also particularly lends itself to the variability of
association of disordered regions. Due to the ability of the method to capture multiple
interactions, many associations of a flexible region can be captured in a single experiment.
Another advantage of XUS is the reduced sample purity required as conepato
crystallography (Leitner, 2016). Additionally, there are no size constraints on the complexes
that can be analyzed, which is greatly advantageous when examining proteins that form
multimeric complexes and allows the orientation of large subunitstaleasured in relation

to one another (Lietner et al., 2015; Leitner, 2016). However, the usefulnessMEX&
limited by the large radius over which DSS can bind, resulting in relatively low spatial
resolution, and by the relative scarcity of crosslifkeitner, Walzthoeni and Aebersold,
2014). As a result, MUS is not used as a staiatbne method for structural investigation.

Instead X¥MS has been successfully combined with other structural methods including
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crystallography, electron microscopy, aNiMR, to elucidate structures, particularly those
with flexible regions, in an approach known as integrative structural biology (Faini, Stengel,

& Abersold 2016; Erzberger et al., 2014).

The majority of biological molecules contain regions of limited sdagy structure, which

are inherently movable in solution. These sequences are known as intrinsically disordered
regions (IDRs) and pose a challenge for crystallographers, as their motion is incompatible
with crystallization. At best, these regions preduareas of structural models with low
resolution, while often they are missing from the electron density, or preclude the
crystallization of the molecule entireffRadivojac et al., 2004)The manifestation of this
problem was illustrated by Le Gall and colleagues who showed that roughlyo#@o
representative sample of structures from the RCSB protein data bank (PDB) contained
regions of low resolution or ambiguity due to IDBsrman et al., 2000; l@all et al., 2007)
During my doctoral studies, | took advantage of the unique advantages -bfSXIn
undertaking the first major application of XIS to study the structure of PKA complexes.

XL-MS is also described with more technical detagdhapter 2.4
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1.9 Project Aims

In light of the established research in the field, as well as the methods of investigation
available to us, | have three main goals of the project. These aims were designed to fill major

gaps in the current understanding of PKA restriction

Aim |. Quantfy PKA subunits in terms of copy number and stoichiometric ratios.
The lack of information about the relative copy numbers of PKA subunits present in
cells and tissues limits how | consider binding and release of PKA C subunits from RI

and RIl subunitsThese investigations are detaileddnapter 3

Aim Il. Determine how C subunits associate with RI and RIl in real time during
activation and deactivation of cAMP signalling using a novel ligltivated

crosslinking approach
The association of C subunits with specific R subunit isoforms determines both
localization and activation dynamics of PKA. However, there is no existing method
to monitor RIC and RIC subunit interactions in cells with temporal precision.
Chapter 4sets out the development and application of a novel method to achieve

this for the first time.

Aim Ill. Develop and apply crosslinking coupled to mass spectrometryMiSl). to
investigate the quaternary structure of PKA complexes
XLMS is an emerging struatal technique that is well suited to investigating the
quaternary structure of large protein assemblies such as BKapter 5describes
experiments aimed at understanding how PKA subunits are oriented relative to one

another and with respect to anchoringroteins. | also aimed to develop a novel
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approach that relies upon isotopic labelling for identifying heatigomeric

interlinks using XMS, which is described in this chapter.
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Chapter2. Materials and Methods

2.1 Basic moleculdbiology techniques

2.1.1 Production of chemically competei. coli

To renderkE. colBL21 (DE3) cells competent, four overnight cultures were grown in 100 mL

of super optimal broth (SOB) (8.6 mM NacCl, 20 g/L tryptone, 5 g/L yeast extract, 2.5 mM KCL,

10 mM MgCI2) in 1 L Erlenmeyer flasks at 18°C with shaking at 200 rpm. Four different
O2yOSyiGN)rGA2ya 2F OStfta 6SNB aSd dzJ o6& | RRA
culture at an Okyo of 0.6 to each flask. Cells with an dbetween 0.3 and &. were used

to make competent cells. 1 mL of culture was cooled on ice for 15 minutes, then pelleted by
centrifugation at 2, 000 g for 10 minutes. Cells were then resuspended in 24 mL of ice cold

frozen storage buffer (FSB) (10 mM potassium acetat&.pH45 mM MnG) 10 mM Cagl

100 mM KCI, and 10% glycerol w/v) and incubated on ice for 15 minutes. The cells were then
pelleted by centrifugation at 2, 00& g for 10 minutes, following which they were
resuspended in 8 mL of ice cold FSB. Followifgh &8 = Hyn >[ 2F FAf G§SNI
 RRSR FYR G(GKS YAEGdINE gl a AyOdzmlG§SR 2y A0S 7
was added. Cells were incubated a further 5 minutes on ice before they were split into 60

>[ FfAljdz23Ga A yfugd iideNand SashHrozen[in aQIf ycé dihanol bath.

Competent cells were stored é80°C until use.

2.1.2 Bacterial transformation

DNA constructs were transformed into competent cells by heat shock. 100 ng of plasmid

5b! gl a&d& O2YO0AYSR 6A0GK pn >[ 2F O02YLISGiSyid OS
incubated on ice for 30 minutes. Cells were then heat shocked in a 42°C wateobath f
aS02yRax | FGSNI 6KAOK (KS& 4gSNB (NI yaFSNNBR
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to the cells, which were incubated for 1 hour at 37°C with shaking at 200 rpm. Cells were
then spread on agar plates supplemented with the appropriate anfibi@nd incubated

overnight at 37°C.

2.1.3E. coliculture

Recombinant protein constructs were grownEncolBL21 (DE3) cells line unless otherwise

stated. AIE.colicultures were grown in LB (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl)

with the exception of M9 minimal media cultures (described in se@id¥). Cultures were

grown in 6 x 800 mL volumes in 2 L flasks. The LB was augmented with the appropriate
FyGAo2Re F2NJ GKS LIXFAYAR O0FYLAOAtEAY oTtn >aT
with saturated starter culture. In the initial instance, single colonies were picked from plates
following transformation of competent cells and grown in LB ovetrtigimake the starter.

In subsequent iterations, glycerol stocks were scraped into LB to make overnight starter

cultures.

Dt @O0OSNRE ai201a 66SNB YI RSewand combining it/wth 60% n > [
filter sterilized glycerol in a microcerfiige tube, to give a final concentration of 30%
glycerol. The stocks were then snap frozen in liquid nitrogen and stor@94E for future

use. Cultures were induced at @4 ndp o6& (GKS |RRAGARYY 27F orT

thiogalactopyranoside (IPTGLultures were then incubated overnight at 18°C.

2.1.4 M9 minimal media

Each construct used for experiments with heavy lysine and arginine isotopes was
transformed intoE.coli [ H M 0 5 9 aélls that aleBux@trépdic for arginine and lysine.
Cell transformed with each protein construct were grown in M9 minimal media (25 mM
NaHPQ, 25 mM KEPQ, 50 mM NHCI, 5 mM Ng5Q, supplemented with 1 mM MgSQ
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0.1 mM CagGJ and 0.2% glucose) to an g#»f between 0.5 and 0.9 before induction by the

addtion of IPTG to a final concentration of 1 mM.

2.1.5 Expression and purification of glutathioretransferase (GST) tagged fusion

proteins

D{¢ GF3aI3ISR O2yadaNUzOGa o/i ¥ wLhX wLi ¥ -wLLhZ
histidine tagged constric 6/ h 0 ¢ SNB HE.NIBLZIIEERMS &nd dukliie@

in 1.64.8 L total volumes as described above. Recombinant protein expression was induced

at an Oof 0.5M®n g A G K (KS | RRZXabld2)y Expréssianwas thera Lt ¢ C
allowedto progress at 20°C overnight. Following this incubation, cells were pelleted by
centrifugation for 10 minutes at 12, 25%@in a fixed angle rotor (Beckman JLA 8.100). Pellets

were then washed by resuspension in PBS, transferred to 50 mL conical andespun for

a further 20 minutes at 3, 220 gin a swing bucket rotor (Eppendorf4A81) before being

snap frozen in liquid nitrogen. Pellets were stored&3°C prior to processing. Thawed

pellets were resuspended in 50 mL of glutathione sephalgsis buffer (30 mM HEPES pH

7.5, 500 mM NaCl, 2 mM DTT, 0.5 mM EDTA, and 1 mM benzamidine). Benzamidine was
included in the buffer as a protease inhibitor, and EDTA was included as a chelator to reduce
enzymatic activity by sequestering cofactors. Somsfigations were augmented with 10 %

glycerol w/v to increase solubilitiGrasiund et al.2008) 0.01 mg lysozyme was added to

the lysis buffer, and the cell lysate was sonicated at 20 kz2x30 second intervals,

between which it was incubated on ice. The lysate was then incubated on a rolling mixer for

30 minutes at 4°C. Followimgcubation, the lysate was transferred to 50 mL polypropylene

tubes (ThermoFisherdnd spun at 31,36& g for 30 minutes T(able 2.). The clarified

supernatant was then transferred to a 50 mL conical tube and the pellet was discarded.
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ODgo at

Construct Plasmid Time to ODgoo Induction Affinity beads Glycerol
AKAP18U pGEX-6p-1 2 hours 45 minutes 0.7 Glutathione sepharose 10%
AKAP79 c93 pGEX-6p-1 3 hours 30 minutes  0.55 Glutathione sepharose

PKA CU pET28m 4 hours 0.6 Ni-NTA

PKA Cb pGEX-6p-1 3 hours 50 minutes 0.8 Glutathione sepharose 10%
PKA RI Db pGEX-6p-1 2 hours 25 minutes 0.6 Glutathione sepharose

PKA RI 1 U pGEX-6p-1 2 hours 25 minutes  0.65 Glutathione sepharose

PKA RI I b pGEX-6p-1 2 hours 45 minutes 0.8 Glutathione sepharose 10%
PKARI U pGEX-6p-1 2 hours 30 minutes 0.7 Glutathione sepharose 10%
Short RIAD pGEX-6p-1 2 hours 50 minutes 0.9 Glutathione sepharose

Table 2.1 Expression conditions of purified proteins

Constructs in the pGEBp-1 plasmid possess a GST tag, and the supernatant from these cells
was incubated with glutathione sepharose 4B (GE Healthcare Life Sciences). Binding of these
constructs to glutathione sepharose was found to be slow, and the at@bwas allowed

to proceed for at least 3 hours. Following incubation, the mixture was spun at §&r 5

minutes to pellet the bound proteins and sepharose. The beads were washed by
resuspension and another 5 minute spin at 35§ before they wee transferred to an 8nL

RNA L) O2ftdzYy 6AGK | cdn >a FAEGSNI 69FSNANBSY

were washed with three column volumes of glutathione sepharose lysis buffer.

Two separate methods of elution were used depending onwthether a GStagged or
untagged final construct was being produced. When the GST tag was desired in the final
construct, proteins were eluted from the beads with 2 mL of 15 m@utathione (Sigma),

which competes with the GST tag for glutathione sepbarbinding sites. The beads were
incubated with kglutathione for 1 hour on ice. When untagged proteins were being
LINE RdzOSR= GKS D{¢ dGF3 st+a OftSIHGSR dzary3d cn
2 mL of glutathione sepharose buffer. In thisesabe bound proteins were incubated with

the protease overnight at 4°C before elution leaving most of the GST bound to the bead, and

allowing the rest to be separated by size exclusion.
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Constructs made using the pET28 plasmid backbone contain a tagtounsif 6 histidine
residues. Histidine interacts strongly with transition metals, which allows affinity purification
of tagged proteins by interaction with immobilized metals. For this, | usie&el
nitrilotriacetic acid (NNTA) agarose (Qiagen), whiconsists of immobilized Nions in a
matrix, which orients them for interaction with histidine residy@&rnhorst & Falke2000)

The association of this matrix with agarose allows the material to be recovered. The binding
step was carried out in batch mode in 50 mL conical centrifuge tubes for 1 hour in slightly
basic buffer (30 mM Tris pH 8.0, 500 mM NacCl, 10 mM koldal mM benzamidine). His
tagged protein elution was performed by adding 20 mL buffer containing 300 mM imidazole
(chemically identical to the histidine siadain) for competitive exclusion. The elution buffer
also had a lower pH to encourage protadioa of the histidine and subsequent dissociation
from the NF*-NTA (30 mM Tris pH 7.0, 500 mM NaCl, 300 mM imidazole, 1 mM

benzamidine).

All proteins were purified by size exclusion chromatography using an 80 mL Superdex 200
column (GE Healthcare Lifei@wes), which combines a dextran and agarose in a matrix
optimized for the purification of 1800 kDa proteins. An AKTA fast protein liquid
chromatography system operated by Unicorn control software (GE Healthcare Life Sciences)
was used to conduct theypification. The concentration of protein in eluted fractions was
preliminarily evaluated by absorbance at 280 nMsf/A which is primarily caused by
tryptophan and tyrosine residues, as measured by an inline UV detdeigurés 2.12.4,

panels A & I The Superde00 column was equilibrated with at least 1.5 column volumes

of 20 mM HEPES pH 7.5, 200 mM NaCl whereby a steady baseline was reached. Following
column equilibration, proteins were loaded in a 2 mL injection loop, and automatically

loaded orto the column by passing 5 mL of purification buffer through the loop. All proteins
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were purified in 20 mM HEPES pH 7.5, 200 mM NacCl, with or without 2 mM DTT and 1 mM
EDTA. Eluent was captured in 2 mL fractions by an automatic fraction collector,eand th
protein purity of the fractions was assessed by -BB&E and subsequent Coomassie

staining.

Both PKA C subunit isoforms were purified for quantitative immunoblotting experiments
(Figure2.0 2 ¢AGK /i dzALRI FUONBESANIPF2NI P [ 61 & LIzZNR FA
using Nib ¢! | 3+ NraSo /i 61 a SELNBaaSR ¢6AGK | D
glutathione sepharose. The GST tag was subsequently cleavddRbYy 3C. Initial
measurement by #oproduced a single peak for each constr(ligure 2.1A & Q, the purity

of which was evaluated by Coomassie staining of SDS PAGEigele 2.1B & D). Both

constructs were found to be of suitable purity for experiments. In eask,dhe fractions

within the dashed boxes were combined for use.
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Figure 2.1 PKA C subunit purificatioA® !y y KAAGARAYS {(F33SR tVY!
expressed in E. coli, and enriched byNYIA agarose association. The protein was purified

by size exclusion chromatography using an 80 mL Superdex 70 column, and eluent was
collected in 2 mL fraction®B. The purity of the size exclusion fractions was assessed by SDS
PAGE. The presence of a band at approximately 40 kDa indicates the puric&tiont Y! [/ h ®
Fractions F, G, H, and | were combined for further experimé@s. D{ ¢ GF 33SR tY! /
construct was expressed in E. coli and enriched by association with glutathione sepharose.

The protein was purified by size exclusion chromatogragbydescribed aboveD. The

presence of a band at approximately 40 kDa indicates the successful purification of the
subunit.

tY! wLh FyR wLi $SNB 020K LIzZNAFHdus R) &tk y 3 3 ¢
were used as protein standards inqiiad G F G A @S AYYdzy26t 20GAy 3 | y|
for XI-MS. The &qof both subunits showed single peaks. The signal in the void volume of

0KS LJzZNAFASR wLi &adzodzy Al ¢ |(Bgure a0 kowevierhdd S NJ ( K I
Coomassie stainingdinot uncover a significant degree of contaminat{éigure 2.2I). The

wLhM adzodzyAd KI R(FigureR@fdnd alsy éxhititesl Nigh@@itFigure 2.2

B)

76



>

5] I 5]
5] 3] 3

280 nm Absorbance {mAU)
]

o

A|B|C|D|EEF|G|H|I EJ lk | m|n

\\%4/

A
A

|

\

\'\

o

~nN
o

Figure 2.2 PKA RI subunit purificatioD { ¢
was expressed if. coliand enriched by association with glutathione sepharose. The protein was

30 40 50
Elution volume (mL)

|
|
|
|
|
|
|
|
1
|
|
|
I
|
|
|
L

\
\

|
|
|
I
I
I
I
I
I
\ |
o
\ I
|
‘\
I

A|BEC|D|;E|F|GEH| I |J

60

30

Elution volume (mL)

40

50

G 33SR Bt Yy Ry Dsububit Gonstructs

purified by size exclusion chromatography using an 80 mL Superdex 70 column, and eluent was

collected in 2 mL fractions. The elution ebfeins from the column was measured by A280 using an

inline UV sensorA, Q. The purity of the size exclusion fractions was assessed b SABIS, which

were relatively free of contaminantsB( D. B. The presence of a band at approximately 43 kDa

indiOl G S a
D.¢ KS

RII subunits were purified for use as protein standards in quantitative immunoblotting

iKS

LIJZNRA FAOF GA2Yy 27

LINS&aSyoOS
Fractions C, D, E, F, and G were combined for furtkgeranents.

SELISNAYSyGaz

glutathione sepharosé¢Figure 2.3
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peaks than the other constructs in thesftrace (Figure 2.3 A & Xz however there was little

contamination present in the Coomassie stained geigure 2.3 B & P
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sepharose. The protein was purified by size exclusion chromatography using an 80 mL Superdex 70
column, and eluentvas collected in 2 mL fractions. The elution of proteins from the column was
measured by A280 using anline UV sensor/, C, [E The purity of the size exclusion fractions was

assessed by SBRAGE, which showed relatively little contaminant stainBig, . B. The presence

2F | oFyR FidG FLLINRBEAYFGSEE® nc 15F AYyRAOIFGS&E G(KS
combined for further experimentsD. The presence of a band at approximately 46 kDa indicates the
successful purificaton of PK wL Li @ CN} OGA2ya 93 CX DI FYyR | gSNB
F¢KS LINBaSyoOS 2F | o6FyR FiG FLILINBEAYIFGStEe wmp 151

Fractions D, E, F, G and H were combined for further use.
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The baits used in th& subunit specific pull downs were also purified by glutathione
sepharose affinity, however the GST tag was not removed in thigEmgee 2.4. Instead,
the purified GSTusion proteins were eluted by competition using 15 migllitathione. The
very snall size of the GSRIAD peptide allowed very high expression as measuregsy A
(Figure 2.4A, and very high purityRigure 2.4B. GSJAKAP79 c93 also showed high
expressioniigure 2.4 however there was slightly more contamination was apparent upon

Coomassie stainingrigure 2.4D.
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Figure 2.4 Purifications of baits for isoforspecific R subunit pull dowrGST tagged RIABR, B and
AKAP79 c93 were expressedBncoliand enriched by association with glutathione sepharose. The
protein was purifiel by size exclusion chromatography using an 80 mL Superdex 70 column, and eluent
was collected in 2 mL fractions. The elution of proteins from the column was measured by A280 using
an inline UV sensory, Q. The purity of the size exclusion fractionswasessed by SIPBGE., which
showed relatively little contaminant stainin®,(D. B. The presence of a band at approximately 30
kDa indicates the purification of G&Igged RIAD. Fractions E, F and G were combined for further
experiments.D. The presace of a band at approximately 37 kDa indicates the successful purification
of GSTtagged AKAP79 c93. Fractions G H, and were combined for further use.
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2.1.6 Determination of protein concentration by bicinchoninic acid (BCA) Assay

Protein concentrations were principally determined using the colorimetric BCA assay for
protein quantification (Novagen). This approach was taken to establish reference protein
standard concentrations in quantitative immunoblotting experiments. Protein solutions
containing bovine serum albumin (BSA) were made by serial dilution at concentrations of O
mg/mL, 62.5 mg/mL, 125 mg/mL, 250 mg/mL, 500 mg/mL, and 1000 mg/mL. 25 pL of the
solutions, either protein standard or test conditions, were first added to 96 wetepla
0ST2NB Hnn > 2F GKS mMYunn YAEGd2ZNBE 2F OdzZLINR
sets of standards were used, one prepared immediately before the addition of the
experimental conditions, and one immediately after. The results of these tweesuwvere
averaged. BCA reaction containing plates were covered in PVC film and incubated at 37°C for
30 minutes. Results were then read at 570 nm on an ELx800 microplate reader (BioTek
Instruments). Results of the protein standards were then used to gémaratandard curve.

Only experimental values that fell on between the uppermost and lowermost values of the
curve were used, in cases in which the experimental concentration was above this value,
further dilutions were made and the assay was run agatheliexperimental concentration

was below the lowest value, additional material was added in further assays.

2.1.7 Determination of protein concentration by absorbance at 280 nm (A280)

The amino acids tyrosine and tryptophan, and to some extent cystehserb light with at

280 nm. This absorption is proportional to the concentration of these residues in a solution,
and can be estimated for a given protein using the formula:

5 AW x@500) +rY x 1490) C x 125)

Ay S6KAOK ¥ A& I tnStionGrbeffiCedetfdr & frdtein(Yharind Sklerfifie,

2013) | used the EXPASY protparam tool to calculate the extinction coeffi¢i@asteiger
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et al., 2005) The concentration of protein in a solution can then be calculated ukisg t
measure in the formula:

& 6 -

In which Ais the absorbance at 280 nm, and L is the path length of the measurement
(Ahmed, 2005) The measurement and subsequecdlculation was performed by a
NanoDrop 2000c (Thermo Scientific) spectrophotometer. A280 values were used as a belt

and-braces measure to confirm the accuracy of protein concentrations obtained by the BCA

method.

2.2 Techniques in support of PKA suburstoichiometry
determination

2.2.1 Dissection

Male, fourweekold, SpraguéDawley rats were euthanized by cervical dislocation carried
out in the UCL Biological Services Unit. Immediately following which, the animals were
placed onice. Cortex, cereheth, heart, tibialis anterior muscle, lung, liver, and kidney were
excised, washed in cold PBS, and transferred tewaighed 50 mL conical centrifugation
tubes containing 10 mL of PBS. Brain tissue was removed by first cutting the skin of the neck
with surgical scissors, after which the skin was cut at the midline of the head from the neck
to the nose, and peeled back to reveal the skull. The skull was cut with small scissors, with a
single incision stretching from the base of the skull to the nasal b@he skull flaps resulting

from this incision were prized up and broken away from the skull. Using curved forceps the
brain was then removed from the open skull. Once out of the skull, the brain was washed
several times in ice cold PBS to lessen bloay over. The cerebellum and cortex were

then cut away and further processed separately from each other.
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The internal organs were removed through a ventral incision in the skin, continuing through
the rib cage. The heart was removed first, followedHsy lungs, liver, and finally kidneys.

Care was taken to remove the entire organ, while removing as much of the membranes and
connective tissues as possible. All organs were washed several times in PBS. The tibialis
anterior muscle was removed througin incision in the skin of the leg made with a razor
blade. The muscle was cut free at either end of the tibia, and as much of the muscle as
possible was removed while avoiding tendons. All tissue was removed from the animal and
processed within 30 mines. Following dissection PBS was aspirated from the organs, which

were transferred to dry 10 cm tissue culture dishes for weighing.

2.2.2 Protein extraction from tissue samples

PBS was aspirated from the organs, and they were weighed, and resuspeant&dnig/ml

of modified radioimmunoprecipitation (RIPA) Buffer (30 mM HEPES pH 7.5, 150 mM NacCl,
0.5 mM EDTA, 1 mM benzamidine, 1% Igepab&Pw/v, and 0.25% sodium deoxycholate
w/v). The organs were transferred to 10 cm plates on ice and roughly cheyiied straight
disposable razor blade. The chopped organ suspension was then transferred into a 50 mL
conical centrifuge tube using a disposable Pasteur pipette. Rough suspensions were then
processed at 9,500 rpm with a Di 25 Basic rotor/stator homaggn(Yellowline) for 2 x 30
second increments, between which they were returned to ice to prevent over heating the
samples. A 1 mL portion of the resulting homogenate was taken and transferred into a 1.5
mL microcentrifuge tube. This homogenate was thenicated for 30 seconds at 20 KHz and
was then spun at 21, 130gfor 1 hour at 4 °C. The resulting supernatant was removed from
the pellet and transferred to a clean 1.5 mL microcentrifuge tube, before it was flash frozen
in liquid nitrogen for storag. A 100 pL sample of all homogenates was saved for protein

concentration analysis by BCA asseable 3.4)
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2.2.3 Synaptosomich fraction preparation

For synaptosome enrichment, | adapted a protocol for the purification of synaptosomes
published by Dokley, Jarvie and Robins@008) Fourweek-old male Spragu®awley rats

were killed by cervical dislocation. Rats were immediately placed on ice until dissection could
take place. Brains were excised in whole from the skull and rinsed several times in ice cold
sucrose EDTA buffer (0.32 sucrose, 1 mM EDTA, 5 mM HEPES pH 7.4) to lessen blood
contamination. The cortex was then separated from the rest of the brain, and placed in a
pre-weighed 50 mL conical centrifuge tube with approximately 20 mL of sucrose EDTA buffer.
The mass of the tue containing the buffer and brain region was then weighed to determine
the mass of the cortex. Following this, a 10 cm tissue culture dish was prepared on ice with
3.5 mL of sucrose EDTA buffer. The cortex was removed from the centrifuge tube using
forceps and transferred into the dish, and it was rapidly chopped using a straight razor blade.
The coarsely chopped tissue and buffer was then drawn up using a disposable Pasteur
pipette and placed in a 7 mL Dounce homogenizer (Wheaton) on ice. The tissuowas g

with 5 strokes of the tight insert, followed by 5 strokes of the loose insert. A sample of 100
>[ 2F GKS K2Y23aS8ylLds sla 1SLIG F2N) . /! | aaleéd
into a 15 mL conical centrifuge tube, and spun at 1, 09@t¢he arerage radius of the tube

for 10 minutes at 4°C. Following centrifugation, 3 mL of the supernatant, termed here the
synaptosomerich fraction, was removed while being careful not to disturb the loose pellet,

which was subsequently discarded.

The shearingction of the Dounce homogenizer causes the synapses to be gently torn away
from the cell body, but allows the membrane to-ckose around the synapse, creating a
membrane bound structure known as a synaptosome. However, in an effort to reduce

processingime and increase total yield, | did not purify the synaptosomes to completion.
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rich fraction, so called as this preparation does not isolate synaptosomes, rateerdves

the bulk of nuclei and cellular debris resulting from the lysis of the cortical tissue (Dunkley,
Jarvie and Robinson, 2008). The preparation of the synaptosome rich fraction did not include
any detergent, rather solubilization occurred as the ulesof LDS application during

denaturing for electrophoresis.

