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ABSTRACT OF THE DISSERTATION

Structures of PKA RIl Beta Holoenzymes Define Isoform Diversity

by

Simon Hugh Jolyon Brown
Doctor of Philosophy in Chemistry
University of California, San Diego, 2008

Professor Susan S. Taylor, Chair

Protein phosphorylation is a major mechanism of enzyme control in cell
signaling systems. Phosphoryl transfer activity by cyclic adenosine mono-
phosphate (CAMP) dependant protein kinase A (PKA) is inhibited by the
regulatory (R) subunits. The binding of cAMP to the R-subunit disassociates

the PKA holoenzyme complex and releases the C-subunit inhibition. The R-
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subunits consist of four non-redundant isoforms that vary in molecular weight,
cAMP affinity, localization, and in their potential as PKA substrates. Although
all known cAMP binding domains share the same basic structure, there is
significant diversity among protein families and isoforms. RIIf is implicated in
both Lupus and cancer, and knockout of RIIf§ in mice has unique phenotypes
of obesity resistance and alcohol consumption.

The crystal structure of the RIIp deletion mutant 108-268 bound to the
C-subunit was determined at 1.6 A. Crystallization of the holoenzyme
complex with the non-hydrolyzable ATP analogue AMPPNP trapped the RIIf
substrate in a transition state. This structure revealed the conserved and non-
conserved regions between RIIf holoenzyme and previous structures of PKA
holoenzymes. Biochemical affinity analysis determined the contribution of
each domain of RIIp in holoenzyme formation. The RIIf linker region 102-107
was determined to be important for high affinity complex formation. The crystal
structure of the RIIp deletion mutant 102-265 bound to the C-subunit was
determined at 2.9 A. This structure highlighted the structurally unique docking
of RIIf 102-107 to the C-subunit. Solution based methods of hydrogen-
deuterium exchange and small angle X-ray scattering demonstrated the
isoform diversity of RII and allosteric communication in the holoenzyme
complex.

The cyclic nucleotide binding (CNB) domain is a highly conserved

module that serves as the primary intracellular receptor for cAMP. Although
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similar in sequence and overall structure, cCAMP binding domains vary in
affinity and binding rates for cCAMP. Additionally, analogues of cAMP show
distinct preferences for binding different CNBs. A high throughput, isoform
specific assay to screen cAMP analogues demonstrated the RIIp preference
for N6 substituted analogues and Rla preference for C8 substituted
analogues. The combination of X-ray structures and high throughput
screening is a powerful technique to develop highly isoform specific cAMP

analogues.
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Introduction



Signal transduction is the communication system of life. Signals are
passed from one part of an organism to another through an intricate system of
hormones, nerves, primary and secondary messengers, and protein enzyme
components. Signals go through many steps of modification, amplification,
feedback and crosstalk on the way to producing downstream effects.
Modulation of signaling cascades through systems of feedback and crosstalk
are highly complicated and largely not understood. Simple signaling pathways
have been described but the full extent of the complicated networks in an
organism are just starting to be touched upon by the scientific community.

One element of signal transduction pathways is the transfer of a signal
through the cell membrane into the cell, and the amplification of this signal
upon its register on the outside of the cell. Many systems exist for this signal
reception and amplification, including phosphorylation, calcium and sodium
fluxes, and small molecule signaling. Protein phosphorylation is the process
of transferring the y-phosphate of ATP to a serine, tyrosine or threonine
residue of the substrate. Phosphorylation by protein kinases often acts as a
molecular on and off switch, switching substrate molecules between active
and inactive states. Kinases themselves are an example of this effect, with
the addition of a phosphate to the activation loop often necessary for kinase
activity. In addition, phosphorylation can act to change binding affinities of a
protein for partner molecules, affecting both activity and localization.

The protein kinases are one of the largest gene families, consisting of

over 500 members and representing approximately 2% of the human genome.



.2 Even though substrates and regulation are highly diverse among
members of this superfamily, all protein kinases in this large family share a
conserved structural core. The first structural determination of a kinase in a
fully active form was of the cyclic adenosine monophosphate (CAMP)
dependent Protein Kinase (PKA) catalytic (C) subunit >. This crystal structure
defined the kinase core and has served as a prototypical model for the entire
family of kinases.

Regulation of PKA is achieved through both phosphorylation and cAMP
release of inhibition of the regulatory (R) subunits, shown in Figure 1.1. The
R-subunits of PKA are the major cellular receptors of cCAMP in mammalian
cells and serve to regulate and localize PKA in the cell. In the absence of
cAMP, the R-subunits bind to the C-subunit, rendering the kinase inactive
through blockage of the catalytic cleft of the kinase. Interaction between the R
and C-subunits of PKA is a high affinity (<1nM) interaction, and conformational
changes upon cAMP binding to the R subunit reduces this affinity by 3-4
orders of magnitude and allows for release of the active C-subunit for
phosphorylation. The role of PKA in signal transduction is to act as a signal
amplifier that can be easily modulated by a small molecule second
messenger. Amplification of a signal occurs though the catalytic activity of
PKA. Active PKA binds to substrates and transfers a phosphate from ATP to
the substrate. This phosphorylation event modulates the activity of the

substrate and downstream signaling. As a single active PKA molecule can



phosphorylation many substrate molecules, amplification of the cAMP signal
occurs following PKA activation.