The protein content of the synaptosonrh fraction was assessed by BCA assay, and the
average concentration was found to be 8.83 mg/ml £ 0.478 with an average percent recovery
of 2.85% % 0493 of the original mass of the organ (nF4ple 2.3. Though the homogenate
protein concentrations are very similar between the synaptoseaiok fraction and the
cortex, the procedure for preparation differed, as 3.5 mL of buffer per cortex were used to
prepare the synaptosome rich fraction, while 10 mL of buffer per gram of cortex was used to
prepare cortical lysate. This means that the per starting mass yield of the cortical lysate was
two to three times higher than that of the synaptosome rich fragtranging from 7.8% to
10.4% of the total organ mass. It is important to note that these percent recovery figures
are presented as a comparison between the two tissue preparation methods, and are
measures of the concentration of only the protein yieldldaling homogenization as
compared to the total wet weight of the tissue, a measure which includes all cprairin
components as well. These numbers are consistent with enrichment of synaptosomes from

cortex using the Dounce homogenisation method.
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Cortex weight Syn. Rich Fraction

(mg) Concentration (mg/ml) RECHIE ({1 Recovery (%)
1060 9.85 34.5 3.25
1080 9.26 32.4 3.00
1140 7.62 26.7 2.34
1070 8.59 30.1 281
1088 + 18.0 8.83 + 0.479 30.9 + 1.68 2,85+ 0.194

Table 2.2 Synaptosome ridhaction recovery The cortex was removed from four animals, following
which it was subjected to homogenization by gentle mechanical shearing in order to create membrane
encapsulated synapses, which were then crudely purified by centrifugation in isbidfiféc. Average
recovery of the synaptosomes from cortical tissue was 2.889%93 (n=4).

2.2.4 HEK293T cell counting

HEK293T cells were grown on 75@wn described isection 2.3.1 After DMEM aspiration,

cells were resuspended in 10 mL PBS andsfeared to 15 mL conical centrifuge tubes. Cells

were subsequently spun at 1, 2R@at 22°C. The cells were washed and resuspended in 10

Y[ 2F t.{ F2N OStf O2dzyGAy3Io  LILWNREAYL (St @
the cover slip on an Impved Neubauer pattern haemocytometer, which was then placed

on an inverted microscope for counting using a 10X magnification objective. This count was
extrapolated to give the number of cells in the total of suspension. The cells were then
lysedinapINR EA YL (St & Tnn >[ 2F feéara o0dzFFSNI odon Y
0.5 mM EDTA, 1 mM benzamidine, 1% Igepab&»Pw/v, and 0.25% sodium deoxycholate

wi/v), sonicated for 30 seconds at 20 MHz, and the lysate was centrifuged for 1 hour at 21,
130x gat 4°C. Following centrifugation, the supernatant was collected, and the volume
noted down. Using the volume of lysate and the number of cells in each starting pellet, the

number of lysed cells contained in a single microliter of cell suspensionalagated.

The main drawback of haemocytometer count is related to the subjectivity of the counts. |
attempted to lessen this concern by only counting those cells that were within the quadrant,

or that where touching the rightmost or bottom line. Thdeeching the leftmost or top line
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in any part were excluded from the count. Systems exist which use either electrical
resistance or flow cytometry to count all or a more significant portion of the cells within a

culture while allowing the cells to remawiable. Though the sophisticated equipment

required for these methods was not available to us at this time, these more accurate cell
counting approaches may be able to be employed in the futlire final measurement of

cell numbers were expressed in¥& OSftftak>[ fealisSz |a Ot Odx
number of cells from the culture by the final lysis volume. As unknown volumes can be
difficult to measure with a micropipetter without introducing inaccuracy, the volume was
determined by weighinghie final lysate, and using the measured density of the lysis buffer

02 RSGUGSNXAYS (KS FAYIf @2t dzySo ¢tKAa YSGK2R

lysate calculation, with only 1.78% standard error.

2.2.5 Antibody calibration in ImageJ

In order to accurately determine the quantity of different PKA subunits in protein extracts, |
applied gquantitative immunoblotting. The goal of this approach was to establish the
relationship between signal and protein quantity for each 4HiA subunit aibody using

its purified cognate protein. This could then serve as a reference curve to determine the
amount of protein in different protein extractdDensitometry was applied in order to
numerically quantify the signal from our western blots using thidgtfim gel analysis tools in
Image) (Schneider, Rasband, & Eliceiri, 201ZX)uantification was performed using .gel
format image files output by ralmageQuant (GE Healthcare Life Sciences) that utilizes a
highly sensitive chargeoupled device detector. A worked example for determining the
NBflFdA2yaKALl 2F LIAESt RSyairde G2 LNRBGSAYy O:
antibody is shown irfigure 2.5 First, each lane is designated by demarcation with a

rectangular selection box{gure 2.5Ayellow boxes) taking care to include the entirety of
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the band in the box, as well as a portion of the rest of the lane sufficient to establish a
baselne pixel density in order to carry background corrections. The size of this selection
area is maintained throughout the analysis to allow direct comparison between the
measurements. Following demarcation of all of the lanes to be quantified, each lare we
plotted as a function of density of pixels in comparison to distance along the lane by the
built-in ImageJ utilityRigure 2.5A The form of the curve enables assignment of appropriate
dzLILISNJ | Yy R f 2 ¢ S Rigude2.88/ Fot ekdin@le it ekamiplé sRowa ifigure

2.5B the background is denoted by red stars and the baseline is in blue. This approach also
allows for unwanted off target signal to be excluded, the trace of which is represented here

by red hashed lines.
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Figure 2.5 Immunoblot quantitation workflow2 2 NJ SR SEIF YLX S 2F LYIF3ISW ljdzt yGAFAOLIGAZ2Y F2NJ wLLhd Ly GKAA
an asterisk so that it can more easily be traced throughout the prodessirst, a rectangular quantification area is selectednclude both the band of interest and
badground regions of each laneEqual sized boxes are then used to quantify all laBeBixel density is plotted against distance to create a curve indicating the position
andintensity of the protein band Thearea under the curve is then quantified using the selection tool in ImageJ. A baseline (blue) is included to removertzbickgnsity
(red stars). In addition, protein bands of lower or higher mass lighed lines) are exclude@.Plot of pixel desity against protein concentration. Curve fitting against a
series of protein concentration standards enables the relationship between pixel density and protein concentration toreecdatermined using a Hill function in the
curvefitting program ORGIN. For comparison, a linear fit is also illustrated destrating that fitting with a Hl function (R2 = 0.998) is much superior to the best linear fit
(R2=0.850).
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of quantification, in which a box is placed over the band of interest, and the mean gray pixel
density of the entire area measured, before the same box is moved to another portion of the
membrane to take a background measurement. In the block methwoelJdcation of the
background box placement can introduce a great deal of variability to the measurement,
especially if there is no clear area of membrane immediately adjacent to the band of interest.
Additionally, if there are off target bands presens, ia the case in our 50 ng lane, they can

be difficult to exclude while maintaining a consistent box size and sampling the entire band

of interest.

Following determination of the pixel density for each band, these numbers are plotted
against protein corentration to enable determination of the relationships between the two.

| found that the most accurate fits were obtained using the following Hill function equation:

where y = pixel density, X = protein quantity

The varablesVinax, K, andn were fitted by iterative rounds of leasiquares refinement using
ORIGIN. Origin software uses the Levenidegquardt algorithm of least squares fitting to
produce the output that minimizes the difference between the theoretical cliand the
experimental data. The accuracy of the fit to the experimental data is provided as a chi
square measurement. In the worked examplefigure 3.4across even a small range of
protein concentrations, linear fitting yields a high error (dashed life=F0.850). In
comparison, fitting to theHill function which takes into account cooperative antibody
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binding and signal saturation, the fit is muchpiraved (red line, R= 0.999). The copy
YydzYo SN 2F LINRPGSAya LISNI >3 ¢S @2fdzyS 41 a RS

in table 2.3for rat tissues, and those listed table 2.4for HEK293T cells.

RIIG NP_001025191.1 46122.9 7.66E-11

Table 2.3 Rat PKA subunit characteristi€®r the quantification of proteins in rat tissue lysates,
reported PKA subunit molecular weights were used as follows. Accession number identify the specific
proteins in the NCBI database

RIIB NP_002727.2 46302 7.69E-11

Table 2.4 Human PKA subunit characteristi€®r the quantificationof proteins in HEK293T cell
lysates, reported PKA subunit molecular weights were used as follows. Accession number identify the
specific proteins in the NCBI database.

2.3 Mammalian celbased methods

2.3.1 HEK293T cell culture

All experiments using cell A Yy S&4 6SNB OF NNASR 2dzi 6AGK | 9YH.

w

Y2RAFASR SI 3¢ YSRALlF 65a09 d@ untdil pedigilin)100a dzLILX S
> Hnl streptomycin, 10% fetal bovine serum, and 2 mM glutaMAX (Gibco), at 37°C in.5% Co
For routine passagg, cells were grown in 75 é@ dzf G dzZNBE | NBF bdzyOun [/ St f

EasYFlasks (Thermo Scientific), and split at a ratio of 1:6 from 80% confluence. These cells
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were further prepared for stoichiometry, FRET population assays, or-diiziine

crosslirking as described below.

2.3.2 Properties of NHS8iazirine

The heterobifunctional crosslinker Nid#zirine terminates at one end in -N
hydroxysuccinimide. Upon exposure to a primary amine, the NHS moiety is displaced,
forming an amide bondRjgure 2.§. This reaction is spontaneous and occurs as soon as the
molecules come in contactOne of the key factors to the development of the method was
the ability of the crosslinker to cross membranes. This meant that the experiments could be
carried out in vhole cells, preserving the endogenous structure anedneical interactions
which | wadrying to capture. NHSdiazirine solutions are made immediately before use, as
the halflife of the NHS moiety is on the scale of minutes to hours, due to spontaneous

hydrolysis in solutioffHermanson, 2013)

The second functional portion of the Nidizirine molecule, the diazirine ring, forms
covalent bonds on exposure to UV radiation.pod irradiation at ~350 nm, molecular
nitrogen is dissociated, leaving a reactive carb@Preston & Wilson, 2013)The carbene
then forms a covalent bond with the nearest molecule, usually by insertion hitaaQN-H
bonds(Kresge, Simoni, & Hill, 2005b; Wong & Jameson, 20h2)use of reagents activated
outside of the visible spectrum helps to limit off tatgectivation by ambient lighting. It is
also important that the activation wavelength of the diazirine group is above 300 nm, in
order to minimize absorption that can cause protein degradatBlencol & Hayes, 2005;

Brunner, Senn, & Richards, 1980)
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Figure 2.6 NH®iazirine crosslinkingA.An amide bond is formed by displacement of the NHS moiety
upon exposure to a primary aminB. Once the amide bond is formed, the NHi&zirine is primed for
binding to a second proteir€.Upon 350 nm UV radiation the nitrogen dissociates from the NHS ring,
leaving a reactive carbene, which in turn forms covalent bonds with the nearest molesubdlyuby
insertion between €4 or NH bonds.
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2.3.3 NHSliazirine crosslinking with HEK293T cells

Human embryonitiEK293Tells were grown as previously described to approximately 80%
confluence. Cells from 175 émr 350 ¢ of total cell culture ara were resuspended in
DA0oO2un 5dzZ 6S002Qa az2RATFTASR 91 3fS aSRAdzy 65a9
mL conical centrifuge tube, and pelleted centrifuged for four minutes. All cell centrifugation
steps were performed at 1, 200gat 22°C. Theupernatant was aspirated from the pellet,

which was washed by resuspension in 10 mL of phosphate buffered saline (PBS) (Sigma), and
transferred to a 15 mL conical centrifuge tube. A second wash was performed immediately
following this step. The resultineellet was then resuspended in 10 mL of 1 mM succinimidyl
4,4-azipentanoate NH®iazirine (Thermo Scientific) in PBS with 10% dimethyl sulfoxide
(DMSO) (Sigma Aldrich). The cell suspension was incubated at room temperature in the
presence of 1 mM NHBiazirine on a roller mixer for 30 minutes before 1 M
tris(hydroxymethyl)aminomethane (Tris) pH 7.4 was added to quench the remaining reactive
NHS moieties. The cells were pelleted and the-RidSirine solution was removed, before

they were again washed thi 10 mL PBS. In experiments in which hormones were applied

to the cells, it was at this stage that the cells were resuspended in experimental solutions,
before a further incubation at room temperature on the rolling mixer. Following incubation,
cells wee transferred to a 60 chtissue culture dish (Sigma), which was kept on ice. The lid
was removed from the plate along with the ice it was immediately placed under a 100 watt
365 nM UV light source (UVP) at a distance of approximateigpnmfrom the lensof the

lamp to the surface of the plate. lllumination lasted typically for 5 minutes, after which the
cells were again transferred into a 15 mL conical centrifuge tube and pelleted as before. The
supernatant was removed and the cells were washed in LGPBS. The PBS was aspirated
from the pellet, which was then lysed in 1 mL 1% IgepaZACA630 (Sigma) w/v, 20 mM
HEPES pH 7.5, 200 mM NaCl, 2 mM DTT, 1 mM EDTA and 0.05% TWEEN 20 (Sigma) w/v, and

in some cases 0.25% sodium deoxycholate, and tramsfeora 1.5 mL microcentrifuge tube.
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The cells were incubated in lysis buffer at 4°C on a rotating mixer for 20 minutes to 1 hour
before they were sonicated and cellular debris was pelleted at 21x1@&t 4°C for 1 hour.
The supernatant was removed fro the pellet and transferred to a new 1.5 mL

microcentrifuge tube.

3.3.4 R subunit selective precipitation

In preparation for pull downs, 30 ug of purified &83ion protein, either GSRIAD or GST
lYItTd OdoX 6SNB LINE f-BlowR@uRthioBey Segharosen4B XGE 2 T C
| SFfGKOFNB [AFTS {OASyOSauv Ay I G2aGFrt @2f dzyS
2mM DTT, 1 mM EDTA and 0.05% TWEEN 20 (Sigma) w/v by incubation on a rotating mixer

for 2 hours. Following this binding period, the unboymdtein was removed by a series of

four washes in 20 MM HEPES pH 7.5, 200 mM NaCl, 2 mM DTT, 1 mM EDTA and 0.05% TWEEN
20 (Sigma) w/v. The loaded beads were then transferred to a 15 mL conical centrifuge tube,

and the total volume was brought up to 4.5Lnwith wash buffer, in order to dilute the

sodium deoxycholate from the wash buffer during the pull down step.

Supernatant from the crosslinked HEK293T cells was then added to the mixture, which was
subsequently incubated overnight on a rolling mixe4&€. The beads were then spun down

at 1200x gfor 3 minutes before the supernatant was removed. The beads were then
resuspended in 1 mL of 20 mM HEPES pH 7.5, 200 mM NaCl, 2 mM DTT, 1 mM EDTA and
noenp: ¢299b WA 0{ A-BnNIlcAMPdorémosnanicd¢alemtly mound &
subunit, and transferred to a 1.5 mL microcentrifuge tube. Beads were washed four
additional times in this buffer, following which the buffer was removed, and the glutathione
sepharose was treated with 1X NuPage LDS Sample BLtilenmo) and heated to 85°C for

10 minutes to release the protein. Variations on this basic procedure were incorporated into

some experiments, as specifieddhapter 4
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2.4 Crosslinking coupled to mass Spectrometry-\X&)

XLMS is a structural methodhat uses chemical crosslinking of protein residues and
subsequent digestion and identification of peptide sequences by tandem MS to determine
the spatial orientation of protein regions in relation to each other, both within a single
protein or subunit (itra-link) and between different proteins or subunits (irdinks). The

key strengths of XMS are that it allows protein interactions to be examined in their native
conformations, and it enables structural analysis of disordered regions. The generalized
workflow of XEMS consists of purification of the protein sample of interest, followed by
chemical crosslinking, enzymatic digestion into peptides, and finally identification of

crosslinked peptides by tandem MSdure 27).

Digestion & -@‘“\27 LC-MS/MS &
Crosslmklng Enrlchment \’[ '\7/ (\ Valndatlon

Figure 27 Generalized oveview of XI:-MS. Proteins are crosslinked by DSS in order to lock in their
conformation. Following this, the protein mixture is enzymatically digested to create peptides, which
are subsequently analysed by liquid chromatography and tandem mass spectrometry

Abundance

m/z

| utilized the chemical crosslinker disuccinimidyl suberate (DSS), which consists of a
homobifunctional arrangement of two-Nydrozysuccinimide (NHS) esters on either side of

an eightcarbon spacer arm, is used to form spontaneous crosslinks. ThedétS can

react with free amines on lysine sidbains and the protein f&rminus to form covalent

' YARS 02yRa® ¢KS 3IANBF(GSad LR2aarof Sinkddbealdl yoS
residues is ~ 35 A, factoring in the 24 A combined length of the irkessithe reach of lysine

side chains, and the inherent flexibility of protein in solutibeitner et al., 2014 The NHS

moiety of DSS hydrolyses quickly in aqueous solutions, so solutions must be made shortly

before use to prevent loss of activifiyeitner et al., 2010)
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Purification, mixing, and crosslinking of the proteins were handled in our lab, as was crosslink
mapping andanalysis. Digestion, enrichment, -MS/MS and initial processing by
xQuest/xProphet/xTract was carried out by our collaborator, Florian Stengel at the University
of Konstanz. Analysis of data output by xQuest/xProphet/xTract was performed

collaboratively.

2.4.1 XEMS Sample preparation

To assist identification of crosslinked peptides by tandem MS/MS, | applied an isotepically
labelled form of DSS, in which the 12 hydrogen atoms of the linker arm are replaced with
deuterium, resulting in a 12.075 Da mahkffts Crosslinking was performed with a 1:1 mix of
DS&Hi; and DS®12. The different masses of the heavy and light crosslinkers appear as a
mass shifted doublet on the spectrum which assists in their assignroernér et al., 2014;

Seebacher et al., 2006)

In general crosslinking reactions were perfoinie dza Ay 3 mnn >3 LINRPGSAY
Mixtures were incubated at 30°C for 10 minutes with mixing at 500 rpm prior to the initiation
of the crosslinking reaction by the addition of 0.5 mM DSS (1:1 molar ratio gf D&%
purchased from Create/Molecules). The crosslinking reaction was allowed to progress for
30 minutes at 30°C with shaking at 500 rpm, and was then quenched by the addition of 50
mM ammonium bicarbonate. The reaction mixtures were then snap frozen and sent to

Florian Stengebfr gXEMS analysis.

Prior to analysis on the spectrometer, crosslinked samples were treated with a urea/tris(2
carboxyethyl)phosphine (TCEP) solution to reduce disulphide bonds, then free cysteines

were alkylated with iodoacetimide. Protein was subsatly digested with trypsin, which
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cuts at the @erminus of arginine or lysine residues, excluding those that have been
crosslinked(Leitner et al., 2014) This trypsinized peptide mixture was then treated with

formic acid to inhibit trypsin activity. The digested peptides are separated from the solution

and retained by a solid phagxtraction system. The eluted peptides were separated by size
exclusion chromatography and collected in-801n  >[ FN} OGA2yas gKAOK

processed on the spectrometer.

2.4.2 Crosslinked peptide separation & identification by MS

Peptides samles were sequenced using tandem MS. First, charge was imparted on the
digested peptides by electrospray ionization (ESI). This process is essential to the
ARSYGAFAOIGAR2Y 2F LISLIWIARSE o6& af{xX Fa Al Aa
there s little transfer of excess energy to the target peptide, charging the peptides without
causing fragmentatio(Banerjee & Mazumdar, 2012; Fenn et al., 1989)ESI, the peptides

are suspended in a carrier solution containing a polar solvent, and then forced through the
tip of a capillary, which is maintained aigh voltage. This results in the transformation of

the liquid into electrospray droplets, which evaporate, eventually releasing the peptides,
which have now acquired the charge of the dropl@anerjee & Mazumdar, 20125amples
processes as part of this investigation were ionizethgi® nanospray ionization system,
which creates smaller droplets than conventional systems, and allows a smaller amount of
material to be processed in the course of an experim@@dnerjee & Mazumdar, 2012;
Rinner et al., 2008)During our investigations, peptides were analyzed using an Orbitrap
spectrometer (ThermoFisher Scientific), whinkasures oscillations of ions as they orbits a
central electroddLeitner et al., 204)to determine mass to charge ratios thus enabling very

accurate mass measuremer(iseiner et al., 2014; Makarov, 20Q0)
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The charged peptides progress from the first MS phase (MS1) to the second MS phase (MS2),
in which the peptides are further fragmented by collision induced dissociation (CID). In this
process, the ionized peptidel®mbarded with a neutral gas, the additional energy of which
causes the peptide to break apart in a predictable pattern, generally between the residues
of the peptide, producing fragments with mass differences that can be analyzed in relation
to one anothe to determine the peptide sequend®iemann, 1990) The peptide linkages

are broken in a maner that produces both a charged peptide, the mass to charge ratio of
which is further analyzed, and a neutral peptide, which is lost. The individual properties of
peptide residues, as well as pedsanslational modifications, dictate the position andwea

of the charge, but either r N-terminally charged ions can be formed from a peptide,
depending of the conditions of the bongdBiemann, 1990) The data resulting from these

two charge forms is then combined to produce greater coverage of the peptide sequence.

2.4.3 MS data analysis using xQuest/Prophet

The data output from the L®IS/MSwas next processed by xQuest/Prophet software to
identify crosslinked peptides. Peptides that were linked by-D$8nd the equivalent
peptides linked with DSIS;,; were processed by MS2 separately from one another, but
matched by the software on the basis of the isotopic siRinner et al., 2008) When the

MS2 data from the two DSS species are compared to one another, there is a population of
peaks that are the same, resulting from tgeneration of and ion that does not include the

crosslinker, and a population that has the characteristic 12.075 Da Bigtire 2.2\).

In a preprocessing step, the software compiled a library of theoretical peptides based on
the enzymes and protes used in the experiment, in order to carry out comparison.
However, the number of theoretical spectra that need be produced would increase

exponentially if every crosslinked peptide possibility had to be included, which would also
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exponentially increas¢he number of theoretical spectra to which the experimental data
would have to be compared. Instead, the software compared the spectra produced by a
peptides of the same identity, which exhibited the characteristic 12.075 Da shift during MS1
analysis. fie software then compiled a combined spectrum from both the-BS8nd DSS

Di2 linked peptides consisting of only those peaks that appeared at exactly the same mass
during MS2 analysis, without the 12.075 Da shift. These peaks, which showed no shift,
indicated the portion of the peptide that did not contain the linker. These peaks, which both

spectra share, are known as common lirfkig)(re 28B).

The commorpeak spectra were subsequently compared to the softwgeaerated index of
theoretical pepties to find the closest matches. The stringency of this step was kept low, as
crosslinked ions make up the bulk of the data generated by MS2, leaving relatively few
common peaks out of which to form the spectmRirfner et al., 2008syplementary
discussion). Full theoretical spectra, this time with the more computitgmsive full range

of crosslinking combinations, were then generated for these selected;nsrehed
potential crosslinks Rigure 2.&). This analysis populated atliwith potential peptide
matches from the theoretical peptide library in which even a single peak was matched to the
experimental spectrum. These commibmk spectra contained data from both peptides
present in the crosslinked precursor, so potential péptmatches from the theoretical
library were then paired in such a way that their combined mass was equal to the mass of
the intact crosslinked peptide, which was measured in the first MS1 Bigprg 2.8). The

correctness of the peptide matches wdreh evaluated by the softwaré&igure 2.8).
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F|gure 2.8Workflow of XI-MS processingA. DSSHi2 and DS$x2 crosslinked peptides are matched

to each other using MS1 to identify the 12.075 Da shift in their mass. When the MS2 data for each
peptide is compared, some of the collision dissociated ions exhibit the 12.075 Da shift between the
two DSS conditions, wikisome have exactly the same mass. These shifted peaks (red) are ions that
contain the crosslinker when analyzed by MS2, while the peaks that do not exhibit a shift are ions that
did not contain the crosslinker during MS2 analysis (green). These pedisoavn as common links.

B. The software generates a library of theoretical links based on the protein and digestion enzyme
parameters of the experiment. The spectra containing only the common links is then searched against
this library. The stringenaf this search is very low, and matches of even a single peak are retained.
C. These newly identified potential links are then processed to produce a library of theoretical
crosslinked spectra, which contains the software predicted ion spectra of allinations of peptides
identified in the first library searchD. The potentially matched ion spectra are combined with so that
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only pairs that match the mass of the original experimental peptide are retalbddhe ion spectra of
the peptide pairs withhe same cumulative mass as the original peptide are searched to produce the
best match. The quality of this match is then assessed by a series of statistical measures.

A typical MS2 spectrum is shownfigure 29. Collisiorinduced dissociation (CID) breaks apart the
initial peptide such that it is possible to sequence the crosslinked peptide on the basis of differences
in mass as single amino acids are lost from the peptide termirigume 2.9 fragments contaning

DSS crosslinker are shown in red, whereas common ions are shown in green.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

R n
Peptide A SESSKQQKPFPLEGEMQPAINAEDADLSK
L L

Peptide B VEFDKGNGYISAARELR
L

4
| | | | | |

Figure 2.9XI-MS MS2 ion spectrumAn MS2 spectrum is shown for an example crosslinked peptide.
Fragments containing crosslinker are shown in red; common ions are in green.

The xQuest/xProphet pipeline outputs a number of scoring paramesbmsvn iffigure 2.1Q

to evaluate the validity of crosslinking match@¥alzthoeni et al., 2012) The strongest
indication of match fit is the MatchOdds parameter, which is calculated by taking the
negative log of the probability that the peak matches generated by the software are a
random fit, factoring in the theoretical number of ions, the number of matchestlamdhass
accuracy. The software also determines the closeness of fit between the experimental ion

spectrum and the predicted ion spectrum of the crosslinked peptides as compared to the
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second best match, which are output as the xcorrx, and xcorrb paemnér crosslinked

and common peaks respectivdiMacCoss, Wu, & Yates, 2002)

A correction to overcome an observed bias of early versions of the software pipeline to
accept assignments of peptide identity in which one peptide is correcthtifazhand the

other is erroneously assigned, the weighted total ion current (WTIC), is also evaluated
(Walzthoeni et al., 2012) The wTIC scoring parameter uses the amino acid lengthatf
peptide, the length of the total crosslinked unit, and the dissociation pattern of the peptide
to rule out crosslink matches in which only one peptide is matched. The intensity sum score
(intsum) measure is the total of the normalized intensitieshaf peaks in the crosslinked
spectrum(Walzthoeni et al., 2012) In order to optimize the separation between the true
and false positive hits, the authors used linear discriminantyaigbn a population of known
true-positive and falsgositive links, and determined a measurement single measurement
(Idscore), which combines MatchOdds, intsum xcorrb, wTIC and xcorrx into a single

weighted measurement. ID scores greater than 25 aresidered to be strong candidates.

xProphet also estimates false discover rate based on individual calculations of FDR for mono
and loop links, intraprotein crosslinks, and interprotein crosslinks. This is accomplished using
a targetdecoy strategy irwhich the library of candidate peptides populated by xQuest is
combined with generated decoy peptides and the number of false discoveries within the
linked dataset is estimated based on the number of returned links that contain at least one
decoy sequence.The selection criteria can be tuned to provide links that fall within a

specified FDR percenta@@/alzthoeni et al., 2012)
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Figure 2.10xQuest/Prophet output parameters These valuesra representative of the processed
information produced for each crosslink in a dataset, combining information frormav&lysis, as
well as processed M8ata as generated by the xQuest/xProphet pipeline.

2.4.4 Quantitative XtMS (gXEMS)

Standard XIMS datasets include a quantitative measure of detection intensity within the ion
chromatogram for each peptide that is dependent upon the abundance of a given crosslink.
The usefulness of this parameter is limited when considered in isoldtidrfluctuations in
intensity can then be used to evaluate how spatial relationships, both between and within
proteins, change in response to factors such as inclusion of additional proteins or molecules.
However, this information has only been utilizeda small number of studies, and analysis
was carried out by manual extraction of the data these few c@idtzthoeni et al., 2(H).

While the quantification of protein abundance in a sample by MS has been widely used,
applying the same concepts to-KIS introduces new challenges. The presence of the same
crosslinked lysines within peptides of varying digested lengths, offefeht charge states
complicates the quantification of their abundance. Comparison problems are further
exacerbated by the characteristically low presence of crosslinks among peptides, and the

common use of enrichment methods to specifically identifysstimked peptides.
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In order to overcome these problems, and facilitate the use of-lg%l. Walzthoeni and
colleagues have developed a software package, xTract, which quantifies and compares XL
MS data(2015) xTract uses the crosslinked spectrum matches from the xQuest/xProphet
pipeline that conform to the user defined FDR cutoff, and appends thaimecinformation

from the MS1 scan, including the precursor retention time and intensity. At this point, a
library of decoy extracted ion chromatographs is populated for later use in determining the
false discovery rate (galue) of the quantified peptigs. This is performed by mutating the

n" amino acid in each of the peptides, wherés repeated for the number of residues in the
peptide, according to a defined exchange table to create decoys which differ only in mass,
but not retention time of the pptide (Walzthoeni et al., 2015) The information is searched
based on a reference peptide spectrum match, to identify! M&rs within a specified
retention time and mass to charge tolerance, from which an isotope peak group,
corresponding to a single peptide, is defined. The suitability of this fit is then assessed by
the program and output as a score from zero to one, withhigscores indicating a lower
chance of a random match. The area under the curves of the matched isotopes within one
peak group is calculated to give a total intensity of the observed isotope. Statistical analysis
of the peak groups is then carried ouy ImProphet. The results of this analysis are then
compared between the reference set and the experimental set, yielding a measurement of
change of intensity between the two states which is expressed as alagge of the ratio
between the reference and experimental samples, and a probability score yielding from a t

test for all the comparisons between the groups.

2.5 Live cell FRET measurements using Mithras LB 940 plate

reader
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2.5.1 Plate readesset up.

Fluorescencéased recordings of cAMP concentration and PKA activity were performed
using a Mithras LB 940 plateader (Berthold Technologies) controlled by a computer
running Mikrowin 2000 software. The plate reader was equipped with emissiah an
excitation filters Table 2.5 compatible with measurements using the reporters AKAR4

(Depry, Allen& Zhang, 201Bnd 'Epad’ (Klarenbeek et al., 2011)

Center . Berthold
Full-width at half . .

Wavelength : Transmission (%) Application part
maximum (nm)

(nm) number

420 10 50 Excitation 39452

485 14 60 Emission 40271

535 25 60 Emission 40273

Table 2.5 Filters used in conjunction with Berthold Mithras LB 940 plate reader.

2.5.2 HEK293T cell transfection & attachment procedure

Recordings were performed usitrgnsfected HEK293T cells attached tev@8l plates. Cells

were cultured in DMEM (Gibco, E2693) supplemented with GlutaMAX (Gibco, -P4417
100TAB), Penicillin/Streptomycin (Gibco, 15142), and 10 % fetal bovine serum (Gibco,

10270). Cells were transfeaeat 60 % confluence with control or reporter DNA iwéll

LX FGSad 9FOK ¢Sttt ¢lra GNIryaFSOGSR o0& TFANRD
(Promega, E2693) in serditee DMEM and then applying the mixture after 15 minutes to

each well. Two days aftetransfection, HEK293T cells were resuspended in 3 mL
addzLJLX SYSYGSR 5a9a> | YR NB Liwellihatkwaled plaes n > [
(Molecular Probes, M33089) that had been coated overnight with -plylgine (Sigma,

P6282).
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2.5.3 Drug preparation

Propranolol hydrochloride (Sigma P0884, MW 295.8; 2.9 mg/10 mL for 1 mM), and
isoprenaline hydrochloride (Sigma 15627, MW 247.72; 2.5 mg/10 mL for 1 mM) were
prepared immediately prior to experiments by dissolving in PBS to produce 1 mM stock
solutions. I8 LINBY I f AyS 4+ a& |RRSR (2 ¢Stfta 4G GKS |1
using a 1zZxhannel BioHit e300 in multispense mode. The Mithras LB 940 pump was
LINAYSR gAGK mnnan >a LINRPLINIy2f2t G2 SylroftS Ay

concentt GA2YY mMn >al0d

250n { LISOAFTA O Nitafocédlonikavti@aiiod BiReYiment

To perform this experiment, HEK293T cells were laid out in the pattern depidiztlén?.6

In each experiment, either AKAR4 '&pa¢¥ was used as the FRET reporter. DMEM was
aspirated from the wells immediately before the experiment and replaced with enough PBS

G2 tSIR G2 FAYylLft @2ftdzySa 2F wmnn >[ | FGSNI IR

performed at room temperature (22 °C)
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Well Isoprenaline Propranolol Transfected with:

number added added

Al Yes Yes pcDNA3.1 control
A2 Yes Yes FRET Reporter*
A3 Yes pcDNA3.1 control
A4 Yes FRET Reporter
A5 Yes Yes pcDNA3.1 control
A6 Yes Yes FRET Reporter
A7 pcDNA3.1 control
A8 FRET Reporter
A9 Yes pcDNA3.1 control
Al10 Yes FRET Reporter
All pcDNA3.1 control
Al2 FRET Reporter
B1 Yes pcDNA3.1 control
B2 Yes FRET Reporter
B3 pcDNA3.1 control
B4 FRET Reporter
B5 Yes pcDNA3.1 control
B6 Yes FRET Reporter
B7 Yes pcDNA3.1 control
B8 Yes FRET Reporter
B9 Yes Yes pcDNA3.1 control
B10 Yes Yes FRET Reporter
B11l Yes pcDNA3.1 control
B12 Yes FRET Reporter

¢ ofS Hdc t fadrénScefdtor dedciilzitionTe@etimentThis experiment was performed
using HEK293T cells transfected with either AKARBga¢" as the FRET reporter.

The plate was first read with no additives to determine baseline ratios for 535/485 nm
emission following excitation at 420 nm (2 measurements per well). Next, the-chalitinel
LALISGGS ¢l a dzaSR (G2 NILARfE@ | LlLXaon:@s0nM[ 2F ™
to wells AXA6 and B1B12. After four minutes, the protocol depicted figure 2.11 was

initiated.

107



A DoREEEEREERmEE

OOIOOOOOO0

HRRLE QR

OO0

O
Q)
8
Q)
9
O

O
O
O
@
O
O

OOOOOOOO0)
OOOLOOOOOO
9900000 eee
OO0
OOOOOOOO0

m Measured

ﬂ Measured & receives propranolol injection

B Operation: Delay
20 Cycles: Duration 3.3 Operation:
Meas. operation by Plate Pre485A/Post485A
(~60 s/cycle) Repeated operation Yes Counting Time 0.10
Lamp Enengy 4
P Excitation Fitter 420
@ Pre535A Excitation Aperture Nomal
@3 Delay /’/’ Emission Filter F485
@ PostdB2A Counter position Top
® Post535A Meas. operation by Plate
e 2nd Measurement No
@3 Delay
& Dispense
e
b Shake Operation: Dispense
: 7
Operation: Shake Injector ?
, — Volume 10
Duration & Speed middle
Speed Slow Meas. operation by Plate
Diameter 0.1 Repeated operation No
Type Linear
Meas. operation by Plate
Repeated operation No

Figure2.1% £ I 4G S NI I RS NJ-ddiierddepfdd deschidtiorfeRpidment

The program performs 20 cycles of recordings such

thado®0 535/485 emission ratios are

collected at ~ 30 seconds intervals. After the first two recordings, the plate reader is

LINEIANF YYSR (2 Ay2SOd wmn

>[ -2 A56,A910, BX2,:B56LINE LINT Y

and B910. Addition of propranolol thus occsifive mins after addition of isoprenaline, which

is the same timing as experiments using NM&ririne crosslinkingChapter 4.
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2.5.5 Specific run parameters: isoprenaline titration experiment

In this case, HEK293T cells transfected with either AKAR4 or control DNA were laid out in the

pattern depicted intable 2.6

Iso

0 001 003 01 0.2 0.5 1 2 5 10 100 1000
(nM)

Row A AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4  AKAR4
Row B AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4 AKAR4  AKAR4

RowC  pcDNA  pcDNA  pcDNA  pcDNA

Table 2.7 Plate layout for isoprenaline titration experiment.

/] Stta 6SNBE a6AGO0OKSR Ayid2 don >[ t.{ o RI&a
measurements per well, different concentrations of isoprenaline were rapidly added to each
well as indicated inable 2.7 (top row) usingthe multi-channel pipete in multidispense
mode. A brief shake (2 s, slow speed, 0.1 cm diameter, orbital, by plate) was included prior
to the first data point after addition of isoprenaline. Recordings began immediately after
shaking such that the first data point fell 30 sade after addition of isoprenaline and

continued at ~ 30 seconds intervals for a further 20 mins.

2.5.6 Data processing

Data processing was performed using Microsoft Excel. Background emission at 485 and 535
nm was subtracted using data recorded in caigsisfected with control DNA. Changes in
FRET ratio were calculated on a per well basis. 535/485 FRET ratio changes were then
averaged across replicates of the same condition collected in different wells. Replicates were

collected on different weeks usimgew transfected cell and drug preparations.
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2.5.7 Comparison of plate reader approach to single cell recording methods

There are advantages and disadvantages to performing measurements using A&/

in 96-well plates in comparison to the more common method of measuring single cells with
a light microscope equipped with lasers and filters for FRET measurel(iaypsy et al.,
2011) Recording plates enables the experimenter to trial many variables in parallel, as
exemplified by our recordings with 12 different concentrations of isoprenaline. Since
recordings are on the popation level, weHlto-well variations are relatively small in
comparison to single cell differences. Conversely, our sampling frequency (one recording per
30 s) is very slow in comparison to microscopic methods. Furthermore, there is a lag of ~ 8
seconds be&veen each 535 nm and 485 nm emission measurement. In addition, some
subtleties including single cell oscillations in cAMP/PKA activity will be averaged out at the
population level. The experiments conducted during this project were therefore tailored to

exploit the advantages of the plate reader and do not require high temporal resolution.
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Chapter 3. Quantification of PKA subunit
stoichiometry in cell and tissue preparations

The exact molar excess of PKA R subunits to C subumikeysfactor in understanding how

PKA C is restrained following its release from the R subunit. Remarkably, to our knowledge,
there are no published attempts to accurately determine PKA subunit copy number in
different biological preparations using moddathniques. In order to address this problem,

| took advantage of a range of commerciaiailable antibodies (BD Biosciences). | applied
these in conjunction with purified PKA subunits to establish a quantitative immunoblotting
protocol. After validanhg the specificity and dynamic range of the selected antibodies, and
developing a densitometric analysis procedure, | systematically quantified C, Rl and RII
subunit expression across a range of organs and cell types. The ratios of R to C subunits that
| determined have important implications for the interactions of the subunits following

activation.

31 Antt/ ¥ wLX wLLhX FYR wLLloi |y
guantitative immunoblotting

Before undertaking subunit quantification in tissue homogenategriopmed preliminary

experiments to assess the specificity of different antibodies that might be useful in the study.

t NBEtAYAYIFNE AYYdzy2o0t20a oL. a0 6SNB LISNF2N)X¥SR
wLh X wLi T wLLh I I y Rfiedly glutathione affinifyfand lsideRexci8sioy 4 I &
chromatography, following overexpression in bacteh#ethods 2.1.5. The use of purified

proteins for immunoblotting enabled the assessment of isofapecificity, and enabled

accurate protein concentrath measurements of protein standards by BCA assay. As the
antibodies demonstrated varying degrees of sensitivitsghle 3.), the amount of protein
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loaded was tuned to fall within the dynamic range of each. Accordingly, the amount of

protein loaded for ach isoformspecific immunoblot varied, but the same amount of each

PKA subunit isoform was used within each antibody test. 3 ng of each purified subunit were

loaded to test the specificity of PKA C antibody; 100 ng forRenti Rl and antw L h T

ngfor antrw L L h

Hg BSA to decrease nespecificbinding.

In all cases, primary antibodies were used in

conjunction with goat antmouse IgG (H+L) pehorseradish peroxidase (HR$condary

antibody (ThermoFischer Scientific).

Yy R

l-wyLRTalbleyd).A The loading mixture for each lane contained 1.3

This immunoglobulin, which is coupled to multiple

copies of HRP, was found to produce the strongest and most reliable chemiluminescence of

iSadSR

I yiro2RASES

substrate.

gKSY Ay Odzo | G &Rherp ARPK

PKA C [ h X [ 0.1¢ 100 1:530 610981
anti-PKA[RI] wLh X wL 1¢100 1:320 610166
anti-t Y! owL'wLPM X wlL - 1:320 610609
anti-t Y! owLIlwLLH"M 3¢50 1:320 612243
anti-t Y! cowL lwlL L] 3¢50 1:320 610626

Table 3.1 PKA antibodies used in immunobl

ottidgntibodies were tested by detection of purified

protein to establish subunit specificity and sensitivity.

PanC antibody was found to be highly sensitared selective for PKA C subunkgy(re 3.1

G2L) LIySt ftrFrySa wm

9 HOUD CKAA FyiAo2RE

isoform residues 1847 (accession numbers ifiable 2.4. Sequence alignment using

BLASTP indicates 94% sequence iteatiross residues 1847 between the PKA C subunit

A a2 F 2 NI gAltsthul | GEIR Miller, Myers, & Lipman, 199M)is information combined

GAGK GKS Sljda gt Sy

G LIAESt RSyaArde F2NJ /0
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the PanC antibody does not preferentially bind to either C subudially, the levels of PKA
[ h YR /] O2dzf R 0SS SadlFofAdKSR aSLI NrdSte oc
available. It may be possible to develop such an antibody in future by utilizing a peptide

immunogen derived from the most divergent semce spanning residues -3% of the C

subunit.

Validation experiments using aff® subunit antibodies produced more mixed results. Anti

wLh | yiAo2Re SEKARSIHSRO G2 WA 2RI ittt ha@NER2aNY 6
from top). Sequence alignent reveals 83% sequence identity between the two RI subunit

isoforms across the residue range used in antibody production. Qualitative densitometry
FylFrfeaAra akKz2gad a2YS aLISOATAGMKIR KRANISWI haA IgA
compared to R iFiguse 3.1Janes 3 & 4). PaRl antibody proved to be more reliable. This

antibody was raised against the much shorter sequence, residuee 28w 2 ¥ wLh X GgKA
yyi: ARSyGAGeE 6AGK GKS SldA@lESyd NB3as2y 27

I ROSNIAASRT LINRPRdAzOAYy 3 GKS aFiga® 3. hskcBndlpdnel 2 NJ Lk

from top, lanes 3 & 4).

Ly O2y iGN} ad G2 GKS LJ22NJ aLlSOA T-apechiciadtibddiks? gy 0 &
showed very little crosseactivity. mmunoblotting Eigure 3.1third and fourth panels from

top, lanes 5 and 6) showed no @éirget detection. These antibodies are evidently able to
distinguish between the 669%4entical RII subunit isoforms. | therefore proceeded with-Pan

C, ParRI and Rikoformspecific antibodies in subsequent analyses.
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PKA subunitisoform transferred
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100 ng protein
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i -
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Figure 3.1 Purified protein cross reactivity blots. order to verify the specificity of primary antibodies

for each subunit or subunit isoform, a standardized quantity of each purified protein aasférred

onto the same membrane. For PKA C and RI antibodies, the binding was confirmed to be equivalent
across isoforms. For PKA RIl isofgpacific antibodies no cross reactivity was detected. The

VVVVV

FyGAo2Re YIN)] SGSR G2 RSnathé (dashed box) ivags fobind to haveathighNlY & LIS
RSAINBS 2F ONR&aa NBFIOGAGAGE 6A0GK GKS wLi A&a2F2N)Z
guantitative experiments.

3.2 Selection and preparation of specimens for subunit

guantification

3.2.1 Tissuand organ samples

There were a number of factors that influenced the decision to focus on organ and tissue

samples prepared from Sprague Dawley rats for PKA subunit quantification. Rats are a widely
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used model organism for studies of cCAMP and PKA digmallFor example, studies of
sympathetic nervous system control of heart contractility, and &g changes in synaptic
strength have utilized this model organism owing to its high genetic similarity to humans.
Studies of synaptic plasticity typicalltilize brain slices prepared from foweekold rats: |

also focused our quantitative experiments on faueek-old male rats. At this age, rats are

large enough that dissection of organs and brain-segions is relatively simple.

| sought to compare PXsubunit stoichiometries over a range of different tissue types.
Logistical considerations about the loading and quantification of a large number of samples
meant that only a limited number of tissues could be included for subunit quantification, and
careful consideration was given to their selection. | decided to focus on brain, heart, kidney,
liver, lung and skeletal muscle. All of these preparations have been historically important in
CAMP research. Heart tissue was used extensively to charactbezelifferences in
R26yaiNBI Y ST addérgic agoSdiseaBdSPGENY to inform the field of
CAMP compartmentalizatioriBuxton & Brunton, 1983; Hayes et al., 1979; Keely, 1979;
Mongillo et al., 2004; Zaccolo & Pozzan, 2002)MP research has also classically featured
studies in liver dating back to the first work on the glycogen phosphorgksesade including

the first studies of glycogen physiolo@yori & Cori, 1928nd phosphorylase kinagé. Rall

et al., 1956) The use of liver tissue was instrumental in the studies leading to the discovery
of cAMP(T. Rall et al., 1957; E. Sutherland & Rall, 19bihg tissue was selected due to the
activation of the diseaseelevant chloride channel, cystic fibrosis transmembrane
conductance regulator (CFTR) by F8AH. Cheng et al., 1B9Guggino & Stanton, 2006)
Skeletal muscle has equally been a lstanding tissue of interest for PKAlated study.
Glycogen phosphorylase was first crystalized from skeletal muscle, and muscle was the first

tissue from which PKA was purifi@d/alsh et al., 1968) The earliest differentiation in the

tissue spet FAO SELINB&a&aAzy 2F wLhEX YR wLi | & 6Sff

115



YSdINRPYyazI ¢gAGK GKS TFTANERG A RSecilichidoord(Céddl Yy 2 F

Mcknight, 1989; Clegg, Cadd, & McKnight, 1988)

Organs were extracted from eight different male, faueekold rats There was little
variation between the weights of the organs from the dissected aninfalslé 3.2. The use

of consistent age and sex animals ensured a similar total weight, which contributed to the
similarity of organ mass. The greatest variationmeight was seen in skeletal muscle
(standard error = 13%). This reflects challenges in extracting skeletal muscle from
membranes and connective tissue without losing some of the target tissue. However, tissue
was collected in excess of the amount neededthe experiments, and homogeneity was
considered a priority over total yield. The average weight of the cortex across the animals
varied by only 3.4%, and only 2.12% for the cerebellum. All other tissues fell between
skeletal muscle and cerebellumtarms of error. Though kidneys were extracted, weighed,
and processed, they were not further quantified due to logistical limitations on the number

of tissues that could be analyzed, as well as their physiological overlap with HEK293T cells.

Tissue Average Mass (g)

Cortex 1.13+£0.038
Cerebellum 0.28 £ 0.006
Heart 0.57 £0.042
Kidney 120+0 118
Liver 4.88 £ 0.446
Lung 1.20+0.121
Skeletal  0.4810.064

Table 32 Mass of organs following dissectio®rgans were removed from eight animals, and washed
thoroughly in PBS, from which they were subsequently removed and weighed.

Studies of PKA and cAMP signaling in the brain have revealed that the mechanism for

synaptc plasticity in cerebellar granule cells is quite different from that observed in typical
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glutamatergicexcitatory synapses in the rest of the brain: in cerebellar granule cells, long
term potentiation of synaptic strength is thought to be driven by asyreptic CAMP/PKA
dependent mechanism. Therefore, | decided that it would be valuable to fractionate the
brain into cortex and cerebellum. A major focus of the research community is the role of
CAMP and PKA in regulating synaptic strength. | thereforéiaddlly fractionated cortex

to enrich synaptic material, in addition to the whole cortex lysate. This method was intended
to give a better measure of the stoichiometry of PKA in the synapse, while excluding other
tissues and tissue portions, like gliadamyelinated membranes. The use of homogenization
by calibrated mechanical shearing force followed by centrifugation is aestlblished
method of isolating nerve terminals and thereby enriching the proportion of synaptic protein

in the resulting homogeate (Dunkley, Jarvie, and Robinson 2008).

| also decided to include protein extracted from the cell line HEK293T in our analysis. While
the use of whole animals allowed us to determine the PKA subunit abundance and
stoichiometry from a variety of tissugthe copy number calculations can be expressed only

in terms of subunits per unit wet mass. Expanding our investigation to include cultured cells
enabled us to easily and accurately determine the stoichiometry and subunit copy numbers
per cell. The usef cultured cells also meant that the cell type was entirely homogenous.
The HEK293T line is a very popular model cell line that has been widely utilized in studies of
localized cCAMP signallinPonsioen et al., 2004; Willoughby & Cooper, 2006; Willoughby et
al., 2006) In addition, | also used this cell line for studies involving-ighvated crosslinking

and fluorescent reporters of PKA activil@h@apter 4, therefore the experiments in this
chapter give some context to these recordings. Comparing ®Kanit ratios between
HEK293T and rat organ/tissue preparation also helps to assess the physiological relevance of

results in this cell line.
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The number of cells in a total HEK293T cell culture volume following washes with PBS was
estimated by using ademocytometer to determine the cell count in 0.1 pl of culture, and
multiplying by the total volume of the culture (sebapter 2.2.4. Cell cultures were then
pelleted and lysed, and the total volume of the lysate was measured. The total number of
cellswas divided by the volume of lysate produced to determine the average number of lysed
cell contents per pl of lysat@ éble 3.5 columns 4 &5). This figure was used in PKA subunit

guantification calculations going forward.

Replicate Cells/0.1ul Cells/ml Lysate Volume (ul) Cells/ulLysate

1 93.75 9.375x 109 727.6 12884.83
2 96.00 9.600 x 102 769.3 12478.88
3 103.25 1.0325x 108 759.2 13599.84
4 98.25 9.825x 102 753.8 13033.96

Table 3.3 HEK293T chlbate quantification

3.2.2 Protein extraction from cell and tissue samples

Following dissection, protein was extracted from specimens by mechanical homogenization
and sonication in the presence of detergents. Our main aim in choosing the conditions of
homogenization was to release as many of the PKA subunits as possible irgolubk

fraction of the homogenate for quantification by immunoblotting.

The use of mechanical homogenization by rotor/stator homogenizer was chosen for its
ability to process a relatively large mass of tissue quickly, and to produce a homogenous
susgension of tissue. The consistent dispersal of the tissue was paramount. It was also
essential to use a method rigorous enough to separate the tough connective tissues of

organs like heart and lung. Course chopping of the tissue by hand prior to hornat@mi
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was hecessitated by the geometry of the homogenizer attachment. If tissues were left in
pieces larger than the intake of the dispersal mechanism they were not drawn into the tool
and instead left whole. The use of the rotor/stator also broke iksues down to a great
enough degree for sonication to act effectively. The mechanical rotor/stator was chosen
over cryogenic grinding with liquid nitrogen and a mortar and pestle due to the number of
tissues requiring processing, the volumes of thoseugs, and the desire to retain the
entirety of the sample in the lysate. Mortar and pestle grinding risks losing a portion of the
sample in transfer of the particulate out of the apparatus, and as our calculations were based
on the wet weight of the organany tissue loss would have introduced error. This was an
especially important consideration with the smallest tissues like cerebellum, which would
have been disproportionately affected. Similarly, this method was chosen over the more
delicate Dounce hmogenization, used for the production of the synaptosome fraction, for
its greater ability to lyse cells. As identification of proteins in denaturing conditions was our
ultimate use for these samples, it was not essential that protein binding be maidtaine

which allowed us to use more stringent solubilization methods.

Sonication, which causes cavitation of the samples resulting in a high degree of disruption to
individual cells, was used following mechanical homogenization to further lyse the tissues,
in order to ensure that the contents of the cells were released into the soluble fraction of
the final homogenate. Efforts were made to reduce the denaturation of samples by
performing sonication in short bursts, on ice, in a cold room at 4°C. The corhirt
rotor/stator homogenization with sonication yields greater protein solubilization than either

method alone (Burden, 2012).

Finding an effective method of releasing R subunits from the membrane was one of the key

hurdles in solubilisation. The assation of the type Il R subunit with the membrane has
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been well characterized, with its colocalization with pelleted material following
centrifugation being one of the defining characteristics that led to the discovery of specific
localization of type Iad 1l R subunits (Corbin et al., 1977). The anionic detergent sodium
deoxycholate was chosen based on its ability to solubilize lipid membranes, while not causing
a high degree of protein denaturatidiM. N. Jones, 1999)As identification of proteins in
denaturing conditions was our ultimate use for these samples,uldcbave used more
stringent solubilisation methods, like higher concentrations or stronger surfactants.
However, in an effort to maintain consistency between experiments to facilitate
comparisons, | chose detergents that were compatible with subsequetit gown
experiments Chapter 4. Finally, homogenates were centrifuged at high speed to pellet the
particulate material that was not solubilized by the homogenization method. This step was
performed to remove the cellular debris that would have beemimpatible with SDRAGE

loading.

The results of protein extraction are showntable 3.3 Tissues that showed the greatest
standard error between animals were those with the most connective tiscaiglé 3.3. The
variations in total homogenate proteiooncentrations may have been in part due to the
presence of this connective tissue, which would have contributed to the wet weight of the
tissue while resisting solubilisation, increasing the amount of buffer used for the
homogenization without significalyt increasing the soluble protein concentration. The
largest error (13.9%) was seen between lung tissues, which may have been further
complicated by the inclusion of some of the trachea and bronchi. It is important to note
that while | optimized the homwgenization and solubilization conditions to best release PKA
subunits, all of the quantification results that follow are presented with the caveat that they

are dependent on the efficiency of this method.
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Average Concentration (mg/ml)

Cerebellum 6.680 £0.702
Cortex 8.520 £0.248
Heart 7.734 £0.708
Kidney 10.756 £ 0.495
Liver 13.503 £ 1.377
Lungs 8.209 £ 1.148
Skeletal muscle 5710+£0.478
Synaptosome rich 8.832 0477

Table 3.4 Protein concentrations of organ homemates The table shows the concentration of
protein extracted for different organs/fractions of four different animals. 1 mL/g of wet tissue weight
to produce the homogenates. Protein concentrations were determined by BCA assay.

3.2.3 Establishing a @ntitative immunoblotting procedure

Immunoblotting is typically considered a qualitative technique. When using
chemiluminescent substrates to detect protein transferred to membranes, raw pixel density
upon imaging does not necessarily relate linearly protein concentration. However,
advances in digital imaging technology, and the availability of highly purified PKA subunits
meant that | could accurately determine the characteristics of different-BRK\ subunit
antibodies, enabling the accurate quaaatiion of PKA subunit stoichiometries in our panel

of cell and tissue extracts.

The variability inherent to immunoblotting means that quantitative comparison between
immunoblots of separate nitrocellulose membranes is prone to error. | therefore developed
an approach in which a reference standard series of the conjugate proteindbragdibody

is transferred alongside a series of experimental samples. However, before | could undertake
this procedure, I first needed to establish the suitable dynamic ranges for each antibody. Our

antibody calibration procedure is explained in detainethods 2.2.5
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Preliminary experiments to determine suitable reference quantities of Rl protein and cortical
lysate using paiRl antibody are shown ifigure 3.2 In this case, ten different reference
concentrations of purified Rl were transferredagside three different quantities of cortical
lysate Figure 3.2A The relationship between pixel density and Rl quantity maseled

using a Hl function Figure 3.2B which closely predicted pixel density with different
concentrations of Rl #R0.999. For quantification of PKA subunit content in protein
extracts, | selected sample volumes that fell within the A@sar portion of the calibration
curve were chosen (L for cortical lysate iRigure 3.2 Equivalent pilot experiments were
performed with the full panel of antibodies (P&i, ParC, antwL Lh = -WY Ri ¢ y i 2
determine appropriate PKA subunit reference quantities and sample loading volumes for
each antibody and sample. These determinations allowed us to perform a quistitat

analysis of PKA subunit stoichiometries across our full range of protein extracts.
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Figure 3.2 Pilot experiments to determine standard curve rangeSerial dilutions of purified PKA subunitkobwn concentration over a large range were immunoblotted
and subsequently quantified by densitometry in order to determine the most appropriate range for stoichiometric determsndioth the dynamic range of the
immunoblotting system and the maximurmabile concentration of detergent in lysates were considered for the selection of raBgdsl plot of the quantified immunoblot.
C.The area shaded in gray represents the protein concentrations that were used going forward, which include points mest thable organ lysate conditions.
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3.2.4 Determination of PKA subunit stoichiometries

Having established suitable reference curves and loading volumes for our samples, | completed
accurate quantitation of protein extracts from 8ffdirent sources using 4 different ariKA
antibodies, with four replicates for each sample (total = 128 data points). For each data point,
protein extracts were initially loaded to fall within the detergent constraints outlined by pilot
experiments. Ashe experiments progressed, input volumes were adjusted as necessary to
ensure that samples fell within the optimal dynamic range of each antibody. As far as possible,
all extracts were loaded in paralleFigure 3.3, however, in some cases the differescim
concentrations between tissues with the highest abundance of subunit and those with the
lowest necessitated the use of two separate transféigre 3.4. In all cases, the use of PKA
subunit reference points ensured the comparability between resultfter determining raw
numbers for the protein concentration peig extract, the numbers were adjusted to take into
account the predicted size of the given PKA subunit (see molecular weights listdeir2.2
andtable 2.3of methods). The final copyumber per ug wet weight of the organ for each PKA
subunit is listed irfigure 3.5 C subunits are represented in green, combined RI subunits in
2Nl y3IST wLLh Ay LIzNLX ST yR wLLi Ay o6ftdzSo Ly
limited sanple size (h=4), copy numbers were consistent from sample to sample as reflected by

small standard deviations.
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Figure3.4 HEK293T and Rat organ PKA subunit low concentration immunoblots and quantifications
Immunoblots for subtype#é. Pan Rl an®.were carried out in the same manner as figure 3.6, however,
in some cases, the samples containing less protein were blstpdrately from those containing higher
levels of the subunit. Following quantification of the blots by densitometry, the subunit concentration of
the lysates was determined by comparing them to the protein standard curves.
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3.2.5 PKA R subunits generatiuthumber C subunits by ~1fold

z A

¢CKS Y2ad adNRAR{Ay3 FSIGdNBE 2F (K O2 Lk ydzyo SN
PKA R subunits greatly outnumber C subunits. To our knowledge, this is the first concrete
demonstration of this fundamental aspt of CAMP signalling. When the average copy humbers

I NE O2 Y LI NB R -tegt@botti Rl aaRIRY iiverel sephrately found to outnumber C
subunits withp < 0.05 in all samples with the sole exception of Rl in livablé 3.5. The higher

p value for the comparison in liver likely reflects higher standard errors for copy humbers in liver

extracts rather than anything more meaningful.

HEK293T g?l:h Cortex Cere. Heart Liver Lungs Muscle
RI 4.13* 5.22** 2.78* 13.09** 3.15* 5.52 4.04**  2.44*
RI 1 U 646" 1.45* 1.92** 4.94*  1.68** 6.44** 11.57** 7.29**
RI I b 1.29% 14.44* 13.77*  4.02**  0.37** 1.81** 6.07*  1.54**
Total RIl  7.75 15.89 15.69 8.96 1.95 8.25 17.65 8.83
TotalR  11.88 21.11 18.47 2205 51 13.77 2169  11.27

Table 3.5 Relativesubunit copy number normalized to PK& subunit Copy numbers were calculated
per >g by determining the concentration of protein in a known quantity of lysate by quantitative
immunoblotting, and comparing this to the concentration of the lysate establishgdBCA assay.
(Studenfd t-test, *p <0.05, **p <0.01, *** p <0.001, n=4).

The relative numbers of C to total R subunits are shown as column staekgiie 3.6 Across

all eight samples, the total R subunit number is on average-fbid7higher thanthat of C
subunits. The heart is an outlier with only a-#o0ld excess of R to C subunits. The three brain
samples, and lung sample show the highest relative excesses of R to C subunit, with HEK293T

cells, liver and muscle exhibiting an intermediate Rior
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Figure 3.6 PKA R subunit copy numbers normalized to C subimiall tissues combined R subunits

outnumbered the C subunit by no less than fivefold.
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Figure 3.7 Relative concentrations of PKA subunits by tissue typeims of copy number The total PKA subunit copy number per unit concentration, or per cell in the
case of HEK293T lysates, was totalled and expressed by PKA subunit type or isoform here in terms of relative percetshgepiest
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3.2.6 PKA subunit copy numbers per HEK293T cell support continued use of this cell

line as a model fofocalized cCAMP signaling

In the case of HEK293T cells, data from these investigations was referenced against
calculations oprotein extract per cellfiethods 2.2.4 to output estimated copy numbers of

each PKA subunits per HEK293T cell. The results of this additional analysis are shown in
figure 3.8 This analysis indicates that there are approximately 229, 000 PKA C spleunits
HEK293T cell. The full list of copy numbers per cell is shdiiguia 3.8 A Student ttesting

again confirmed differences with<0.001 between C and RI, and C and RIl subumgsré

3.8B.

A - Copies PerCell
C 229+0.28x10°
RI 73010.13x 107
Rlla 1.53 £0.20 x 108
RIIB 3.03+0.72x 10°

B. 2.5x 106
ke
2.0x 108
T
<
1.5x 106
ke 1
1.0 x 106 \
T
L
5.0x 108
o RI RIl

Figure 3.8 PKA subunit copy number per cel. Copy numbers were calculated per cell by
determining the concentration of protein in a known quantity of lysate by quantitative
immunoblotting, and comparing this to the known number of cells per unit lys&teThe
number of copies per cell in compansto one another (Stude@ t-test, *** p <0.001, n=4).
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In HEK293T cells, theiRHoform (3x18&/cell) is present at ~fold lower levels than the Rl

isoform (1.5x1@cell). The relatively higher level of the alpha isoform is seen across all
tissueswith the exception of brain cortex. This is consistent with previous observations that

wLLIi Aada (GKS LINBR2YAYIlI Yyl wLL A&az2F2NXY Ay 0ONIA
unique distribution of R subunits with an unusually high copy number of Rh#atand a

balanced ratio of RIlI subunit isoforms. Overall, HEK293T cells contain a rather typical
distribution of C and RII subunits, which supports their continued use as a model cell line for

investigating local cAMP signalling mechanisms.

3.3 Summay & implications for PKA catalytic subunit restraint

This systematic determination of PKA subunit is the first of its type, and establishes that PKA
R subunits are much in excess of C subunits. To my knowledge, there is one other
documented attempt to quatitate the relative proportions of R and C subunits from the
1970s(Hofmann, Bechtel, & Krebs, 1977y this study, the authors do not attempt to
account for membranassociated R subunits and reach the conclusions that the R:C ratio is
Fo2dzi mMYmM® | & & (Thdidddisionote limiihéidvestigeridrki@ thetis¥lublé
fraction of tissue homogenates was not meant to infer that the cyclic-Adfiéndent protein

kinase present in other fractions might not be important functionally, but only that its
contribution to the total cellular concémation of enzyme subunits would be very séath L
know that in the majority of tissues tested, excluding heart and cerebellum, RIl subunits are

more prevalent than RI.

It should be noted that there are potential limitations to the approach descrilmethis
chapter. Although quantitative immunoblotting is accurate, the numbers are dependent on
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the efficiency of protein extraction from the different tissue samples. Specifically, the
unusually low copy numbers of RIl isoforms measured in heart extragt refiect the
difficulty of homogenising tissue from this organ. Nevertheless, on balance | thought the best
approach was to maintain a consistent extraction approach across all samples that would
also be compatible with follow up experiments in HEK293[§ ¢hapter 5. HEK293T cells
proved to be an appropriate model system for further analysis as the overall ratio of R:C
subunits, and the proportions of RI!RRII are in the middle range of the panel of extracts

tested.

The finding that RI and partitauly RIl subunits are in large excess of C subunits has important
implications for considering how C subunits may be restrained following their release.
Importantly, this data indicates that a large unoccupied pool of R subunits resides in the cell
that could potentially rapidly buffer C subunits released upon binding of cAMP-Go R
complexes. In the next chapter | describe experiments that build on these observations by
monitoring the associations of RI/RII and C subunits in HEK293T cells with temgcigbpr

using a novel lighinduced crosslinking method.
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Chapter 4. Investigation of the
synchronization of PKA-R subunit
Interactions with PKA activity in live cells

The experiments in this section aimed to explore exactly when andhiat extent PKA C
subunits dissociate from R subunits upon activation of PKA. | was particularly interested to
explore these ideas in light of the large excess of R to C subunits that established in the
experiments laid out il€hapter 3 | was particuldy interested to examine two hypotheses.
First, | aimed to test the idea put forward by Smith andaakers that C subunits do not
dissociate from R subunits upon PKA activatierD. Smith et al., 2013%econd, | aimed to
test a novel hypothesis that C subunits may be buffered by RI subunits following release from

RII subunits.

To achieve these aims, | first established a new approach for measurtigaiRl R-C
association in cells with temporal precisioBettion 4.). The approach combines light
induced crosslinking in live cells with isofesmecific R subunit pull down using immobilised
GST fusion sequences. | went on to apply this approach to investi}€A subunit
association during activatiorséction 4.2 and deactivationSection 4.3 of cCAMP signalling

in HEK293T cells.
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4.1 Establishing an approach for analysing-CR subunit

interactions in cells with temporal precision

4.1.1 NHSliazirinewas selected for crosslinking assay

The development of a timeesolved crosslinking assay centered on the properties of the
aminereactive, photolabile chemical crosslinker NéH&zirine. It is this WNhduced diazirine
crosslinking that confers temporapecificity to our protocol. Though photoinducible
crosslinkers are available with a range of linker arms, the-tN&i&ine form | used has a
length of 3.9 A, meaning that only the closest interacting residues are bound to one another.
| anticipated thalNHSDiazirine could crosslink R and C subunits when bound to one another,
but not when dissociated upon cAMP stimulation. In this way | could use the crosslinker as a

reaktime read out of RC subunit interactions in live cells.

4.1.2 Development of the RA R subunit isoforaspecific pull down procedure

In our initial experiments, | attempted to pull down C subunits following crosslinking as a
prelude to comparing & crosslinking by immunoblotting following different cellular
treatments. There is no dable high affinity binding site in the C subunit that can be
exploited for pull down, necessitating the use of a transiently expressed construct appended
with an affinity tag. However, the-iérminus of the C subunit undergoes pdstinslational
myristoylation when expressed in eukaryotic cells, which is important for its subcellular
localization, making it unsuitable for the tag. While théefninus of subunit is not post
translationally modified, the final residue, a phenylalanine, is bound withitefa af the
protein. In order to create an exposed tag that does notstibilise the kinase domain, a
poly-glycine region must be inserted at thet&@minus before the affinity tag. However,

even if a construct could be developed that is suitable fdiniy based pull downs, the
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largest problem remains balancing the expression of the C subunit with endogenous

subunits.

Facing these barriers, | instead developed a new approach using regulatory subunit binding
sequences fused to immobilised GST to galn R subunits. In this method, | utilized the
inherent binding affinity of the D/D domain for AKARsed peptides to capture R subunits,
which were then probed for the presence of C subunits to indicate their association state at
the time of UV illumiation. The initial test panel of regulatory subunit binding peptides
(Table 4.1} was chosen based on their reported binding affinity as well as our ability to

produce them, and the best choices were determined empirically by pull down efficacy and

selectivty.
Peptide Sequence Length Species
MGQLCCFPFSRDEGKISEKNGGEPDDAELVR
AKAP18  LSKRLVENAVLKAVQQYLEETQNKNKPGEGS 81 Human
SVKTEAADQNGNDNENNRK
MEPIAIITDTEISEFDVTKSKNVPKQFLISAENE
AKAP79 C93 QVGVFANDNGFEDRTSEQYETLLIETASSLVK 03 Human
NAIQLSIEQLVNEMASDDNKINNLLQ
DMKQVAQASIPAEESNATTVSTQAADVPTRA
AKAP-Lbc o e ETATRIVEAVIRQVRASNALMAKVET 62 Mouse
KSFSDHGFYSPSSTLGDSPSVDDPLEYQAGL
D-AKAP2 | \/QNAIQQAIAEQVDKAEAHTSKEGSEQQE ot Not=e
RIAD LEQYANQLADQIIKEATEK 19 Engineered

Table 4.1 Regulatory subunit binding peptide sequenc&fe regulatory type Il subunit specific
binding peptides AKAP18, AKAP79 c93 and AKAWere, as well as the dual specificibARAP2 and
the RI specific peptide RIAD were tested for affiaitg specificity in precipitation experiments.

All peptides were expressed with a @&, allowing their precipitation by association with
glutathione sepharose. Peptides derived fromdelective AKAP79, AKAP18 and AKB®
as well as the Rielecive peptide RIAD, and the dusglectivity AKAP-BKAP2 were tested
(Table 4.). The AKAP79 c93 construct consists of the last 93 amino acids frorettmeial

of AKAP79, which includes the amphipathiediitiing helix. The reporteéhsof AKAP79 for
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wLLh YR wLLi FNB nodp ya YR nodp ya NBaLISOGA
as determined by surface plasmon resonance ($R&)perg et al., 2000) An 81residue
LISLIWGARS O2yGlAyAy3d GKS 0AYyRAYy3a KSEtAE 2F ! Y!t
a reportedK; of 16.3 nM as determined using the ALP$tAeen binding assgi.G. Gold et

al., 2013) Finally, a 62 residue, RHlective peptide from AKAEbc wadested. The AKAP

Lbc derived peptide Ht31 was measured to had@ia the low nanomolar range RII, while

wLh O0AYRAY3 gl a a2 6SI 1 | &HerbeRget lIND@MIDIERS Y S| ad
the reduced affinity of naturally occurring anchoring molecules for RI, there was more limited
selection of peptides suitable for Rl selective binding. The engineered 19 residue RI selective
peptide, RIAD, which exhibitedkaofm ya F2NJ wLh gKRFSw2YhemvakKaos.
using fluorescence polarization assays, was our most promising dQt&tson et al., 2006)

The novel mammalian Rielective AKAP, sphingosine kinase interacting protein (SKIP),
discovered in 2010, was also considered, however it was not included due to low affinity for
RI(Kovanich et al., 2010As well as these regulatory subunit type stilee AKAPs, the dual

specificity BAKAP2 was tested for its ability to bind RIAKKRAP2 has been shown to bind the

wL R201Ay3 | yR RAYSNR Kilofild@nM ustrd) Yhe fugres@edce wlL b 4

anisotropy binding assgBurnsHamuro et al., 2005)

¢2 GSald GKS w adzmdzyAd Lzt R2gy O ddggedh f A G A S 3
construct was first incubated with glutaibne sepharose, after which the beads were

washed several times in buffer to remove any unbound baits. In the initial tests, R subunit
precipitation was assessed using an equimolar mixture of recombinSnyl INS & 8 SR wlL h
wLLi &dzo dzy A (i ahe efficacii of thef pallyidivnswas assalssed by immunoblotting

I 31 Ay &igurewt.bh 2 NFigue4d o !4 SELISOGSR ! Y!t-myh T 1)

Lbc exhibit very low RI pull down capabilfjglre 4.1anes 35), of a similar level to the GST

negative control Figure 4.1ane 2). While both AKAP2 and RIAD constructs bouridgri¢
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4.1 lanes 6 & 7), for its slightly higher signal, as well as RI selectivity, RIAD was chosen for

tests moving forward.

RY Baits
o
&S & o
@Cb Q,\q; Q,\Cb Q& \l-??q, o
F 0SS S
NP P o
kDa N N C A S
IB:Rla 160
110 -
R
80 -
60 -
50— Y
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Figure 41 RI precipitation pilot experiment Glutathione sepharose bound G&gged baits
6SNBE AyOdzml SR 6AGK | YAEGdZNBE 2F wLbh
AYYdzy26ft20GSR | 3FAyad wLho
AKAP18, AKAP79 c93 and AKB® peptides, while the dual specificityABBAR2 and R
specific RIAD exhibited strong binding.

LJdzt

wL Li R26Y dzaAy 3

and AKAR.bc were all found to effectile pull down RIIRigure 42 lanes 35). Though some

nonspecific binding to RIAD was observed, it was much lower than any of theldrlive

¢tKS NBadzZ Ga

y

a

constructs Figure 42 lane 6). Ultimately, based on signal intensity, AKAP79 c93 was chosen

for further tests(Figure 42 lane 4).
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Figure 42 RIl pull down pilot experiment.Glutathione sepharose bound G&fged baits were

AyOdzo | GSR 6AGK | YAEGdZINBE 2F wLbh
wLLI &
with the Rispecific RIAD showing low background binding.

FyR wLLI

& dzo dzy A (0 3

¢ KS NXBadzZ ihéRlIzpedfiis SKAP18, MKARXCIB and B Pepiides,

The affinity and selectivity of these constructs was further tested usingdiiZ8ine treated

HEK293T cell lysate, which was either esqubto UV, or left unexposed. GST was used as a

negative control for background bindingigure 43, lanes 1 & 2). Both GSdsions were

found to only ceprecipitate their specific R subunit target, regardless of crosslinking

condition figure 43 secondand third panels). Importantly, the fusions also pulled down

crosslinked 1R:1C complexes, with a band of approximately 85 kDa on the PKA C immunoblot

corresponding to the ® heterodimer present only in the UV exposed conditfeigyre 4.3

IB:PKAC).

Wthout UV exposure, this band was absent. This result confirms that our

approach can potentially be applied to monitor ré¢imhe association between Rl and RIC

subunits.
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Figure 4.3RC complex association detected by lightduced crosslinking & isaffm-specific R
subunit pull down. The sensitivity and selectivity of the R subunit specific-t@§Jed baits was
confirmed by pull down using NHigazirine treated UV crosslinked or -grosslinked HEK293T cell
lysate. 30 pg of each bait was loaded (Comigs The presence of bands at ~80 kDa in only the UV
treated conditions when immunoblotted against the C subunit (IB:BK#&dicates that crosslinked
subunits were selectively precipitated. The baits were shown to be selective, éRIGSpulled down
only RI subunits (IB: RI), while G8JAP79 c93 pulled down only RIl subunits (I1B: RII).

4.1.3 Calibration of UV exposure time

| wasinterested to determine how f crosslinking varied with UV exposure time. This would
dictate the choice of time windows in subsequent experiments. While longer exposures time
increases the rate of effective NH&zirine crosslinking, prolonged expostwantense UV

light will damage the cells. Furthermore, the temporal resolution of the assay is dependent
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on the length of the UV exposure, with shorter exposures allowing us to better characterize
temporal dynamics in the association of R and C suburits.determine the optimal UV
exposure length | undertook a tirmourse assay, in which N#$azirine crosslinking
experiments were carried out as previously described while sampling the duration of UV
exposure at 0s, 5s, 30s, 120s and 6@Fdgure 44). Densitometry was performed on the
immunoblot, and the signal of the experimental bands was normalized to the input C subunit
in each condition. The resulting ratios were compared and plotted as a function of time. Pull
down of C subunits with both RI aill specific baits resulted in stronger signals as the
duration of UV exposure increased. Although the strongest signal was seen in samples
exposed to UV radiation for 600 s, in subsequent experiments | crosslinked in 300 second
time windows. This timegint was determined to offer the best balance between sigoal

noise ratio and a short enough time window to be informative in experiments concerned

with dynamic RC interactions.
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Figure 44 Crosslinking time point assayNHSdiazirine treated HEK293Ells were exposed to UV
illumination for 0s, 5s, 30s, 120s or 600s. Precipitation with subunit specific baits was then carried out
as described above. The 120s and 600s illuminations were found to have signal intensity suitable for
detection. The cradinking window was set at 300s in length based on these findings.

4.2 C subunits are released from R subunits upon PKA

activation

| first took advantage of this new approach to analyse an experiment performed by Smith

and ceworkers that was put faward as supporting the notion that R and C subunits do not
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dissociate upon cAMP elevatig¢h. D. Smith et al., 2013)he authors immunoprecipitated

RIl subunitS A G K SNJ ¢ A ( fadredexdic sekeptér Aadxiation with isoprenaline, and
immunoblotted against cammunoprecipitated C subunit. Surprisingly, C subunit was found

to coimmunoprecipitate with equal efficiency regardless of isoprenaline addition (see

Section 1.2. | suspected that the result may have been an artefact resulting from re
association of RIl and C subunits in the cell lysate during the antibody incubation for
immunoprecipitation. Our new approach offered an opportunity to capturedRiEsoiation

with temporal resolution that would remove the possibility of reassociation during
subsequent processing steps.

L SELR2&SR 1 9YHopote¢ OStfta (2 m >a A&2LINBYLf AyS
done by Smith and colleagues. Wimination was performed either prior or following cell

lysis to test whether RIC subunit reassociation had indeed occurred following cell lysis.
LYLRNIFIydtes GKS o0dzFFSN) dzaSR (2 gl akK (GKS 08
cAMP, releasing any subunit that was not covalently attached to the regulatory subunit by
NHSdiazirine crosslinking. | then used densitometry of £K#ubunit immunoblotting to

quantify the percent change between the isoprenaline and vehicle conditions. For the most

direct comparison to the work carried out by Smith anewaarkers, who used GFP tagged

wLLh F2NJ GKSANI LidzA t R2oyas L Fylt eAkK8m 6KS O
€93, which is selective for RIl subunits.-pCecipitated C subunits are visuadd on the blot

at ~90 kDa, which is the combined molecular weight of the C and regulatory suibigite(

45A). This band is absent in the input condition without Ni&irine. Similarly to Smith

and coeworkers, | found that C subunits are associatgith RIl following Igepal GA
630/deoxycholate lysis, regardless of whether the cells have been treated with isoprenaline

or not. This association rose slightly in the isoprenaline treated cells following lysis, with C

subunit detected in the treated sanwincreasing by 27.28 + 2.62#<0.01, n = 4)Kigure
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4.5B, lanes 4 and 5). However, when crosslinking was carried out prior to lysis and in the
presence of isoprenaline, there was&7.72 + 6.8%p(<0.01, n = 4) change in C subunit
binding when compared to the vehicle treated condition that was illuminated prior to lysis
(Figure 45 Alanes 2 and 3B). When compared to one another, this change in association
before or after lysis and incubation cassa 105% difference in immunoblot intensity, (
<0.001, n=4). These changes are based on the comparison between the isoprenaline positive
and negative conditions, and not between the prmnd post lysis conditions, as the
efficiency of the coprecipitatin of the regulatory subunit varied greatly between the pre

and post lysis replicatesKigure 45 A). This is potentially due to the preservation of
endogenous anchoring associations of some regulatory subunits caused by the UV exposure
while the cell gucture was intact, which would in turn preclude the binding of our baits.
Selectivity for the type Il regulatory subunit is indicated by the absence of detection of RI by

immunoblotting.

This result strongly indicates that the conclusion of Smith andarkers, that the majority

2F GKS / &adzodzyAld Aa aidatt aaz20AFiSR gAlK GK
isoprenaline, is based on an artefact introduced by the immunoprecipitation conditions used

608 GKS I dzi K2 NA o line goesfidadiadl pfonauncedalissacitbh d¥ 6 stbunits

from RII subunits.
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Figure 45 Effect of isoprenaline on RIC association determined by lighthduced crosslinking.A.
HEK293T cells were incubated with 1 mM Mt&irine for 30 minutes. Follomg NHSliazirine
incubation, cells were treated with 1 M isoprenaline, or vehicle for 5 minutes. Hygi®illumination
conditions (Lysis lanes 2 and 3), the cells were exposed to UV immediately, while in post lysis (Lysis
+, lanes 4 and 5), lysateas incubated overnight before exposure to UB. UV treatment prior to

lysis results in a decrease in subunit association of the isoprenaline treated condition of 77.72 £ 6.8%
(p <0.01, n = 4). When UV exposure follows lysis, there is a slight inénesisigunit association of

the isoprenaline treated condition, of 27.28 + 2.62950.01, n = 4).

| also analysed the association of C subunits to type | holoenzymes by RI selective pull down,
which was not investigated by Smith andworkers Figure 46). In this case, there was a
reduction in C subunit association following isoprenaline application in both the UV
illumination conditions, before lysis84.03 + 3.17% (n=4,<0.001) and following lysis ef

62.68 = 4.75% (n=4,<0.001). This uniformeduction, which contrasts that seen in the RII
selective precipitation, may have stemmed from the hydrolysis of ATP in the lysate, which is
required for type | holoenzyme binding, but not for typeThe reduction in @I association

in the isoprenalindysate may explain the slight increase #RICassociation in the lysate.
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Figure 46 Effect of isoprenaline on RC association determined by lighbhduced crosslinking.A.
HEK293T cells were incubated with 1 mM Mi#&irine for 30 minutes. Follomg NHSliazirine
incubation, cells were treated with 1 uM isoprenaline, or vehicle for 5 minutes. Idypi®e
illumination conditions (Lysislanes 2 and 3), the cells were exposed to UV immediately, while in post
lysis (Lysis +, lanes 4 and 5), lysaés incubated overnight before exposure to URUV exposure

both pre and post lysis exhibits a decrease subunit association for the isoprenaline treated condition
84.03 £ 3.17% (n=p,<0.001) and 62.68 *+ 4.75% (np40.001) respectively. The differee between

the reductions in both conditions is not statistically significant.

-50 —

Isoinduced change in R-C crosslinking (%)

It is important to note that these quantifications represent only the relative change in
immunoblot signal intensity, which is néimear, and is dependent on many factors including
the dynamic range of the antibody, the ECL, and the exposure time oldhe Though the
qualitative comparisons of relative increase or decrease within the experiment are relevant
to the association state of the holoenzyme, they cannot be considered exact quantitative

measures of FC association.
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4.3 Comparison of PK&ctivity to RC subunit dissociation with

RA ¥ ¥ SNXB Yy dadrénbcepot aitivadioh |

On the basis of existing knowledge pertaining to RIl cell membrane association and Rl
cytosolic localization, | hypothesized that the elevation of intracellular cANWA 33 S-NB R 0 &
adrenoceptor agonists would induce the dissociation of type Il holoenzymes at lower
concentrations than type |. This change in association would manifest itself in our assay by a
greater decrease in RO association than R association fof 2 g Ay 3 | OUA GBI A2y
adrenergic receptors. In order to investigate this, | again turned to our regulatory subunit
isoformspecific UMnduced crosslinking procedure.  NH&zirine crosslinking and
subsequent regulatory subunit specific precipitats were carried out as described above

for the prelysis UV condition. Following Nidfazirine incubation but prior to UV
illumination, HEK293T cells in suspension were incubated with isoprenaline at
concentrations ranging from-0000 nM for 5 minutes om rolling mixer. Following this
incubation, the cell suspension was transferred to a 10 cm dish and immediately UV

illuminated for a further 5 minutes. Elution, immunoblotting, and quantification were

carried out as described above.

Contrary to our gpectations, our experiments did not detect an increased sensitivity to
isoprenaline in RIC association compared to-RlassociatiorHigure 4.7A). Instead | saw a
uniform decrease in association across the R subunit isoforms as the concentration of
isoprenaline increased. | also assessed the dissociation dynamics of the holoenzyme, and
found the halfmaximal isoprenaline dose to be ~ 27 nM based on these experinfégte¢

4.7B).
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Figure 4.7R subunit specific coprecipitation of C subunits isoprenaline titratiodNHSdiazirine

treated HEK293T cells were incubated with@DO nM isoprenaline for 5 minutes, and subsequently

UV illuminated for 5 minutes. Cells were then lysed and coprecipitate wstibRnit isoform specific
baits. A. Representative blot of isopreriak titration experimentsB. Logistic fit of nhormalized -C
subunit association with both RI and RIl subunits as calculated by fixing the maximum signal to 1, and
the minimal signal to 0. From this combined data of 4 experiments theviErS determined tdbe

27.35 nM.

| wascurious to determine how & subunit dissociation related to PKA activity following
application of different concentrations of isoprenaline. To achieve this, | established-a high
throughput plate reader assay that utilised the FiB¥®d PKA activity reporter AKARA4.
AKAR4 combines the PKA phosphothreonine recognition site within the linker region of a
fluorophore, with the phosphosubstrate binding FHA1 domain. Upon phosphorylation by

PKA, the linker binds to the FHA1 domain, bringhmg ftuorophores within range of each
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other (Figure 1.10) FRET ratios are then calculated by dividing emission intensity at a
wavelength corresponding to FRET (535 nm filter) by fluorescent emission from the Cerulean
donor (485 nm filter). The key advage of the FHA1 domain (AKARver the previously

used 143-3 domain (AKAR1) is that its affinity for phosphothreonine is low enough to allow
dephosphorylatior{Zhang et al., 2005) This means that the calculated FRET ratio represents

a measure of the instantaneous net phosphorylation and dephosphorylation, as opposed to

the total phosphorylation activity.

HEK293T cells transiently egpsing AKAR4 were distributed into-@6ll plates. Baseline
readings were taken at 42485 and 42635 nm. Subsequently, the wells were
supplemented with 0¢ 1000 nM isoprenaline, and further FRET measurements were

collected at 30 second intervals for 20nuates (n = 6Figure 4.84).

Isoproterenol
® onu
0.01 nM
0.03 nM
0.1 nM
0.2 nM
0.5 nM
1 nM
2 nM
5nM
10 nM
100 nM
® 1000 nM

Figure 4.8soprenaline induced PKA activityA. HEK293T cells transiently expressing the FRET sensor
AKAR4 were treated with isoprenaline concentrations froi000 nM, and emission was measured
approximately every 30 sends for 10 minutes. FRET measurements are expressed as the ratio of the
emission of the acceptor at 575 nm divided by the emission of the donor at 435 nm, normalized to the
0 time point emission ratio. Error bars represent standard error.
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The isoprenaline concentration required for hatbximal PKA activation according to the
AKAR4 reporter value was calculated for all time points from 2 minutes onwards as earlier
measurements did not reach a minimum value. For all calculated pointéiathenaximal

fell below 0.5 nM.

However, while these results indicate the successful transfection, expression, and detection
of the FRET reporter, proper controls were not performafhile a baseline was established
before the experimental conditions wergasted, a maximum should have been determined

for each measured well. Other authors have achieved this maximum through the application
of the PDE inhibitor IBMX or the AC activator forsk{iPilato, Cheng, & Zhang, 2004;
Herbst, Allen, & Zhang, 2011Yhe combination of which ensures the maximum
concentration of cAMP in the cell is achieved, résglin a measureable maximum value.
Using this maximum, a ratio of the experimental value to the dynamic range of the individual
well, determined by subtracting the baseline measurement from the maximum
measurement, should have been used to accuratelyrattarize differences in intensity.
Without this information, fluctuations in the cell population, transfection efficiency, protein
expression, and cell surface adhesion of each individual well could all have drastically

effected the results of the experiemts.

4.4 C subunits do not preferentially associate with Rl subunits

immediately after cCAMP signal termination

One of our aims in developing the NHi&zirine/R subunit pull down approach was to test a

novel hypothesis to explain how C subunits arerssed following their release from R

subunits. The hypothesis was built on the knowledge that RIl subunits are predominantly
membranel 8 32 OAF 6 SR YR wL & dailrdnpdepiol ag@histd aré@d 2 f A O
thought to elevate cAMP predominately in thieinity of RIlI subunits. | hypothesised that C
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subunits may associate with Rl subunits after their release from anchored RII subunits
F2tf20Ay3 | Qdichdadépidriagoyiistsesiichi & isbprenaline. | applied our-light
activated crosslinker/pull den approach, in tandem with further higthroughput FRET

recordings, to test this hypothesis.

| treated HEK293T cells with50 nM isoprenaline, followed 5 minutes later by 1 pM
propranolol having pretreated the cells with NH$iazirine. After treatmentwith
propranolol, different groups of cells were illuminated at 350 nM over 5 minutes time
windows, either 85, 510, 1015 minutes after propranolol addition. R subusfiecific pull
down and immunoblotting were performed as befokdure 4.9. | foundno evidence of a
preference for association with RI subunits compared to RIl during tasgeciation phase.
When crosslinking was induced betweel® minutes after propranolol addition both Rl
and RHC crosslinking was wggulated to a similar exte. When crosslinking was induced
between 1015 minutes after addition of propranolol, both-Bland RIC crosslinking had

returned to their original levels prior to addition of isoprenaline.
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Figure 4.9R-subunit specific pull down of propranolol tread HEK293T lysatd&reassociation of C
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propranolol was observed to result in equivalent isoform specific BRhd RIC association as seen in
the absence opropranolol.

4.5 Conclusions from PKA activity investigations

| successfully developed an R subtgpiecific pull down technique using D/D binding

peptides, which was applied in conjunction with NéH&zirine crosslinking. This method is

the first to capture the association state of the C subunit under specific conditions.

somewhat unusual characteristic of PKA activation of the C subunit by dissociation from the

R subunit, combined with the transient nature of the subunits means that this ndeito

essential to understanding the dynamics of the regulation of C subunit activity.ngHavi

developed this method, | waable to show that the C subunit is indeed released from the R
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ddzodzyAlG F2ff 26 A yadrendcéptolf akjddibtiah@® tffat ®idissotiation is
NEGSNASR ¢gKSy aixdayl ff blycer graprandl@ NXidoymade $hRe 4 A (i K
unexpected finding that substantial®& subunit association is not required to yield high PKA

activity. Our data suggest a mechanism in which sheet free C subunit species shuttling

between R subunits are sufficient to generate high PKA phosphorylation.

We also showed that contrary to the RI buffering hypothesis, the-lighiced crosslinking

method indicates that C subunits do not preferentialgsociate with Rl subunits either

RdzZNAyYy 3 2N F2ff26Ay 3 SN A ydrdindeaptprs. THis supheats & A Ty
that there may be a mechanism for restraining C subunits within the membrane following

their release from anchored RII subunits.imeestigate this idea, and other aspects of PKA

quaternary structure, | turned to XS as laid out in my final results chaptelapter 5
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Chapter 5. Application of crosslinking coupled
to mass spectrometry (XMS) to investigée
PKA architecture

Calculation of PKA subunit stoichiometry in different tissu@sapter 3 reveals that typically

PKA RIl subunits outnumber both C and RI subunits. Furthermore, monitoring -tiheal
association/dissociation of PKA C subunits frasalBunits in HEK293T cells using lgttivated
crosslinking Chapter 4 indicates that C subunits rapidly return to RIl subunits following
termination of cAMP signalling. My experiments in HEK293T cells are also consistent with C
subunits predominantlyeassociating with RIl subunits rather than RI subunits prior to dittiva

of cCAMP signalling. | waserested to explore the structural basis of these properties using the

novel technology for structural biology, crosslinking coupled to mass spectrometi XL

XL:MS is a rapidly developing structural technique that is well suited to the investigatiarge
multi-protein complexes. | aimed to take advantage ofM@& to address a number of
outstanding questions concerning the structure of PKA including: how is the D/D domain of RII
positioned relative to the CBD domains of RIl and the PKA C sulowiare RHC complexes
oriented relative to AKAP proteins and the membrane; and does association with AKAPs alter
the conformation of RIC complexes? In this chapter, | first describe how | prepared crosslinking
samples $ection 5.}, before giving a overview of the datasets that | collecteSection 5.2. |
describe structural insights garnered from-MB with RHC complexesSection 5.3, and RC
complexes $ection 5.4. | also applied XMS to study RIC associated with the prototypical
AKAP, X ! m yBéction 5.9, taking advantage of quantitative XAS to identify potential regions

in RUHC that change conformation upon association with the AKAP. The study of PKA complexes

is complicated by an inability to distinguish homioneric interlinks fom intralinks. Accordingly,
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in the final section, | introduce a novel technical approach that | have developed that will be

useful in future investigations of oligomeric proteins including F¥&&t{on 5.6.

5.1 Sample preparation

Xa{ SELSNAYSy(Ga F20dzaSR 2y A&2F2NX¥a& 2F tY! 32
ON}AYY wLi ¥ wLLi X /i X |YyR !ExbliBLaly(DEB) ahdiptrifietdINE (i S
using glutathione sepharose and size exclusion chromatography@ieds 2.1.5for details).

Protein concentrations were determined by BCA assay, and verified by absorbance at 280 nm.
100 uL mixes were assembled with proteins at the following concentrations: (1) >a [/ | b
>a WLLI T 6HO Hp >a /Y! tbMup >layRvLA0 0 bH pmudp />
sample was incubated for 2 hours at €, before addition of 0.5 mM 1BH1,-DSS. After
incubation for 30 minutes at 30C, crosslinking reactions were terminated by addition aol5

ammonium bicarbonate (1M). Eachosslinking sample was prepared in triplicate.

The effectiveness of crosslinking was assessed in each case by a combination of Coomassie
staining, and western/fawestern immunoblottingFigure 5.1shows Coomassigtained Figure

5.1 A, antiRIb IB (Figure 5.1 B antiPan C IBHjgure 5.1 §; and farwestern blotting using \V5
GF33SR wLL { 2FigiRé&Ti130Ih eathypanel Manes 1 & 3 show samples prior to
crosslinking, while lanes 2 & 4 contain protein loaded following 30 minutes itionbaith DSS.

In each panelwL-Li O2YLX SESa | NB akRRigy! Ayl PS¥LIMmSE
shown in lanes 2 & 4Across all of the detection methods, covalent DSS crosslinking is apparent

by the appearance of polypeptides of higher molecularght upon electrophoresis through the
denaturing SD®AGE geHgure 5.). In the Coomassistained gel, prior to crosslinking (lanes
1&o00% wLLE / FyR !Y!ltmyh YAINFGS 6AGK | LILI NF
and 12 kD, respectively. Upon crosslinking, prominent bands appear at ~100 and ~140 kD in the
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RIFC sample, which likely correspond to crosslinkedRRIand RIRIFCspecies (Panel A, lane 2).

For the RHGAKAP18 sample, the crosslinked masses are shifted higher by ~ 10 kD consistent
with inclusion of AKAP18n these speciesF{gure 5.1A, lane 4). The results of Aritian C

(Figure 5.1B), antiw L Figuré 5.1C) and farwestern blotting with Rl p G2 RSGSOG !
(Figure 5.1D) are consistent with this assessment. For example, the ~100/100 kDa species
stabilized by crosslinking is detected by amti. L i | Figure 6.20Rdes D& 4) but not by

anti-Pan Gantibody Figure 5.1Blanes 2 & 4). Blotting with arffian C antibody also revealed
stabilisation of crosslinked 2FRIC and 2R2G! Y! t myh O2YLX SES& |4 dnu.

(Figure 5.1Blanes 2 & 4) albeit at lower levels than the equivalent complexasmong a single

copy of C subunit.

A. coomassie B.B:PkKAc C. IB:RIB D. RilvsOveriay

DSS - + = + + + + = + = +
AKAP18 - - + + - - + + - - + + - - + +

kDa

160 ) g =

1107 bt " { l LRIBE
60— ‘ - - AKAP18
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Figure 5.1 DSS crosslinking of PKA complexés all panels, lanes 1 and 2 correspond to equimolar
YAEGANBE 2F tY! /i FYR tY! wLLi @ [FySa o IyR n C
with half the concentration of AKAP1.8 Samples in lanes 2 and 4 were run after DSS crosslinking. (A)

[ 22YFaaAsS aidl Ay A y-Ban C mmundlotXING dgJplotgin, ** B3 ng yratein (C) Anti

wLLi AYYdzy20f 203 -g5m 0 5NY LINEVE SoAdgbehtétBAKARQSENIN 1 y.3  LINE
The positions of monomeric, and crosslinked higher molecular weight species are indicated by arrows on

the righthand side. AntPan C IB necessitated runningf®@ more (83 ng compared to 1.67 ng/lane) for

the croslinked samples (indicated by asterisks in lanes 2 & 4, panel B) since DSS crosslinking interfered

by recognition using anfPan C antibody.

Having confirmed that addition of DSS to purified PKA complexes was leading to efficient

crosslinking, | proceeddd analyse the samples using-MiS.
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5.2 Overview of XLMS data

Each sample was analyzed in technical duplicate such that 6 spectrometer runs were performed
in total for each of the 3 PKA complexes analyzed (18 total runs). Once purification and
crosslinkng were completed, samples were processed usingdBOMS and peptides were
identified using xQuest/xProphet software (s&ection 2.43) by Florian Stengel at the
University of Konstanz. | carried out crosslink analysis and position assignment usitagethis
Crosslinks with 1D scores > 20 were includesble 5.1summarises the number of intralinks
(crosslinks within the same polypeptide), and interlinks (crosslinks between different

polypeptides) detected in each of the three samples using these dahtycut offs.

wL-L i wL-L i
Dataset R oL e AKAP18 AKAP18 Total
intralinks intralinks interlinks . .
Interlinks  Interlinks

wlL-Li  42(26) 74(21) 10(5) 0 0 126 (52)
wL-L F

Akaplg  20(20)  50(40)  3(3) 1 (0) 1 (0) 75 (63)
WL/ ] 44 (44)  62(60)  26(4) - - 132 (108)

Table 5.1 Numbers of crosslinked peptides detected in PKA samples number of crosslinked peptides
identified in the three PKA samples are listed, broken down into different classes. Numbers correspond
to the number of crosslinkgeptides detected with ID scores > 20. Peptides with both ID scores > 20, and
falsediscovery rates (FDRs) < 0.05 are shown in parentheses.

As an overall approximation of data quality, and also to understand typical crosslinking
distances, | calculatedstances between&positions of crosslinked lysine pairs detected in this
study when structural information was available (PDB IDs: 3STNP -0y &DIN for RT; 1Y6E for
GST). This data should be considered with the important caveat that some irgdséhkeen
copies of the same protein may be erroneously assigned as intraitiks is likely to be the

case for distances > 40 A; and the crystal structures may not represent true reflections of the
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relative locations of paired lysines. Neverthelesse ttistribution suggests that the most

favorable distance for crosslinking is between ~2507 Figure 5.2.
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Figure 5.2 Distribution of crosslinking distanceslumbers of crosslinks are categorized in different

classes depending on the separation of ther L}2 d&AGA2ya 2F LI ANBR feaiys
structures when such information was available. Crosslinks were omitted from this analysis where high
resolution structural information was unavailable.

5.3 XLMS analysis of RIlholoenzymes

IFANBRG | ykwlela§R RIMKS ¥SG o ' dzi2YlF SR S A RS YAR
spectra using the xQuest/xProphet pipeline yielded 126 crosslinks with an ID score above 20
(Table 5.1, Supplementary table).1 Mapping these crosslinks to thebw L L i ONBadGlIf a
(Zhang et al., 2012) provided matches for 102 of the 126 crosdhigigé 5.3 A The remaining

24 links had either one or both partners in regions of PKA that were not visible in the electron
density map. Where both lysineseve modelled in the crystal structure, 84.4% of links fell

within 30 A. These calculations indicate that overall the crosslinks | observed are in agreement
with the crystal structure.
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Figure 53 Xa { I y I f &@élALA 22 A2LScAtor of e 102 crosslinked peptides (magenta) within the
crystal structure (PDB ID 3TNB).Holoenzyme rotated through 90°.

The most important findings relate to crosslinks involving lysines that are missing from the
crystal structure mode{Taylor et al., 2013)In particular, 11 different peptides were detected
corresponding to 9 different types of link with Lys44 in RII. Lys44(RIl) is atehmiBus of the
second of two helices that folds into the buedhat constitutes the D/D domain. Due to the
flexibility of the region linking the D/D domain and the first CBD of the RII subunit, amino acids
N-terminal to the pseudosubstrate sequence of RIl have never been resolved in the electron
density of any crstal containing fullength RIlI subunit§éZhang et al., 2012) There are two
conceivable positions for the D/D domain relativethe RIl CBDs and C subunit on the basis of
the position of 1le104 (the most-drminal amino acid visible in electron density, PDB ID: 3TNP):
either in the vicinity of the surface formed by theldbes of the C subunit&igure 5.4A, site A),
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or near to he surface formed by the C subunidbes on the opposite face of the complex

(Figure 5.4, site B). | used spheres to represent the 30 A potential binding radius around lysines
GKFG 6SNB RSIUSOGSR | a ONmy@asm).yWrekeyhdse bierliis” S NA
the likely location of Lys44 atthedCS NXY' Ay dza 2F GKS wLLi 5k5®d ¢KAA
D/D is on the side of the complex next to the surface of the C subtalig3 Figure 5.4A, site

B). This finding has functionalméications, as it determines the orientation of licomplexes

towards anchoring sites and by extension to the cell membrane.

! 118 A

CA3dzNB podn [20FGA2y 2F (GKS R20] LY 3K 2 fyribigRthecE$tdstructira 2y R 2
of the holoenzyme using full length constructs has been solved, #teerhinal flexible linker region is absent from

the electron density raising questions about its positionifg.The two potential positions of the D/D ashown

within dotted circlesB. The data showing one crosslinking to the Lys44 in the D/D indicates that the D/D is positioned

in the cleft between the R subunits. Spheres represent the 30 A binding radius of the crosslinker.

5.4 XLMS analysis of Rl holoenzyme

| next considered X2 { RIF GF FNRYwONBREa{ VYt DRLAIAT NBFG deNY S R
crosslinks with an ID score above 20. Of these crosslinks only 53.2% fall within 30 A when plotted
on the published 2@2RI tetrameric structurdllouz et al., 2012JFigure 5.5, Supplementary

table 2). However, the RT crystal structure indicates that there is potential for extensive homo

dimeric (RWL Q /20NJ /ONZ & a f AQ letkayhel. Theye isink ®ay woldistinguish
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homodimeric intelinks from intralinks within the dataset. Of the observed crosslinks, 26
crosslinks have binding partners that are close enough in both the emerintra heterodimer

to be ambiguousKigure 5.5. The prevalence of this problem in the RI rather thdrd&iaset
fA1Ste FNRaASa FTNRY GKS FAYRAYy3I (GKFd GKS wLLI
GKAES wLi adzwdzyAda YIS O2ydl Ot @oudekal, 2005 | ON.
Taylor et al., 2012; Amg et al., 2012)This problem highlights one of the key shortcomings of
existing X#MS methods, and is the focus sdction 5.6 This ambiguity is illustrated figure

5.4, in which the interlinks (magenta) and intralinks (teal) which stem fromstmae lysine

residues and fall under 35A are shown.

CA3IdzNBE podp [/ KIFftSyasSa -wli é@lﬂﬁﬁlﬁlﬁir@w& R arasalinky Wefey (i Ay
identified with an ID score over 20 that span a distance of 35 A. However, there is ambiguity as to the binding partners
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of these links. Some binding partners fall within 35 A of one another in all peptides, meaning they are both potential
interlinks (teal) and intralinks (magenta), highlighting the problem posed by homomeric protein assemblies (PDB ID
4DIN).

Recent work carried out by the Taylor lab has shown that while the heterodimeric architecture
of each ER subunit pair is similar between all four R subunit isoforms, the final tetrameric
structures differs substantialljllouz et al., 2012) The sequence and thre€imensional
structure of the four R subunit isoforms are highly conserved throughout the two CBDs,
especially between isoformd-igure 5.. However, there is much lower conservation of
sequence between the f&&rminal linker regions athe subunits Figure 5.6llouz et al., 2012)
Though the pseudosubstrate sequencEmg(re 5.6 Bred) share a similar sequence, differences

in the way these highly variable and flexiblggxdminal regicns assemble explain how strikingly

different quaternary structures can be assembled from the same basic building blocks.

A. Percent Identity Matrix

Human RI U Human RI' b Human RIl U Human RIl b
1: HumanRIU | 100.00 68.57 21.67 20.95
2: HumanRIb | 68.57 100.00 21.67 23.81
3: Human RII D| 21.67 21.67 100.00 45.97
4: HumanRIl b| 20.95 23.81 45.97 100.00
B. R subunit D/D and N-linker
Human RI U (1 - 60) | MESGSTAASEE
Human RI b (1 - 60) | MASPPACPSEE
Human RIl U(1 - 43) | e
Human RIl b(1 - 42) | e

* * * .k * ok

Human RI U (61 -87) | QIQNLQKAGTRTDSR-<-ememememememememecns EDE-- |- SPPPP
HumanRI b (61 -87) | QILARQKSNSQSDSH---wmemememrmemememecns DEE-- V- SPTPP
Human RIl U(44 -87) | APASVLPAATPRQSLGH-—--  PPPEPGPDRVA------ DAKGDSESEEDEDLE
Human RIl (43 - 102) | GTARFGHEGRTWGDLGAAAGGGTPSKGVNFAEEPMQSDSEDGEEEEAAPADAGAFN
Human RI U (88 -140) | NPVVKGRRRGASAEVYTEEDA- ASYVRKVIPKDYKTMAALAKAIEKNVLFSH
Human RI b (88 - 140) | NPVVKARRRGWSAEVYTEEDA VSYVRKVIPKDYKTMTALAKAISKNVLFAH
Human RII 0(88 -140) | VPVPSRFRRVYCAETYNPDEEEEDTDPRVIHPKTDEQRCRLQEACKDILLF
Human RIl (103 - 140)| APVINRFTRRAYCAEAYNPDEEEDDAESRIIHPKTBB-------------

*k kk - okk ok e - ko Kk

Figure 5.6 Primary sequence comparisons of R subunit isoforseriini. A. Percent identity
comparisons for the four R subunit isofosnB. Sequence alignment of the R subunit isoforms. The
inhibitor site is shown in red, docking and dimerization domain in orange.
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A. Percent Identity Matrix

Human RI U Human RI b Human RIl U Human RIl b

1: HumanRIU | 100.00 88.72 42.48 42.86
2: HumanRIb | 88.72 100.00 4323 4361
3: HumanRIl U] 42.48 43.23 100.00 75.52
4: Human RIl b| 42.86 43.61 75.52 100.00
B. R subunit CBDs

Human RIU (141 - 201)|
Human Rl b (141 - 201)|
Human RIl U(141 - 201)|
Human RIl b(141 - 201)|

Human RI U (202 - 258)|
Human RI b (202 - 258)|
Human RIl U(202 - 262)|
Human RIl b(202 - 262)|

Human RI U (259 - 319)|
Human RI b (259 - 319)|
Human RIl U(263 - 323)|
Human RIl b(263 - 323)|

Human RI U (320 - 374)|
Human RI b (320 - 374)|
Human RIl U(324 - 384)|
Human RIl b(324 - 383)|

Human RI U (375 - 411)|
Human RI b (375 - 411)|
Human RIlI (385 - 432)|
Human RIl b|384 - 431)|

KVIPKDYKTMAALAKAIEKNVLFSHLDDNERSDIFDAMFSVSFIAGEQQ@EGDNF
KVIPKDYKTMTALAKAISKNVLFAHLDDNERSDIFDAMFPVTHIAGEQQGNEGDNF
VIHPKTDEQRCRLQEACKDILLFKNLDQEQLSQVLDAMFERIVKADEQGDGDNF
IIHPKTDDQRNRLQEACKDILLFKNLDPEQMSQVLDAMFEKLVKDG]ZB[DDGDN}F

** Kok ekk ok se kesskkkk * ok ks kokokokk

VIDQGETIVYVNNEW--  ATSVGEGGSBELALIYGTPRAATVKAKTNVKLWGIDRDSY
VVDQGEWDYVNGEW- VTNISEGGSIBELALIYGTPRAATVKAKTDLKLWGIDRDSY
VIERGTYD LVTKDNQTRSVGQYDNRGERALMYNTRAATIVATSEGSLWGLDRVTF
VIDRGTFD YVKCDGVGRCVGNYDNRGBRLMYNTRAATITATSPGALWGLDRVTF

Kook ke ko R L

RRILMGSTLRKRKMYEEFLSKVSILESLDKWERLTVADALEPVQFEINBEREPGDE
RRILMGSTLRKRKMYEEFLSKVSILESLEKWERLTVADALEPVQFENGAIEPGDD
RRIIVKNNAKKRKMFESFIESVPLLKSLEVSERMKIVDVIGEKIYKDJER@EEKADS
RRIIVKNNAKKRKMYESFIESLPFLKSLEFSERLKVVDVIGTKVYNDBEGREDSADS

Fhkeekkkkek K ookekke kke sk o sekkeke ke ok

FEILEGSAABLQRRSE----  NEEFVEVGRLGPSDEEIALLMNRBABTVVARGPL
FNIITEGTAS LQRRSP-----  NEEYVEVGRLGPSDBEIALLLNRFARABTVVARGPL
FNIIESGEVS ILIRSRTKSNKDGGNQEVEIARCHKG@EEALVTNKHBABSAYAVGDV
FlIVESGEVIlTMKRKGKSE\EENGAVEIARCSRGQ-ALVTNKII/-\ISAHAIGTV

Keke k- s ke ko skkkkekks kedkkks ok k-

KCLVMDVQAFERLLGPCMDIMKRNISHYEEQLVKMFGSSVDLGNLGQ
KCLAMDVQAFERLLGPCMEIMKRNIATYEEQLVALFGTNMDIVEPTA

Hke ok dkkekkkk kekkkk ke

Figure 5.7 Primary sequence comparisons of RIl subunit isoform R subunit.@BBsrcent identity
comparisons for the four R subunit isoforn&.Sequence alignment of the R subunit isoforms, showing
the 11 highly conserved residues in both CBD A (yellow) and CBD B(B#ivean et al., 2005)
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5.5Architecture of RIl-G complex in relation to AKAP18

Our remaining experiments focused on understanding how a prototypitahase anchoring

protein (AKAP) interacts with thRll -G complex, and whether the anchoring protein has any

effect on this PKA complex upon bindihgocused on the short isoform of AKAP1® | f (i K 2 dz3
only 81 amino acids in lengtAKAP18 L}2 aaSaasSa Ylyeée (G@LAOLFE ! Y!
suitable prototypefor understanding PKA anchoring: it contains an amphipathic helix (amino
acids 2748, Gotz et al., 201pthat binds with high affinity to PKA D/D domai{fsaser et al.,

1998; Gray et al., 1998}t contains lipid modification sites in its first 6 amino acids that enable
association with the membran@-raser et al., 1998)and it is involved in targeting PKA for
regulation of voltagegated ions channeld@ibbs et al., 1998 his shortest isoform of AKAP18 is

highly expressedh the brain(Jones et al., 2012) chose to focus on AKAP18 interactions with

RIl -G complex because the concertilite structure ofRIl -G is more amenable to XUS
thanRI-G Ay 6 KA OK -RisgkdeC diddiiKintelifdcés arevlarg@iouz et al., 2012)

In addition, RII subunits are typically anchored to AKAPs unlike RI subunits for whom anchoring

is considered exceptionéMeans et al., 2011XI-MS with purifiedRIl -G -AKAP18 complex

led to the identification of two interlinks involving AKAP1®&ith ID scores > 20Table 5.2,

Supplementary table %

No. Peptide Sequence Site A Site B 12
score
1 FGNLKNGVSDIK-ICEKDR-a5-b4 Cbh K28 ﬁlléA P18 24.44
\
5 AVQQYLEETQNKKQPGEGNSTKAEEGDR AKAP1 8 RI I b K2L07

-KMYESFIESLPFLK-a22-b1 K65
Table 5.2 Interlinks detected between AKAP1B y R -wiL L i

t SLIJGARS WmQ A VWS? f akKSBEvierer id NE2diminal Igid attaclment sites
and its R subunit anchoring helixhich beginsat YAy 2 | OAR HT ® t SLIWARS
YSEN (2 GKS I yt@rikisudPalleh.2LA8Fhdowa ifighi@ &8, these crosslinking

sites are consistent with the position of the D/D domain close to ther@ini of the C subunits,
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and suggesthat AKAP18 anchors PKA such that theefihinus of the C subunit (which is

myristoylatedin vivg, is oriented towards the cell membrane.

Ril Lys 263
l.

A

N

..((\

X AKAP18a
\ I [l
TIGO cc PFARDEGKICEKDRREPELAELVRLSKRLVENAVLKAVQOY LETQNKKQPGEGNS TRAEEGDRNGDGSDNNRK
Lipid attachment sites Anchoring Helix

Figure58L Y G SNI Ay 1 Ay 3 aAidSa -obiSdaifeligks were deteatgdh their lgcRtions L L i
inthepr  NB aSljdzSy0S 2F ! Y!twmyhi | YRBAFKZ KFang ENH20 ( odzNE
2012)

pdc 58yl YAIOAa ANHzOLAzNE dzLl2y O0AYRAY3I ! YI t my

| also took advantage of a hovel technique, quantitativé8 (gXtMS), to investigate whether
association with AKAP1&lters the conformation of the RH3 complex. Changes in the
abundance of particular crosslinks may result from either alterations in the distance between
lysines (which may indicate a conformational change), or steric blocking of particular crosslinking
sites upon binding of an additionailgiein (which may reveal a protein binding site). To perform
gXLMS, | compared the intensities of peaks eluting for crosslinks between th€RIl I RIIR

G - AKAP1B samples (n=3, each sample analysed in duplicate). The analysis was limited to
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peptidesthat were identified and scored consistently over all samples, and that were not
obscured by oveshadowing from other peaks. Overall, 45 different crosslinked lysine pairs
were compared between the two sample$able 5.3lists eight crosslinking sites wé®

abundance was found to change by a lag#o of either > 0.65 or <0.65, and withp < 0.01

(Supplementary table P
Dynamic Change upon additionRatio (+AKAP18/-
Crosslink of AKAP18U AKAP18) D UEILE
RI'l b 28D Decrease 0.186 1.32x 10°
Cb K2RBI7I b Decrease 0.345 2.58 x 103
RI'l b 248D Decrease 0.387 1.58 x 10°
RI'l b 285 Decrease 0.424 1.3x10°
RlI1 b 4R3I 5D Decrease 0.462 1.17 x 10*
Ch 7Ob 84 Increase 1.64 4.07 x 10°®
Ch 2Q@b 84 Increase 1.92 2.23x10*
Ch 4Cb 2 9 3increase 2.12 1.26 x 10

¢F-ofS podo / NRPAANNWISOGER weELIil aa.2cosdinkst thal exidbiad K ! Y |
abundance changes upon addition of AKAP&®e listed, wherep < 0.01, and where the loggatio
(+AKAP18AKAP18) was either > 0.65 or(<65. The full dataset included crosslinks whose abundance
changed less markedly is listedsimpplementary table 1

Five of these most dynamic crosslinks were found to substantii@crease upon addition of
AKAP1B (Table 5% ® ¢ KS 3INBFGSad OKIFIy3aS Ay AyidiSyardae
(Figure 5.9A, 5.4fold decrease). These two lysines are located at either end of the CBD2. The
four other decreasing links all involvelages between Lys44 at tha&minus of the D/D: three

links to RII CBD2v(L Ly$263, Lys285 & Lys35@hd one to the C subunitiGbe ( iLy®67)

This pattern of downregulated links is consistent with the position of the D/D proposed from

0 KS -/wL-M8[dataset: in proximity to the CBD2 of RIl and C subdoibés. Association

with AKAP18 f A1Sfé& aidSNAROIffte of201a O2dzLX Ay3 0o
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involve the D/D or are close to the position of the Di®model of the PKARY | K2t 2SSyl &)
is shown infigure 590 Kl 4G ¢l a adaSYyofSR o6& O2Yo0mywilytd ON
GSGNF YSNI 0t5. L5Y o¢bt oz KGEtzewd, 206 PBKIB: 42P8), O2 Y|
andmyristoyl 0 SR / h Zhendy@tddy, A9 POB ID: 1CMK). It should be noted that this
NEBLINBaASY(dlFlGdA2y Aa 2F GKS /h Xa2F2N¥3I GgKAES 2
GKS /1 A&az2¥f2NXo | 26 SOSNE GKSNB Aa o> &Sl dz
visible amino acidh the RIl D/D (PDB ID 4ZP3) is Arg43, so the important crosslinking position

Lys44 isnodeledimmediately @erminal to this positionFigure 5.9.
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1 RII Lys294-RIIB Lys333

Log2ratio:-2.428
p: 1.32x109

2 RIIB Lys53-Cp Lys272

I

[}

e~
1 :
, LogZratio: -1.536

1 p:0.0025818
L

: Log2ratio: -1.370
1 p:1.58x105
o

X / : i -
Log2ratio; -1.237 |
p: 1.30x106

—————

Log2ratio: -1.113

p:1.16665x10+ @

Figure 5.9Visualization gxta { 2 F WY Li RBIX @K ( K 2 dzih. TheYpbsitiomyoh csslinks before the addition of AKABLErosslinks that decreased in
intensity following the addition of AKAP.18Il variable crosslinks identified by the xQuest/xProphet/xTract pipeline were manually verified by comparison agaigstahe cr
structure. Positions of the fiveignificant crosslinkd(og2ratio > I, p < 0.01) are indicated by rmumber correspondingo the close up at the right. The initial states of
crosslinks are in the reference set are indicated in gray. Il. Crosslinks that exhibited reduced intensity when conplé{€dRii8 are shown in red (b).
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Three crosslinks méhe criteria for upregulation upon the addition of AKAP18rable 5.3. All

three are € subunit intralinks that reveal a structural rearrangement within the C subunit N
lobe upon addition ofAKAP1B @ ¢ g2 2 Fi (0 K SlysB4A&/ys1¥ Lys203) involve
linkages with the Merminal helix, which is myristoylatad viva The myristoyl group binds to a
hydrophobic pocket formed by nine residues from both lobes of the C suldeigiire 5.10
myristoyl group shown in pink, binding p@tkn purple)(Bastidas et al., 2012)The Nlerminus

of the C subunit (residues39) falls outside of the conserved region of AGC kinases, and differs
between PKA isoformsFigure 5.10. As discussed in the introduction, Gaffarogullari and
colleagues propose a two state model for theddminus:myr-in or myr-out on the basis of NMR
using myristoylated and noemyristoylated C subunitGaffarogullari et al., 2011)The
assumption is that the myout conformation supports C subunit association with the membrane
through insertion of the myristoyl group into the lipid bilay&affarogullari et al., 20310ur
crosslinking analysis also shows that binding of an AKAP to the RII subunit induces dynamics
within this same region, perhaps also inducing thgr-out conformation. This could further
support targeting of the C subunit to the cell membrane. @uisslinking data show that the
D/D and AKAP18 membrane binding regions are located such that-teemihus of the C
subunit is oriented towards the membrane. It is possible that the AKAP further supports
targeting of the C subunit to the membrane blsilizing themyr-out conformation of the

myristoylated Nterminal helix.
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Figure 5.10C subunit myristoylation siteA. Position of the myristoyl binding pocket in the C subunit in

the PKA complexB. The ningesidues that make up the binding pocket contacts of the myristoylation
binding pocket (purple), which span the N and C lobes of the C subunit are shown in contact with the
myristoyl group of the Merminus (pink). This representation combines the holgene structure of the

/wLLi K2f28SyTevysS ONeRadGlt atéerMidabrésaueSandmybstol graugdit 0 &
GKS YeNrRaidGz2etldSR /h &A0GNHz2OGdzZNE o6t5.Y M/ 5Y0- & y?2
terminus has been solved. Theosslink between Lys16({Cys292(C), which increases in intensity
Fit26Ay3a 1Yl tmyh OAYRAY3II A& adK2gy Ay 2Nry3So
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5.6 Development of XIMS using isotopicallabelled oligomeric
proteins

One limitation of the XIMS experiments with PKA was that | are ueatp distinguish cross
RAYSNI AYGSNIAY{1a FNRBY AYUOUNItAYylawbih §ORYLE SK:
would be interesting to test whethertrad@ A YS-NJ / AyiSNX Ayl1a I NB O2ya
F LR &AAGAZ2Y 2F (KS digthe clystal strid@ré (PDYBIINGDTER0D 6t 8. NIJ S
2012) During the latter part of my doctoral studies, | developed and validated a novel approach

that takes advantage of heavy amino acid isotopes. The approach builds on stable isotope
labelling by amino acids in culture (SIL®@g, 2002) and a method for expressing proteins
containing isotopically labelled lysine and arginine in bactéN&atic et al., 2011)I took
advantage of the heavy isotopeshisine (4,4,5,84, Cambridge Isotope Laboratories item
number DLM2640-PK), which ig.025108Daheavier than light dlysine, and {arginine (13C6;

15N4, Cambridge Isotope Laboratories item number CEB&H-PK), which i40.00826 Da

heavier than lightarginine. | focused on the protein glutathiondr&nsferase (GST) that forms
constitutive dimes in establishing the approach. The following sections describe the procedure

for expressing isotopicathabelled protein $ection 5.6.), forming diners of light and heavy
GST$%ection 5.6.2, and how MS identification of interlinks between light and\he&ST enable

crossdimeric interlinks to be distinguished from intralink&egtion 5.6.3.

5.6.1 Expression of isotopicalabelled test protein (glutathione Sransferase)

The first challenge was to establish a method for incorporating lysine andragimo target
proteins with the incorporation of heavy amino acids approaching 100%. To achieve this, |
exploited ankE. colistrain that is auxotrophic for lysine and arginine. This strain of auxotrophic
E. coliwas a gift of Ronald T. Hay of the Wettmo Trust Centre for Gene Regulation and

Expression, College of Life Sciences, University of Dundee. This cdll kaéiBL21 (DE3)
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n! NBk[&aX ¢l a 3ASYSNIGSR o6& 1y201Ay3a Edmli GKS
BL21 (DBE3*xpression stin (Matic et al., 2011)LysA encodes the enzyme diaminopimeniate
decarboxylase, which decarboxylates thadpartate derived mesdiaminopimelate to create
lysine(Hu et al., 2008)whereas ArgA encodes the enzymadétylglutamate synthase, which

acetylates tglutamic acidn the first step of arginine synthegislarvil & Leisinger, 1977)

In order to validate our novel approach, | chose the constitutively homodimeric protein,
glutathione-Stransferasg(GST) as our test protein. | took advantage of the vector gFEX0
express GST. The 26 kDa GST encoded by pGEX6P1 is from the parasitic Selvgtosoma
japonicum and has been widely adopted as an affinity tag for the purification of proteins by
binding to immobilized glutathion€éHarper & Speicher, 2011; Rufer et al., 2005; Smith &
Johnson, 1988Fchistosoma japonicuia one of the three main species of schistosomes which
infect humansgcausing a condition known as schistosomiasis, in which the immune response to
schistosome eggs causes the formation of granulomas which lead to extensive tissue damage
and often death(Colley, et al., 2014; McTigue, Williams & Tainer, 199%he preferred
treatment for schistosomiasis is the administration of the small molecule drug praziquantel
which has been shown to bind to schistosomal GST and interfere with transport mechanisms
(Colley, et al., 2014; McTigue, Williams, & Tainer, 198Bjs clinical importance, in tandem with

its utility as an affinitydg, has led to a large supporting of body of research including crystal
structures of GST that encouraged us to focus on this protein to validate the approach. Before
proceeding to protein expression, purification and crosslinking, | first verified tiSat tin [ & & k | N.E
E. colbehaved as expectedrigure 5.1). The cells were rendered competent and transformed
with pGEX6P-1. An overnight culture of the cells in LB/ampicillin was used to inoculate M9
minimal media with different additives-{gure 5.1). Whereas cells with either no supplements
(Figure 511red), lysine alone (yellow), or arginine alone (orange) were unable to grow, addition

of both lysine and arginine enabled cell growth to approachingdn = 1 (green). Having
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confirmed that the tranformed cells were unable to synthesize arginine and lysine from carbon

sources in the media, | proceeded to protein production and crosslinking.

0.9
0.8

0.7
0.6 @ +Lys+Arg

0.5 A -Lys+Arg
0.4
0.3
0.2
0.1

O +Lys-Arg

Absorbance (ODgqo)

¥ -Lys-Arg

0 100 200 300 400 500 600 700 800
Time (minutes)

Figure 5.11 ys/Arg auxotrophic bacteria growth curveBNB g 1 K OdzNBSa | NB aK2gy F2N
BL21(DE3)E. colicells transformed with pGEX6P1. Cells were grown in M9 minimal media + ampicillin at 37iciwith

either no supplements (red), arginine (orange), lysine (yellow) or both arginine and lysine (green). As expected, only
cells supplemented with bothmino acids (green) were able to grow

5.6.2 Preparation of purified lighheavy GST dimers

A A N

E.coli. [HM 065900 p! NHk[&a oSNB dzaSR (2 ELINB A &
Lys/Arglabelled GST (M9 minimal media supplemented with (4,4%lb Llysine and (13C6;

15N4) targinine). LightKigure 5.12A) and heavyKigure 5.12B) GST were pured separately

using the same approach: affinity to glutathione sepharose, followed by elution with 10-mM L
glutathione and size exclusion chromatography using a Superdex 200 column. GST binds to itself
very tightly, so in order to generate mixed lighténgy dimers, | could not rely on spontaneous
exchange between lighight and heawsheavy dimergHornby et al., 2000) Previous work has
shown that the application of the chaotropic agents urea or guanidine hydrochloride can
dissociate the dime(Hornby et al., 2000) | mixed light and heavy GST dimers in 6 M urea at
30°C for 30 minutes to induce dissociation into monomeigyre 5.12) on the basis of these
studies (Hornby et al., 2000)An allight GST control was also included. Followingau
dissociation, the urea concentration of the buffer was reduced by rounds of dilution and
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centrifugal concentration to bring about dimerization including formation of mixed-tglatvy
dimers. Hornby and cwiorkers showed that the folded native dimerfoems below 4 M urea,
and trace amounts of urea are compatible with MS/MS preparation and processing (Hornby et
al., 2000). Finally, 100 ug aliquots of light GST and light/heavy were crosslinked in triplicate with

Do H1-DSS and processed as normaldoalysis on the spectrometer.

174



A. Light GST

2000

1750
Light GST Dimer
q —\. e
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Normalized A280 (mAu)
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B. Heavy GST
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N
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Elution Volume (mL) Re-dimerization Dimer

Figure 5.2 Preparation of purified lightheavy GST dimer#\.,B. GST constructs weigrown in an arginine and lysine deficient auxotropicolBL21 (DE3) cell line in M9
minimal media augmented with either unlabelled arginine and lysine (light GST) or isotopically ladedlieat I(4,4,5,94) and targinine(13C6; 15N4) (heavy GST). The
protein was then purified by affinity to glutathione segrose, and separated by size exclusion. Dotted lines represent the material used for further exper@nkiited
heavy and light dimers were created by mixing single heavy and light dimers, which was incubated in 6M urea to induagodissblee ura concentration was then
reduced by dilution, leading to the reassociation of dimers, some of which become mixed.
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5.6.3 XEMS identification of crossdimer interlinked peptides

Two samples were analysed on the spectrometer: (i) 4ireated light GST (ii) urdaeated
lighttheavy GST. Each sample was analysed in technical duplicate such that 12 total
spectrometer runs were carried out. Peptide matching was performed with two reference
sequences: light GST, and an additional versioB$T in which every lysine and arginine
were assigned as heavyK and heavyR, respecti8elyistosomaGST contains 21 lysine

residues accounting for 8.6% of the sequence.

| first inspected crosslinks identified in the light GST sample. Unexpectedlyf tineohaghest
scoring links were homotypic crosslinkiks between two copies of the same lysine reside

in GST. The links involved symmetrical crosslinking of {y€l@ Wigue 513 A) and
Lys112] & a MRwgur€513B). | measured distances betweéme Ga coordinates of these
paired lysines in the crystal structure ®€histosoma japonicu@ST Rufer et al., 2005°DB

ID 1Y6E). While the link between two copies of Lys112 conforms to the expected conditions
of crosslinking, as it covers only 17A between the two GST proteins, and is highly solvent
accessibleRigure 5.138), the more hjjhly scoring link between Lys10 in two proteins covers

a distance of 34A in the crystal structuféigure 5.8 A). However, this may demonstrate

the strength of the combined approach over crystallography in isolation, as Lys10 falls within
a flexible linker region, and is likely not constrained in the manner indicated by the crystal

structure.
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Lys10-Lys10
LL ID 42.87

Lys112-Lys112 . 0
LL ID 30.65 b
LH ID 30.45

“, LL/LHFDRO

Figure 5.13. Homotypic GST interlinkfwo homotypic links were observed in the lidjight
dataset that were also present as interlinks in the lighaivydataset. A. Lys1Dys10 in the
binding cleft of GST was linked in the light dataset with an ID of 42.87, and 38.81 in the light
heavy dataset (LL/LH FDR: 0). B. The homotypic link L$4232as present in the lighight
dataset with an ID score of 30.68nd 30.45 in the lighteavy dataset (LL/LH FDR: 0).

Besides the homotypic crosslinks in the light GST dataset, there is no way to distinguish which
of the crosslinks detected are intralinks and which are cdiseric interlinks. With the light

heavy BT dataset, this distinction can be made. Out of a total of 36 crosslinks with an ID
score > 20 and FDR < 0.05, 8 were determined to be interlinks between light and heavy
peptides. This indicates that these 8 crosslinks involve separate GST polypemalieagn

they are dimeric links. Two of the links correspond to the homotypic links that were also
identified in the light GST dataset. The highest scoring returned interlink Lys&2d m n Q
(Figure 5.8 A) highlights the discriminatory value of our isotombelling approach. This
same crosslink is also present with a high ID score in the light GST dataset but there is no way
to distinguish whether it is an intralink of dimeric interlink in this dataset. In addition, a
RAYSNRAO t Ayl 0S5 gaS&tected.dapping tHesé Rsine Roditious Qithi

the crystal structure of dimeric GSRufer et al., 2005PDB ID 1Y6E) reveals that both the

Lys1Q € a mkigur@ 5.11A) and Lys8¢ € a Mrigude 5d4B) dimeric interlinks are
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positioned with @ atoms separated by ~25 A, which is within the most populated range of

the distance distributio when crosslinking with DSS.

ID 41.48

ID 23.19

Figure 5.8 Additional crossdimeric interlinks observed in lighheavy GST samplé\. The reported
interlink with the highest ID score (41.48) spans the substrate binding cleft covering a distance of 25A
(FDR: 0)B. Interlink spanning 26A between binding cleft Lys110 and Lys86 has an ID of 23.19 (FDR: 0).
The homotypic links present in the liglght XMS datasetKigure 5.B) are also strongly present in

the heavylight dataset.

The lightheavy GST dataset dains one interlink that is not consistent with the dimer
conformation observed in the crystal structurBufer et al., 2005PDB ID 1Y6E). Lys190
[BaMdpPpoQ G6L5 &a02NB HpdPc O A ya@awris@éparated Bybdly S& 4 K
(Figure 5.1%. Itis inconceivable that DSS could span this distance, which is almost twice what

is congered to be its maximum span. Lysine 190 was detected in crosslinks multiple times

in both light and lighheavy GST datasetSuypplementary table i which suggests that it is

highly accessible to DSS. The outlier interlink detected between Lys190&nddy Q f A 1 S

reflects a transient interaction between GST dimétigre 5.5).
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____________________________________________________

ID 29.6

Figure 5.5 Aberrant crosslink from lightheavy dataset.A. The link between Lys190ys193 was
present with a high ID score of 29.6, but the residues are 59A fromapather, almost double the
length of the DSS crosslinker (FDR: 0). This was likely due to aggregation of GST in solution.

Overall, 33 out of a total of 34 intrand interlinking sites detected in the lighteavy GST
dataset are consistent with thégimeric conformation of GST observed in the crystal structure
(Rufer et al., 2005PDBLY6E). This is clearly shown when the positions of allifntragenta)

and inter (orange) sites are highlighted in the GST dimer crystal strudtigerg 5.5).
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Figure 5.18DSS crosslinking sites detected within the ligh¢avy GST datet plotted on the GST
crystal structure.L Y G NI f Ay1{a FNB aK2gy Ay YIF3ISyidrs FyR
positions of lysine pairs for 33 of the 34 links detected fell within under 35 A. One outlier crosslink
606SivSSy f &aaAa yrBaikedbypasteriské.R Mdo Q0 A &

5.7 Conclusions from XMS experiments

Overall, the experiments in this chapter represent the most extensive attempt to date to
apply XEMS to investigate PKA structure, and they have led to a number of novel insights.

Notably, experiments with R@ confirm the location of the RIl D/D domainrelation to
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other elements within the complex. Experiments with the RRKAP18 complex show how
RIIC is likely oriented towards the cell membrane, and-P9_reveals an unanticipated
effect on RHC structure in the vicinity of the C subunit myridagion site upon association
with the AKAP. Finally, 1 have successfully pioneered a novel approach for studying
oligomeric interlinks that utilises isotopic K/R derivatives. This approach can be applied in

the future to study oligomeric protein structuréisat include PKA.
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Chapter 6. Discussion

The restraint of C subunit activity following PKA activation is essential to the control of
phosphorylation in cells, as demonstrated by the deleterious physiological effectsthisen
system malfunctions of this system in CNC and acrodysostosis. The findings of this project
have advanced understanding of the molecular basis for controlling PKA activity in cells. |
have successfully quantified PKA in terms of both copy numberpatentially of more
functional importance, stoichiometric ratio, in a range of tiss@sapter 3. These numbers

have already changed the direction of our own studies, and will be useful to inform the
models of PKA regulation developed across the fi€lthe development of a method to
determine C subunit association in an R subunit in a temporally specific manner enabled
unprecedented insights into the dynamics of PKA association and dissociation than has
previously been possibleChapter 4. With the understanding that thefunction of
macromolecules is predicated upon their structure. We have also used novel techniques to
provide new structural insights to the conformation and interactions of PKA holoenzymes,
including in complex with a prototypical emoring protein Chapter §. Additionally, we

have developed a new variant of-KIS that may be applied to identify hommeric interlinks

within protein complexes. In the remainder of this chapter, | will discuss the implications of

my results and considevhere these experiments might lead.

6.1 Implications of PKA subunit stoichiometries

¢CKS O2Lk ydzYoSNJ 2F tY! adzodzyAda LISNI >3 2F ¢
large, however, recent estimates of protein copy number by cell volume puts tredges
into perspective. In brain cortex, which has the highest per mass copy number, the total

number of copies of all PKA subunits was calculated at 5.33d80NJ >3 ¢SG LINR (G SA
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New mass spectrometry techniques have allowed the number of preteopies per cell
across mammalian, bacterial and yeast cells to be approximated, with low end estimates of
2x10°LISNJ >[ 2F OStt fealdS o6aAf23r HAMOUL D
O2NIAOIFE (GA&dadzS (2 wm >3 ik mbéstpreiakrd only 2naké upt Y !

0.0003% of the total protein copy number of the tissue.

Tissueto-tissue stoichiometric comparisons reveal some interesting differences. The
relatively high R:C ratio in the brain cortex and synaptosoictesamples is commmsurate

with the idea that the excess of R subunit confers greater spatiotemporal control to the
activation and deactivation of the C subunit,. The neurons of the cortex have been shown to
be the location of many tightly spatiotemporaltpntrolled signdahg events. The
predominance of RIl subunits in this tissue may also arise from the high surface area to
volume ratio of the cells, providing more proportional opportunity for attachment than in
other cells. The only tissues in which we saw a highergotigm of RI than RIlI were the
heart and cerebellum. The observation that Rl is especially prevalent in the heart is in
agreement with the finding that CNC, which causes tumour growth that can lead to cardiac
obstruction, reduces the RI activity in thegues of patients. CNC suffers are also observed
to suffer from schwannomas, tumours composed of the CNS glial tissue that myelinate
neurons. The cerebellnassociated spinal nerve roots have been identified as a one of the
most common locations for thestumours (Er et al., 2007) Itis highly likely that the
pathology seen in these tissues is related to the deregulation of the C subunit created by the
reduced concentration of R subunits, which disproportionally effects the tissues in which RI

is more abundant than RII.

In the future it would be interesting to analyse PKA subunit stoichiometry of other tissues

associated withPKAR1Alisorders. The constituent activation of PKA has recently been
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shown to increase the activity of osteocytes and osteoblasts stimulating bone g(&ath

et al., 2013) and the bone growth factor lactoferrin has been shown to stimulate PKA
activation (Naot et al., 2005; Zhang et al., 2014fhis is congruent with the pathology of
acrodysostosis, in which Rl is oxtive due to a mutation that disrupts the cooperativity
between the CBDs. CNC also characterized by lentigines, which densely pigmented regions
of the skin. Melanin pigmens made in melanocytes, and direct inhibition of PKA has been
shown to decrease the expression of melanogenic genes in hyperpigmentation disorders
(Roh et al., 2013)It may be useful to characterize the relationship between the C and R
subunits in these cell types, as we have done for the tissues used in this study, in order to
better understand the role of association and disstion of each R subunit, and how

perturbations in the relationship may be treated.

Another important consideration from our stoichiometric calculations is that the majority of
RII subunits will be unoccupied and therefore available dephosphorylatidgheaf PKA
autophosphorylation sites. Recent experiments have demonstrated that the
phosphorylation state of the RIl autophosphorylation sitéSgr112) determines how rapidly

C subunits associate with fZhang et al., 20150ur copy numbers indicate that most RII
autophosphorylation sites will be accessible at any point in time, therefore cellular
phosphatases could potentially pre the unoccupied RIl population for rapid quenching of
released C subunits in advance of cCAMP elevation by extensively dephosphoryi&ihg p

subunits.

6.2 Insights from lightactivated crosslinking experiments

Through the use of our novel R subunit specific pull down method we showed that contrary
to previous reports (Smith et al., 2013), PKA C subunits dissociate from R subunits upon

elevation of CAMP. However, we saw very little decrease-@ asociation athe low
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nanomolar isoprenaline concentrations that are sufficient to generate robust PKA activity as
measured by the AKAR4 reporter. The most likely explanation for this phenomenon is that
at the relatively low concentrations of CAMP generated by lowamaolar isoprenaline
concentrations, only a small fraction of total C subunits are free at any one point in time.
Instead, a small fraction of C subunits shuttle between R subunits in the context of a cell in
which the majority of R subunits are unoccupi@ée also hypothesized that the localization

of the RI type subunit to the cytoplasm might be a mechanism to buffer the C subunits that
were released from the type Il holoenzyme. However, there was no observed translocation

between the Rl and RIl subunitaring either the orset or offset of cAMP signalling.

The lightactivated crosslinking experiments also reframe how we think about the- long
standing problem of explaining how both PGE1 and isoprenaline elevate cAMP whereas only
isoprenaline leads to PKphosphorylation of glycogen phosphorylasge¢tion 1.2.2.
Typically, explanations for this phenomenon focus onaeibular localisation of CAMP within

cells, with more recent incorporation of the idea that PKA R subunits are anchored alongside
ACs. Lite consideration has been given to the distribution of the C subunit between different

R subunit isoforms either prior to or during elevation of cAMP signalling. One simple
explanation for the absence of some downstream effects with PGEL1 is that C sutmaryit

be preferentially associated with RIl subunits prior to cAMP elevation, such that when PGE1
induces increases in cAMP concentration in proximity of RI subunits, very few C subunit are

released since the majority instead associate with anchored Rlingis.
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6.3 Future opportunities for exploiting the lighactivated
crosslinking/R subuniselective pull down approach

An important neaiterm goal will to be apply the ligkactivated crosslinking/R pull down
strategy to accurately measure the relailevels of RC and RIC complexes in different
cells in the ground state prior to cAMP elevation. This would help determine whether the
distribution of C subunits between RI and RIl contributes to the inability of PGEL to trigger
the same downstream aftts as drugs such as isoprenaline. These measurements will be
challenging but should be possible. The measurements will need to account for differences
in the pull down efficiency between GRIAD and GSAKAP79 c93 since the RIAD pulls
down its cognate Rubunit more efficiently (Carlson et al., 2006; Herberg et al., 2000) than
the AKAP79 fusion. Secondly, these measurements will need to factor in the inherent
capacity of RIC and RC to crosslink wittNHSdiazirine. Thirdhey will need to account for

the likely better access of NHBazirine to RIC complexes compared to-Rlcomplexes,
since RIC is positioned at the cell membrane where the -peifmeable crosslinker first
enters the cell. One avenue that we intend to pursue it to compa@€ ®& R-C crosslinking
when NHiazirine is applied after breaking the cells open with a Dounce homogeniser in
the absence of detergents. This gentle mechanical shearing technique will expose the
intracellular components, while minimizing disruption of the egdnous associations of the

holoenzymes, and most importantly not disrupting the holoenzymes themselves.

We examined whether the distribution of the C subunit between Rl and Rl is altered is during
or after cCAMP elevation. However, we found no evideraed shift in overall distribution
between RI and RII. This leads one to wonder whether a mechanism exists for restraining C
subunits within the immediate locale of R subunit s following their release. The obvious

mechanism to achieve this is through mymidation of the C subunit. As explaineddhapter
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5, we have already undertaken-XAS studies that suggest that indeed anchored RII subunits
are specialised for orienting the myristoylatedté&fminus of C subunits towards the lipid
bilayer. In the future we also intend to investigate C subunit myristoylation using AKAR4
variants that are targeted to different sutellular compartments (Depry, Allen, & Zhang,
2011) in combination with shRNA tools for replacing endogenous C subunits with variants
that canrot undergo myristoylation. In particular, it will be interesting to measure compare
PKA activity between wiltype and nomamyristoylated forms using reporters that target to

the cell membrane by virtue of fusion to thet€¥minal membraneargeting sequene of k

Ras (Depry et al.,, 2011), and the first 10 amino acids of Lyn that target the kinase to

cholesterotrich membrane regions (Depry et al., 2011; Resh, 2013).

6.4 Insights into structure and function of PKA from -KIS

measurements

The use of XMS al 26 SR dza (G2 TFANXEE SadlrofAiak GKS
holoenzyme, which had previously been uncertain due to its absence in the electron density

in crystal structures models garnered fromnay diffraction data. This finding highlights the

utility of XEMS when used in conjunction with traditional structural biology methods such

as crystallography. We also used @X& to show that the binding of an AKAP to the
holoenzyme induces changes in not only the local interface between the AKAP and the R
subunit, but that these interactions are conveyed throughout the molecule, affecting the
conformation of the C subunit. The preliminary indication of this study has led us to
investigate whether the binding of the AKAP increases the associatienmihusof the C

subunit with the membrane.
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| have also pioneered MUS of homeoligomeric interlinks using light/heavy oligomeric
mixtures. Preliminary experiments GST were very successful overall: 34 of 35 links detected
(including 6 dimeric links) were cortsist with the crystal structure but one outlier link
suggested that the approach could benefit from further pilot experiments. To further test
our new method for identifying homoligomeric interlinks, | plan to perform test
experiments using a protein thaan be chemically induced to dimedz FK506 binding
protein (FKBP) is an immunophilin that shows peptidylpridytransisomerase activity, and
functions as a chaperone protgjdang et al, 2008)Spencer and eworkers discovered that
FKBP12 can be induced to dimerize through the addition of the novel ligand FK1012, which
contains two immunophilin binding ligands covalently bound to each ot8pencer et al.,
1993. These ligands bec&n { y 2 6y I a (CldRsbryed ALA1DABINIE @pproach

was subsequently improved by introduciagpoint mutation (F36V) into the binding pocket

of FKBP and pairing with a novel ligand, AP1903 which operates with aimmurcived K

of 0.094 nM(Clackson et al., 1998)Ne have obtained a plasmid (gift of Thomas Wangless
Egeler et al., 2011jat will enable us to express and purify FKBP F36V with either light or
heavy lygarg. We will crosslink light/heavy FKBP F36V either with or without the chemical
dimerizer AP1903. Horaligomeric crosslinks should only appear in the presence of the
dimerizer, and identified crosslinks may be referenced against crystal structure RBB4D
(Figure 6.). In this way, we can validate our new approach without treating the test protein

with urea prior to crosslinking.
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AP1903

Figure 6.1 FKBP dimerizatigh The recombinantly expressed F36¥BP exists as a monomer in the
absence of the ligand. The ligand AP1903 induces binding for the monomers. The dashed line in the
model of AP1903 represents the portion of the molecule absent from the crystal stru®utiée

ligand AP1903 induces dimerization of FFEBPC. Orange dashed lines show the lysine residues
within 30A of each other, which are potential crosslinking sites. (PDB 1BL4, Clackson et al., 1998).

If this approach is confirmed as technically soutigere are many potential applications,

both in the context of PKA binding, as well as with other protélitwuz et al., 2012)
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6.5 Outlook for homeoligomeric XEMS

With respect to father oligomer XS studies of PKA, an important future aim will be to
examine the notion that different R subunits fold up into tetramers with C subunits that
possess strikingly different quaternary structures. This concept has onlygeoheecently,
triggered by the determination of partial® crystal structures in the Taylor I@lmuz et al.,
2012) It has been posited that key interactions between heterodimers occur between
disordered regiongTaylor et al., 2012)Xl-MS can potentially help to resolve wther
differences in conformation observed in crystal structures are misleading and caused by
crystal contacts or whether they do indeed correspond to the conformations observed in

solution.

Aside from PKA, XUS using light/heavy protein mixtures couléalpotentially be applied

to many other oligomeric protein structures. Potential hgiofiles targets include disease
relevant multimeric assemblies like amyloid fibrils; polymeric proteins such as actin and
myosin; cage structures such as clathrin/adaptand oligomeric receptors such as ion

channel receptors for glutamate and GABA.

6.6 Modelling the dffusion and collision rate of C and R
subunits at the membrane

Ultimately, one of the future goals of this research is to build a model of the systemic
relationship of the proteins and signalling molecules described here. The system we have
hypothesized features both a membrane anchoredAKAP complex, and a membrane
associated myristoylated C subunit, which following activation by cAMP is largely destttiv

by association with unoccupied R subunits. The time and distance over which a C subunit

can phosphorylate targets before encountering an R subunit is an essential determiner of
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total phosphorylation put forth by this model, which requires better kineharacterization
through the application of mathematical modelling. However, the interaction of membrane
proteins adds a great deal of complexity on top of the complicated existing models of the
CAMP signalling cascadeeinrich, Neel, & Rapopinr2002; Rebolat al 2003; Williamson

et al.,2009)

Membrane associated proteins are in constant tdimensional motion, which is affected

by the local composition of the membrane, as well as the anchoring mechanism of the
involved proteins and thenmediate cellular environment. | will briefly detail some of the
obstacles facing the development of an informative model of PKA activity, focusing on the

reassociation of C subunits with R subunits at the membrane.

The added emphasis our system plaoesthe control of C subunit diffusion by membrane
associated adds a parameter which has not previously been included in mathematical

modelling of PKA association and dissociation.

Very broadly, the time necessary for a protein in the cytoplasm to encoiitstearget differs

from the time necessary for the same interaction in the cytoplasm. Batada and colleagues
created a simplified model of this interaction which allows for a comparison between
membrane anchored and cytoplasmic proteins and compares tpeced time necessary

for interaction(Batadaet al,, 2006) For a spherical cell, the expectiéde for two proteins

to interact on the membrane can be representedR&fogR/)+(log21+4/R))/D1, while in

the cytoplasm the time can be calculated using the fornf8la#D,, whereR= the radius of

the cell,t = the sum of the radii of the interactirgoteins, B is the diffusion coefficient of

the cell surface protein, and,[» the diffusion rate in the cytoplasm.

These equations show that even with a much greater diffusion rate in the cytoplasi® the
factor of the membrane modelling in compaisto the R of the cytoplasmic model greatly

favors interactions on the membrane.
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While this simple equation shows the potential spatial and temporal advantages of
membrane tethering, it is not suitably complex to describe the membrane associaied C
interaction. While there are no existing models of PKA diffusion in the plane of the
membrane, the nature of the interactions allows us to borrow from closely related
mechanisms in the GPCR cascade, which has been more extensively modelled, especially the
interaction of receptors and Broteins, which many parallels to our proposed system

(Radhakrishanet al.,2012; Linderman, 2009)

One key component of GPCR modelling is the concept of collision coupling, which
encompasses the idea that the two binding partners must first encounter one another by
diffusion through the membrane before an interaarti can occur(Brinkerhoff, Traynor, &

Linderman, 2008)

A robust and experimentally verified model of collision coupling was developed Tian and
colleagues tabetter characterize the collision rate of proteins on the plasma membrane
(Tian, Plowman, Parton, Kloog, & Hancock, 20I)ey focused on the RAS GTPaBa¥
which associates with the inner membrane of thefaiaesylation and geranylgeranylation
types of anchoring analogous to myristoylatigiKonstantinopoulos, Karamouzis, &
Papavassiliou, 2007)Tian and coworkers modelled the formation of protein nanoclusters,
the behaviour of which is kinetically similar to the multivalent complexes coordinated by
AKAPs. This method relies upon the simulation of the Brownian lateral diffusion of particles
usng the probability distribution of square displacements in conjunction with the
experimentally determined diffusion rate of a protein in order to generate a distance moved
from a starting position over a given tinfeommerg et al., 2006; Schitz, Schindler, &

Schmidt, 1997; Tian et al., 2010)

The lateral diffusion of particles in the model was described using the function:
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P(PZ n 4 the probability that a protein will be located withan area of

radiusr after a period of time
r = distance travelled by protein (calculated)
D = diffusion rate (experimentally determined)
n & change in time from initiation to measurement
(Tian et al., 2010)

For each member of two populations of proteird;, and N, random x and y values are
generated to place them within a square which represents the cell membrane. A timepoint
is then chosenand ther value is calculated using the above equation. The direction of travel
is determined by the formula = Z' s, where' is the direction of travel, and s is a randomly
selected value. From these results, the new x and y values of the protein are determined.
The position of each of the proteins, as well as the experimentally determined radius of each
type of interacting potein is comparedo determine where there is an overlap, which
generates the calculated number of collisions. This is further used to calculate the rate of

collision, using the following formula:

'

4 4 y<

k = rate of collision

M = number of collisions

S= Area

N1 = number of molecules of first protein
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N2 = number of molecules of second protein

(Tian et al., 2010)

While the strength of this model is the need for relatively few experimentally determined
inputs, like the copy numbers of the interacting proteins, which | determined for PKA in the
course of my investigations, there are a number of confounding factordithétour ability

to adapt this for use with C and R subunit associafldre experimentally determined rate

of diffusion within the membrane for anchoredRas proteins that was used by Tian and
colleagues to develop this model was determined using membanchored fluorophores
and fluorescence recovery after photobleaching (FRAP) (Lommerse et al., R@06)is no
existing experimentally determined diffusion rate for myristoylated C subunits, though a
similar approach could be adopted. In additionabich, there are also strong indications in
the literature that differential anchoring mechanisms of AKAPSs, including myristoylation,
palmitoylation restricts the membrane localization and diffusion of the anchored complexes
(DelintRamirez et i 2011) The polyvalency of AKAPs would also introduce further
variables into the rate of diffusion calculations. However, these variables could be measured
experimentally, potentially operating on the assumption that large enough polyvalent

complexes are effectively fixed over short changes in time.

Additionally, this model assumes a fixed and experimentally quantifiable number of
membraneassociated protein partners. The case presented by the myristoylated C subunit
does not fit these parametersGaffarogullari and colleagues proposed that phosphorylation
at Serl0 and membrane interaction can drive the membrane association of C subunits by
inducing the myout conformation. This finding was further supported by Bastidas and
coworkers, who showet that RIlI subunits but not RI subunits drive C subom@imbrane
attachment(Bastida®t al., 2012)as well as our own gX¥S data, which indicates a possible

shift toward myrout upon association with and AKAP. All of these models also describe
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reversibility in the process, meaning that within the relatively fixed copy number of C
subunits, there is a divide between membraiassociated myout C subunits, and
cytoplasmic myin C subunits. There is little understanding of the basal proportion of these
two populations in relation to each other, or the potential factors inducing a chamghis
population. In a similar circumstance, a FRABed method was adapted to measure the
membrane association of the palmitoylated and myristoylated Src family kinase Lyk, with the
localization of the protein assessed by differing diffusion ratesigmed to cytosolic and
membrane associated proteinZimmermann et al., 2010) This methodology could be
adapted to measure the basal proportion of cytosolic and membrane anchored C subunits,
possibly by extending the discriminatory power of the analysis to identify the rates of
movement of free cytosolic C subunits, cytosolic PKA tetramers, free membssoeiated

C subunits, and membrane associated tetramers.

This is further complicated by the change in molecular radius of the R subunit dimer following
the binding of the firs C subunit(Batada et al., 2006) This parameter would also be
significantly different between anchored and cytoplasmic R subunits, as membrane
attachment limits the space for diffusion as well as rotational freedom, which would likely

increase the probability of association in the aod subunityBatada et al., 2006)

However, the greatest challenge for this type of modelling would be to establish a
physiologically informed proportion of cAM#®und and unbound RIl dimers. Theding of
cAMP to the RII dimer is both reversible and highly localized, meaning that any effective
model would have to take into account the proportion of unavailable RIl in a microdomain,
potentially dynamically, which would need to be disregarded in taiityy the rate of
collision. This parameter has not been measured, likely due to the established belief in the
field that the approximately even stoichiometry of C:R subunits means that the effect of

unoccupied R subunits is negligible.
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In order to effectively characterize the interaction of C and R subunits in the plane of the
membrane, further work must be done. Experimentally, determination of parameters
including rates of diffusion of C and R subunits individually or as members of polyvalent
complexes, as well as the proportion of membrane bound C subunit in the total population,
and the amount of available unoccupied R subunit must be carried out. Also, the model must
be tuned to account for variability in the association of C subunits with the on@ne, as

well as dynamic availability of R subunits.

6.7 An integrated model for C subunit restraint

Localized cAMP signalling is a mature field with roots in the first half of the twentieth century.
Nevertheless, during my doctoral studies, | have emadgiumber of contributions that enable

us to extend the overall scheme for understanding how specificity in PKA phosphorylation is
achieved within cells. Prior to stimulation, a large excess of R subunits bind and inhibit a
relatively small number of C Bunits. Typically, membrarassociated RIl subunits
outnumber RI subunits. Following cAMP elevation in the vicinity of ACs anchored in tandem
with RIl subunits, C subunits are released from RIl. TheselsleatC subunits are able to
phosphorylate Ser/Tthamino acids within proteins that conform to the consensus PKA
recognition motif in their immediate vicinity before thesapidly encounteranother
(unoccupied) RIl subunit. Rapid cycling of C subunits between different anchored RII subunits
continue while cAMP is elevated and is sufficient to overcome background
dephosphorylation by cellular phosphatases. We can also speculate that membrane
insertion of the myristoylated Xerminus of the C subunit prevents it from diffusing out of

the plane of the membram thereby increasing its chances of rapidly encountering another
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unoccupied R subunit. It will be very interesting to see how this scheme evolves as more

details of CAMP signalling are uncovered in the future.
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8.26

8.52

0.32
0.38

0.2

0.17
0.19

0.26
0.26
0.23

0.27

0.23

0.15

0.14

0.09

0.2

0.23

0.22

0.22

0.2

0.18

0.39
0.31

0.34

0.2
0.47

0.24
0.42
0.35

0.27

0.24

0.41

0.34

0.3

0.25

0.35

0.25

0.34

0.25

0.31

0.06
0.06

0.08

0.05
0.05

0.09
0.03
0.05

0.04

0.04

0.17

0.05

0.1

0.07

0.06

0.04

0.05

0.04

0.03

503
191

422

746
191

284
69
259

493

650

160

438

351

357

390

651

378

466

381

34.42
34.25

34.16

33.79
33.79

33.42
33.38
33.34

33.1

32.73

32.69

32.69

32.64

32.57

31.72

31.56

31.48

31.08

31.06

0.069
0.069

0.069

0.069
0.069

0.069
0.072
0.072

0.072

0.072

0.072

0.072

0.072

0.072

0.072

0.072

0.072

0.079

0.079



FPSHFSSDLKDLLR-IVSGKVR-al0-
b5

KMYESFIESLPFLK-NNAKKR-al-b5
KWENPPPSNAGLEDFER-
NGVSDIKTHK-al-b7

AKEDFLR-RVKGR-a2-b3

KVEAPFIPK-AKEDFLR-al-b2
ATEQYYAMKILDK-LKQIEHTLNEK-
a9-b2
ATEQYYAMKILDK-QIEHTLNEKR-
a9-b9

AKEDFLRK-RVKGR-a2-b3

ATEQYYAMKILDK-RVKGR-a9-b3
KWENPPPSNAGLEDFER-
AKEDFLR-al-b2
FGNLKNGVSDIKTHK-
KGSEVESVKEFLAK-al2-b9
KMYESFIESLPFLK-LKVVDVIGTK-
al-b2
DLKPENLLIDHQGYIQVTDFGFAKR
-AKEDFLR-a24-b2
KMYESFIESLPFLKSLEFSER-
KGTAR-al4-bl

LKQIEHTLNEKR-RVKGR-a2-b3
KWENPPPSNAGLEDFER-
IVSGKVR-al-b5

QIEHTLNEKR-VVKLK-a9-b3
LKQIEHTLNEKR-ILDKQKVVK-a2-
b4
RFGNLKNGVSDIKTHK-AKEDFLR-
al3-b2
LEYSFKDNSNLYMVMEYVPGGEM
FSHLR-ILDKQK-a6-b4

Chb
R

Ch
Chb
Ch

Ch

Ch
Chb
Ch

Ch

Ch

RI

Ch

R
Ch

Chb
Ch

Ch

Ch

Ch

Ch
RI I b

Ch
Chb
Ch

Ch

Ch
Chb
Ch

Ch

Cbh

RII b

Cbh

RI1 b
Ch

Chb
Ch

Ch

Ch

Ch

272
272

35
29
315

78

78
29
78

35

298

272

195

285
89

35
98

89

298

117

266
261

29
23
309

72

72
23
72

29

292
285
189

44
83

29
92

83
292
111

230

9.29
8.61

7.47
8.99
8.1

8.14

7.3
9.14
7.86

7.64

8.51

6.84

6.69

7.86
8.07

7.92
10.01

7.07

8.21

7.45

0.15
0.24

0.17
0.23
0.26

0.2

0.23
0.17
0.18

0.14

0.21

0.11

0.16

0.22
0.12

0.24
0.29

0.16

0.2

0.13

0.38
0.24

0.26
0.31
0.37

0.21

0.18
0.31
0.31

0.28

0.23

0.27

0.19

0.32
0.3

0.19
0.25

0.3

0.2

0.3

0.16
0.05

0.06
0.07
0.05

0.04

0.05
0.04
0.04

0.06

0.07

0.03

0.04

0.06
0.03

0.04
0.04

0.05

0.06

0.03

122
415

510
266
300

458

564
232
353

376

310

485

564

231
260

384
72

337

315

309

30.91
30.9

30.77
30.56
30.51

29.82

29.68
29.63
29.39

29.07

28.68

28.64

28.33

27.76
27.69

27.65
27.61

27.54

27.51

27.34

0.079
0.079

0.079
0.079
0.079

0.091

0.101
0.101
0.106

0.106

0.106

0.106

0.106

0.106
0.106

0.106
0.106

0.106

0.106

0.106



KWENPPPSNAGLEDFER-
ATEQYYAMKILDKQK-al-b13
KWENPPPSNAGLEDFER-
LKQIEHTLNEKR-a1-b11
HKATEQYYAMKILDK-
LKQIEHTLNEKR-a11-b11
KMYESFIESLPFLK-RIIVKNNAK-al-
b5

ATEQYYAMKILDKQK-
LKQIEHTLNEKR-a9-b2
KWENPPPSNAGLEDFER-
LKQIEHTLNEKR-al1-b2
FGNLKNGVSDIKTHK-
NLLQVDLTKR-a5-b9
FPSHFSSDLKDLLRNLLQVDLTKR-
IVSGKVR-a10-b5
NLLQVDLTKRFGNLK-
NGVSDIKTHK-a9-b7

LKQIEHTLNEK-RVKGR-a2-b3
ATEQYYAMKILDK-QKVVKLK-a9-
b5

KWENPPPSNAGLEDFER-
QIEHTLNEKR-al-b9
ATEQYYAMKILDKQK-
NGVSDIKTHK-al3-b7
HKATEQYYAMKILDK-
QIEHTLNEKR-al11-b9
RKMYESFIESLPFLKSLEFSER-
KGTAR-al5-bl
HKATEQYYAMKILDKQK-
QIEHTLNEKR-al11-b9
HKATEQYYAMKILDKQK-
LKQIEHTLNEKR-al11-b2
RKMYESFIESLPFLKSLEFSER-
IIVKNNAK-al15-b4

Chb

Ch

Ch

R

Chb

Chb

Chb

Ch

Ch
Chb

Ch

Chb

Ch

Ch

R

Ch

Ch

Chb

Ch

Ch

R

Chb

Chb

Chb

Ch

Ch
Chb

Cbh

Chb

Ch

Ch

R

Chb

Ch

35

35

78

272

78

35

201

272

285
89

78

35

82

78

285

78

78

RI'l B RI'l b 285

29
29
72
256
72
29
285
266

279
83

72
29
76
72
44
72
72

256

231

7.75

7.94

6.93

7.99

7.2

7.05

6.96

8.2

7.01
8.17

7.54

6.6

6.58

6.83

5.48

6.27

6.1

6.03

0.18

0.15

0.09

0.2

0.14

0.17

0.12

0.13

0.14
0.2

0.22

0.1

0.17

0.13

0.14

0.08

0.15

0.15

0.25

0.23

0.27

0.19

0.21

0.31

0.22

0.17

0.26
0.16

0.25

0.17

0.22

0.27

0.13

0.28

0.23

0.11

0.05

0.05

0.05

0.03

0.04

0.04

0.1

0.12

0.07
0.02

0.04

0.05

0.07

0.02

0.03

0.03

0.02

0.03

201

278

336

253

309

205

289

197

222
226

129

321

224

159

440

178

219

360

26.82

26.52

26.39

25.21

25.18

25.17

25.16

25.13

24.68
24.35

23.59

23.45

22.86

22.67

22.27

22.07

21.62

21.54

0.106

0.106

0.106

0.121

0.121

0.121

0.121

0.121

0.129
0.129

0.154

0.154

0.154

0.16

0.16

0.164

0.164

0.164



NLDPEQMSQVLDAMFEKLVK-
IIHPKTDDQR-al7-b5

LKQIEHTLNEKR-AKEDFLR-al11-b2
ATEQYYAMKILDKQK-VVKLK-a9-
b3
LKQIEHTLNEKR-HKATEQYYAMK-
a2-b2

NGVSDIKTHK-QIEHTLNEKR-a7-b9

QIEHTLNEKR-ILDKQKVVK-a9-b4
KWENPPPSNAGLEDFER-
KKTLGTGSFGR-al-b2

LKVVDVIGTK-VVKLK-a2-b3
GQYFGELALVTNKPRAASAHAIGT
VK-LKQIEHTLNEKR-a13-b11
GQYFGELALVTNKPR-
FGNLKNGVSDIK-a13-b5
GQYFGELALVTNKPRAASAHAIGT
VK-LKQIEHTLNEKR-a13-b2
LKQIEHTLNEK-LKVVDVIGTK-a2-
b2

R
Ch

Ch

Chb
Chb
Ch

Ch
R I

R

R

R

Chb

I b RIIT D

Ch

Ch

Chb
Chb
Ch

Ch
Chb

Ch

Ch

Ch

RII b

180
98

78

89
298
98

35
294

366

366

366

89

135
92

72

83
292
92

29
78

89

282

80

83

232

7.3
6.46

7.77

5.94
6.92

6.16
9.49

5.02

7.39

4.85

7.48

0.17
0.18

0.15

0.11
0.23
0.21

0.14
0.32

0.26

0.22

0.16

0.19

0.06
0.12

0.2

0.23
0.23
0.16

0.23
0.37

0.13

0.15

0.1

0.2

0.06
0.06

0.02

0.02
0.02
0.03

0.02
0.05

0.06

0.04

0.03

0.03

247
260

45

211
70
132

141
284

785

333

669

147

21.33
21.26

20.99

20.88
20.68
20.34

20.14
33.24

28.11

24.94

24.65

22.52

0.164
0.164

0.164

0.164
0.164
0.164

0.164
0.167

0.2

0.2

0.2

0.2



Supplementary table 2. Raw . {

Id

LKQIEHTLNEK-ILDKQK-a2-b4
GKSEVEENGAVEIAR-
GQYFGELALVTNKPR-a2-b13
RKGKSEVEENGAVEIAR-
GQYFGELALVTNKPR-a2-b13

KMYESFIESLPFLK-NNAKKR-al-b4
IIHPKTDDQR-LKVVDVIGTK-a5-b2
FPSHFSSDLKDLLR-KGTAR-a10-b1

NLLQVDLTKR-IVSGKVR-a9-b5
KMYESFIESLPFLK-IIVKNNAK-al-
b4
HKATEQYYAMKILDKQK-VVKLK-
all-b3

NGVSDIKTHK-AKEDFLR-a7-b2
KGKSEVEENGAVEIAR-ITMKR-al-
b4

ILDKQK-VVKLK-a4-b3
KGKSEVEENGAVEIAR-ITMKR-a3-
b4
KGSEVESVKEFLAK-NGVSDIKTHK-
a9-b7
KKTLGTGSFGR-VEAPFIPKFR-a2-
b8

LKQIEHTLNEKR-ILDKQK-all-b4
LKQIEHTLNEK-AKEDFLR-a2-b2
KKTLGTGSFGR-VMLVKHK-a2-b5
AKEDFLRK-RVKGR-a2-b3

RIGF- B 2YNJt walyLhi

Protein

1
Ch

R

R
R
R
Ch
Ch

R

Ch
Chb

R
Ch

R

Chb

Ch
Chb
Ch
Ch
Chb

o O

Protein
2

Ch

RI I

(@)

RI I
RI I
RI 1
RI I
Ch

o o o o

RI'l b

Ch
Chb

RII D
Ch

RI'l b

Chb

Ch
Chb
Ch
Ch
Chb

Pos1
83

328

326
263
135
266
279

263

72
292

326
76

328

16

47
92
83
47
23

ONRAAEAY]AYT

Pos2

76

357

357
260
285
44

254

256

81
23

324
81

324

292

317
76
23
61
192

233

MatchOd
ds

1151

11.17

9.81
8.18
10.77
10.62
11.34

8.25

11.49
11.43

9.4
115

9.3

9.78

10.85
10.06
11.48
11.51
10.22

Xcorrx
0.43

0.19

0.24
0.3

0.24
0.41
0.31

0.27

0.18
0.27

0.28
0.34

0.29

0.22

0.26
0.41
0.24
0.3

0.23

Xcorrb

0.29

0.38

0.38
0.28
0.49
0.26
0.63

0.23

0.32
0.45

0.33
0.51

0.26

0.58

0.44
0.32
0.46
0.47
0.44

WTIC
0.06

0.07

0.09
0.05
0.06
0.06
0.09

0.05

0.05
0.08

0.06
0.1

0.07

0.08

0.07
0.05
0.08
0.1

0.05

intsum
0.52

0

0
0.4
0
0.48
0.63

0.76

0.94
0.88

0.94

0.57

0.92

0.6

0.52

Id-
Score

50.16

45.44

44.79
44.5

44.42
44.41
42.61

42.35

42.24
41.27

41.25
41.17

41.05

40.47

40.23
40.07
38.43
38.36
37.98

FDR

O O O O O

o

o O O O o



LKVVDVIGTK-KGTAR-a2-b1
LVKDGEHVIDQGDDGDNFYVIDR-
KGTAR-a3-b1

ATEQYYAMKILDK-VMLVKHK-a9-b5

LKQIEHTLNEKR-AKEDFLR-al11-b2
LVKDGEHVIDQGDDGDNFYVIDR-
IIVKNNAK-a3-b4

KMYESFIESLPFLK-KGTAR-al-bl
LKQIEHTLNEKR-ILDKQKVVK-a2-
b6

KVEAPFIPKFR-AKEDFLR-a9-b2
IIHPKTDDQR-KGTAR-a5-b1

LKVVDVIGTK-NNAKK-a2-b4
HKATEQYYAMKILDK-
LKQIEHTLNEKR-al11-b2
LVKDGEHVIDQGDDGDNFYVIDR-
IVSGKVR-a3-b5

LKVVDVIGTK-IIVKNNAK-a2-b4
HKATEQYYAMKILDK-
LKQIEHTLNEKR-a11-b11
HKATEQYYAMKILDKQK-
AKEDFLR-al1-b2

HKATEQYYAMK-AKEDFLR-a2-b2
KGSEVESVKEFLAK-AKEDFLR-a9-
b2
LVKDGEHVIDQGDDGDNFYVIDR-
IIHPKTDDQR-a3-b5

AKEDFLR-VMLVKHK-a2-b5
IIHPKTDDQR-IIVKNNAK-a5-b4
HKATEQYYAMK-ILDKQK-a2-b4

R

R
Chb
Chb

R
R

Ch
Ch
R
R

Chb

R
R

Ch

Chb
Ch

Ch

R
Ch
R
Ch

R

R
Chb
Chb

R
RI

Ch
Ch
R
RI

Chb

Ch
R

Ch

Chb
Ch

Ch

R
Ch
R
Ch

285

174
72
92

174
263

83

317
135
285

72

174
285

72

72
63

16

174
23
135
63

44

44
61
23

256
44

78
23
44
260

83

254
256

92

23
23

23

135
61
256
76

234

8.83

8.37
10.08
10.53

7.33
8.18

10.41
10.5
9.85
11.34

9.49

7.92
9.96

10.14

9.89
10.24

10.6

9.75
9.62
11.05
10.9

0.26

0.3
0.26
0.25

0.15
0.31

0.18
0.2

0.22
0.41

0.17

0.26
0.3

0.18

0.22
0.32

0.26

0.25
0.22
0.26
0.21

0.57

0.33
0.27
0.4

0.24
0.28

0.35
0.35
0.39
0.32

0.34

0.3
0.27

0.26

0.29
0.36

0.3

0.21
0.43
0.29
0.3

0.07

0.06
0.06
0.06

0.04
0.04

0.05
0.07
0.06
0.06

0.06

0.06
0.06

0.05

0.1
0.07

0.09

0.08
0.05
0.1

0.15

0.56

0.22

0.88
0.36
0.46

0.43

0.17

0.32

0.68

o O O O

37.96

37.89
37.59
37.04

36.73
36.55

36.5

36.29
35.89
35.82

35.37

34.9
34.62

34.59

34.29
33.97

33.9

33.36
33.36
33.19
32.97

0.026
0.026

0.026
0.03
0.03
0.03

0.03

0.03

0.03

0.03
0.03

0.03

0.03
0.03
0.03
0.03



VMLVKHK-ILDKQK-a5-b4
GQYFGELALVTNKPR-KGTAR-al3-
bl
KKTLGTGSFGR-KVEAPFIPKFR-al-
b9

NGVSDIKTHK-KVEAPFIPK-a7-b1
KWENPPPSNAGLEDFER-
NGVSDIKTHK-al-b7
KWENPPPSNAGLEDFER-ILDKQK-
al-b4
DLKPENLLIDHQGYIQVTDFGFAKR
-AKEDFLR-a24-b2

FGNLKNGVSDIK-AKEDFLR-a5-b2
LKQIEHTLNEKR-ILDKQKVVK-all-
b6

LKVVDVIGTK-VVKLK-a2-b3
KWENPPPSNAGLEDFER-
KVEAPFIPK-al-bl
LKQIEHTLNEKR-HKATEQYYAMK-
a2-b2

QIEHTLNEKR-VVKLK-a9-b3

KVEAPFIPK-AKEDFLR-al-b2
LKQIEHTLNEKR-HKATEQYYAMK-
all-b2

LKVVDVIGTK-ITMKR-a2-b4
NLLQVDLTKRFGNLK-
NGVSDIKTHK-a9-b7
KMYESFIESLPFLKSLEFSER-
KGTAR-al4-bl

NGVSDIKTHK-EFLAKAK-a7-b5
KWENPPPSNAGLEDFER-
LKQIEHTLNEKR-al-b11

Ch

RI I b

Ch
Chb

Chb

Ch

Ch
Chb

Ch
RI I b

Ch

Chb
Cbh
Ch

Ch
RII b

Ch

RII Db
Ch

Ch

Ch

R

Ch
Chb

Chb

Ch

Ch
Chb

Chb
Ch

Ch

Chb
Chb
Ch

Ch
R

Ch

RI
Ch

Ch

61

357

46
292

29

29

189
285

92
285

29

83
92
309

92
285

279

276
292

29

76

44

317
309

292

76

23
23

78
81

309

63
81
23

63
324

292

44
21

92

235

10.94

7.85

8.97
10.15

8.77

9.67

7.01
8.15

10.47
9.23

8.88

9.08
11.18
8.01

7.58
8.93

7.21

8.17
6.72

7.13

0.29

0.38

0.22
0.32

0.31

0.21

0.12
0.25

0.19
0.29

0.17

0.14
0.29
0.29

0.2
0.2

0.14

0.17
0.23

0.19

0.23

0.33

0.32
0.37

0.34

0.19

0.33
0.24

0.23
0.3

0.31

0.29
0.28
0.33

0.26
0.26

0.32

0.27
0.34

0.26

0.11

0.07

0.08
0.05

0.07

0.04

0.04
0.05

0.05
0.05

0.05

0.05
0.02
0.05

0.04
0.05

0.08

0.05
0.06

0.06

0.79

0.31

0.29

0.75

0.42

0.91

0.36
0.72

0.28

32.54

32.41

32.41
32.36

32.19

32.07

32.03
31.84

3151
31.35

30.72

30.52
29.73
29.51

29.29
28.93

27.85

27.07
26.75

26.43

0.03

0.035

0.035
0.035

0.035

0.035

0.035
0.035

0.035

0.035

0.035
0.035
0.035

0.035
0.035

0.041

0.041
0.041

0.041



NGVSDIKTHK-QIEHTLNEKR-a7-b9
HKATEQYYAMKILDKQK-
KWENPPPSNAGLEDFER-all-bl
KMYESFIESLPFLK-LKVVDVIGTK-
al-b2

FGNLKNGVSDIK-ICEKDR-a5-b4
ATEQYYAMKILDKQK-
NGVSDIKTHK-al13-b7

QIEHTLNEKR-VMLVKHK-a9-b5
KWENPPPSNAGLEDFER-
LKQIEHTLNEKR-a1-b2
FGNLKNGVSDIKTHK-
KGSEVESVKEFLAK-a5-b9
KGSEVESVKEFLAKAK-ILDKQK-a9-
b4

KWENPPPSNAGLEDFER-
HKATEQYYAMK-al-b2
ATEQYYAMKILDKQK-
NGVSDIKTHK-a9-b7
AVQQYLEETQNKKQPGEGNSTKA
EEGDR-KMYESFIESLPFLK-a22-b1

ATEQYYAMKILDK-EFLAKAK-a9-b5
FGNLKNGVSDIKTHK-
NLLQVDLTKR-a5-b9
KTLGTGSFGRVMLVK-ILDKQK-al-
b4

Ch

Ch

RI 1 b

Chb

Chb
Ch

Ch

Ch

Chb

Chb

Ch
AKAP1

Ch

Chb

Chb

Ch
Ch
RI'l b
AKAP1

Chb
Ch

Ch

Ch

Chb

Chb

Ch

RI'l b
Ch

Chb

Chb

292

263

285

76
92

29

285

16

29

72

72

285

47

92

29

285

15

292
61

83

16

76

63

292

263
21

279

76

236

8.38

8.17

5.9

6.68

8.06

6.84

7.49

7.69

6.53

6.42

3.9
6.43

5.69

7.75

0.2

0.18

0.16

0.23

0.13
0.13

0.22

0.17

0.16

0.1

0.11

0.11
0.11

0.12

0.14

0.28

0.19

0.15

0.11

0.17
0.25

0.15

0.23

0.15

0.16

0.18

0.15
0.31

0.17

0.2

0.03

0.05

0.05

0.05

0.07
0.04

0.06

0.03

0.03

0.05

0.07

0.04
0.02

0.1

0.01

0.7

0.51

0.48

0.86

0.94

0.54

0.89

0.24

0.38

0.65

0.77

26.17

25.99

25.77

24.44

24.39
24

23.73

23.66

22.35

22.01

21.23

21.07
20.79

20.68

20.65

0.041

0.041

0.051

0.25

0.077
0.077

0.086

0.094

0.109

0.117

0.125

0.4
0.14

0.147

0.147



Supplementary table 3. Raw data for »4_{

Id
DYKTXTALAK-TDLKLWGIDR-a3-b4
AATVKAK-LEKEENR-a5-b3
DYKTMTALAK-TDLKLWGIDR-a3-b4
DYKTXTALAK-ILDKQK-a3-b4
DYKTXTALAK-AATVKAK-a3-b5
TXTALAKAISK-TDLKLWGIDR-a7-b4
KVEAPFIPK-AKEDFLR-al-b2
AKEDFLR-AKEDFLR-a2-b2
TXTALAKAISK-DYKTXTALAK-a7-b3
EHFEKLEKEENR-AATVKAK-a5-b5
AKEDFLR-VXLVKHK-a2-b5
LKQIEHTLNEK-ILDKQKVVK-a2-b6
KVEAPFIPKFR-VXLVKHK-a9-b5
AATVKAK-AKEDFLR-a5-b2
LKQIEHTLNEK-VXLVKHK-a2-b5
LKQIEHTLNEKR-ILDKQK-al1-b4
NGVSDIKTHK-AKEDFLR-a7-b2
AATVKAK-ILDKQK-a5-b4
VXLVKHK-ILDKQK-a5-b4
LEKEENR-LEKEENR-a3-b3
NLLQVDLTKR-IVSGKVR-a9-b5
FLREHFEKLEK-AATVKAK-a8-b5

Protein
1

R
R
R
R
RI
R
Ch
Ch
RI Db
RI Db
Ch
Ch
Ch
RI b
Ch
Ch
Ch
RI Db
Ch
RI b
Ch
RI b

o oo oo o

Protein2
RI Db
RI b
RI Db
Ch
RI b
RI b
Ch
Chb
RI Db
RI b
Ch
Ch
Ch
Ch
Ch
Ch
Ch
Ch
Ch
RI b
Ch
RI b

Pos
1

121
214
121
121
121
128
309
23
128
54
23
83
317
214
83
92
292
214
61
57
279
54

Pos2
220
57
220
76
214
220
23
23
121
214
61
78
61
23
61
76
23
76
76
57
254
214

237

27 iwWWONRA&EAY]AY3

Matc
h
Odds

10.29
11.45
10.29
11.49
10.94
9.73

10.89
11.48
10.16
11.26
9.85

10.92
11.43
11.14
11.16
11.02
9.41

11.04
11.51
10.78
9.81

10.64

Xcorr

0.27
0.42
0.18
0.45
0.34
0.22
0.25
0.21
0.19
0.49
0.3

0.3

0.32
0.35
0.17
0.44
0.2

0.43
0.49
0.29
0.21
0.37

Xcorr
b

0.58
0.55
0.46
0.48
0.53
0.45
0.46
0.49
0.44
0.37
0.55
0.38
0.34
0.33
0.42
0.29
0.51
0.36
0.38
0.42
0.53
0.16

WTI

0.07
0.1

0.06
0.08
0.06
0.07
0.09
0.07
0.07
0.06
0.07
0.09
0.08
0.08
0.05
0.07
0.09
0.07
0.07
0.07
0.09
0.07

intsu

757
517
784
518
481
712
535
367
573
426
379
437
426
453
372
486
384
361
271
326
297
611

delta

©O O oo oo ow

o o
o
\l

0.55
0.34
0.89
0.66

0.57
0.28

0.89
0.6

Id-
Scor

47.87
45.8
45.37
44.22
43.29
43.19
42.69
41.14
41
39.67
39.51
39.32
39.29
39.02
38.82
38.65
37.99
37.88
37.75
37.67
37.61
37.29

FDR

O O O OO OO OO0 OO0 OO0 OO0 oo o o o o o



LKQIEHTLNEK-ILDKQK-a2-b4
HKATEQYYAXK-ILDKQK-a2-b4
EHFEKLEKEENR-DYKTXTALAK-a8-b3
EHFEKLEKEENR-DYKTXTALAK-a5-b3
KVEAPFIPKFR-AKEDFLR-a9-b2
KKTLGTGSFGR-VXLVKHK-a2-b5
TXTALAKAISK-LEKEENR-a7-b3
EHFEKLEKEENR-LEKEENR-a8-b3
HKATEQYYAXK-KKTLGTGSFGR-a2-b2
KKTLGTGSFGR-VEAPFIPKFR-a2-b8
VSILESLEKWER-KXYEEFLSK-a9-b1
VSILESLEKWER-KMYEEFLSK-a9-b1
KXYEEFLSK-AATVKAK-al-b5
EHFEKLEKEENR-TXTALAKAISK-a5-b7
NLLQVDLTKR-AATVKAK-a9-b5
ATEQYYAXKILDK-VXLVKHK-a9-b5
EHFEKLEKEENR-LEKEENR-a5-b3
ILDKQKVVK-VXLVKHK-a6-b5
LEKEENR-AKTDLK-a3-b2
NGVSDIKTHK-AKEDFLRK-a7-b2
EHFEKLEKEENR-KXYEEFLSK-a5-b1
AKEDFLR-ILDKQK-a2-b4
LKQIEHTLNEKR-VXLVKHK-a2-b5

AATVKAK-AATVKAK-a5-b5
DLKPENLLIDHQGYIQVTDFGFAKR-
KVEAPFIPK-a24-b1

Ch
Ch
RI Db
RI Db
Chb
Ch
RI Db
RI Db
Ch
Ch
RI'D
RI b
RI'D
RI Db
Ch
Ch
RI Db
Ch
RI D
Ch
RI D
Ch
Ch
RI Db

Chb

Ch
Ch
RI Db
RI b
Ch
Ch
RI b
RI b
Ch
Ch
R
R
R
R
R
Ch
RI b
Ch
RI b
Ch
RI b
Ch
Ch
RI b

o O o o o

Ch

317
47
128
57
63
47
259
259
242
54
279
72
54
78
57
292
54
23
83
214

189

76
76
121
121
23
61
57
57
47
317
242
242
214
128
214
61
57
61
216
23
242
76
61
214

309

238

11.43
11.07
10.02
9.58
10.94
10.99
10.08
11.41
10.67
10.01
9.75
9.63
10.77
10.65
9.52
8.79
11.32
9.87
9.14
10.43
9.99
9.32
9.91
11.5

7.26

0.32
0.28
0.22
0.23
0.24
0.23
0.46
0.22
0.21
0.19
0.27
0.29
0.31
0.23
0.39
0.19
0.24
0.27
0.34
0.28
0.13
0.19
0.18
0.35

0.2

0.41
0.37
0.34
0.4

0.33
0.36
0.49
0.37
0.39
0.28
0.29
0.3

0.29
0.42
0.37
0.27
0.27
0.38
0.39
0.36
0.39
0.36
0.26
0.33

0.21

0.16
0.15
0.08
0.07
0.09
0.09
0.07
0.06
0.06
0.07
0.1

0.1

0.07
0.08
0.1

0.06
0.06
0.06
0.09
0.09
0.05
0.09
0.07
0.05

0.06

179
273
474
453
354
319
245
270
300
498
469
472
380
236
361
577
287
293
322
213
269
322
371
97

720

0.62

0.55
0.66

0.51
0.88
0.64
0.83

0.25

0.64

0.27
0.79

0.85
0.7

0.59
0.75
0.47

37.23
37.22
36.99
36.95
36.79
36.76
36.75
36.69
36.12
36.1

35.92
35.86
35.85
35.74
35.46
34.75
34.72
34.32
34.09
33.9

33.86
33.57
33.04
32.98

32.96

O O O OO OO0 OO0 OO0 OO0 OO0 OO0 oo oo oo o

o
