PKA subunits and subdomains are organized in a modular fashion.
Basic subunit organization of the inactive form of PKA consists of a tetramer of
four subunits, two C-subunits bind a dimer of identical regulatory subunits.
The PKA C-subunit has a simple bi-lobal subdomain organization, consisting
of an N-terminal (small) and C-terminal (large) lobe, shown in Figure 1.2.
Each lobe is flanked by a short N- and C- terminal tail. The active site of the
enzyme is located in the cleft between the two lobes, with the residues critical
for catalysis located on the surface of the large lobe at the active site cleft.
The binding site for adenosine tri-phosphate (ATP) is also located in the cleft

between the large and small lobes, shown in Figure 1.3.
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Figure 1.1: Activation of PKA by cAMP
In addition to the regulation of the catalytic activity by the regulatory subunits
and cAMP, PKA is often localized to specific sites by A-Kinase Anchoring
Proteins (AKAPs).



and AKAP Inhibition cAMP binding cAMP binding

Small Lobe Large Lobe
ATP binding Substrate binding

Figure 1.2: PKA Subdomain Organization.
Panel A shows the regulatory subunit: Domain A is shown in dark teal, Domain
B is shown in light teal. The cAMP bound structure (PDB ID 1CX4) is rendered
as a cartoon. Panel B shows the domains of the catalytic subunit. The N-
terminal large lobe in tan, and the C-terminal small lobe in grey. Structure of

ATP and PKI-bound PKA (PDB ID 1ATP) is rendered as cartoon.



lycine rich loop

~ Lysine 168 in
»| catalytic loop

Figure 1.3: Conformational States of the Catalytic Subunit
Panel A shows an apoenzyme PKA catalytic subunit with ATP binding
surfaces highlighted (PDB ID 1J3H). Panel B shows the catalytic subunit
bound to ATP. Panel C shows the catalytic subunit bound to ATP and an
Inhibitor Site (IS) peptide, and peptide binding surfaces highlighted. Panels B
and C are visualized from a structure that contains ATP and IP20 (PDB ID

1ATP) to mimic a catalytic cycle.



The regulatory subunits of PKA have a more complicated modular
subdomain organization shown in Figure 1.2. The R-subunits consist of 3
main subdomains separated by two flexible linkers. At the N-terminus is the
dimerization and docking (D/D) domain that is necessary for the localization of
PKA by anchoring proteins. This approximately 50-residue D/D segment
forms an anti-parallel X type helical bundle that dimerizes the two R-subunits +
6.

The dimerization of the R-subunits at the D/D domain creates a
hydrophobic surface that is utilized for docking of A-Kinase Anchoring Proteins
(AKAPs). AKAPs are scaffolding proteins that bring together multiple
enzymes into higher order signaling complexes . AKAPs bind a variety of
proteins in addition to PKA, including PKA substrates, phosphatases,
phosphodiesterases, and other components of the signaling pathway.
Through localization to specific compartments in the cell, PKA is exposed to
cAMP gradients allowing for activation of specific PKA isoforms and accurate
phosphorylation of target proteins 8.

C-terminal to the D/D domains is the inhibitor site of the R-subunits.
This region consists of the 5 residues of the PKA substrate recognition
sequence. This region extends 3 amino acids N-terminal (P-3) and 1 amino
acid C-terminal (P+1) to the substrate site, is defined as the inhibitor site (IS).
The IS region is flanked by two flexible linker regions. The linker that lies N-
terminal to the IS is disordered in the free regulatory subunits, but becomes

partially ordered upon forming the inactive tetramer ® . The 20 residue linker



between the IS and cAMP binding domains is only partially ordered in the free
R-subunit, and becomes fully ordered in the presence of the C-subunit.

Following this flexible linker are two tandem cAMP binding domains.
The cyclic nucleotide binding domains (CNB domains) are the primary
functional units for regulating PKA activity. The CNB domains undergo
significant conformational changes upon cAMP binding and transmit the signal
of cAMP binding into the release of the C-subunit. The CNB domain’s are
highly conserved domains, with conservation held across domains of each R-
subunit, across PKA isoforms, and across other cyclic nucleotide binding
proteins ' '2. Comprised of about 120 amino acids, the general domain
organization consists of an eight stranded beta sandwich that forms a basket-
like structure. The cAMP molecule docks the functional phosphate in the
bottom of this ‘basket’. The Phosphate Binding Cassette (PBC) is the core of
the cAMP binding site. Consisting of two B-strands attached by a small helical
turn, the PBC contains critical arginine and glutamic acid residues for cAMP
binding. Conformational changes that occur upon cAMP binding to the PBC
are transmitted across the PBC into the entirety of the CNB domain and lead
to PKA holoenzyme disassociation. The N-terminal CNB domain A has

t13

extended interactions with the C-subunit "°, while CNB domain B plays a role

modifying the cAMP affinity of CNB domain A and as a secondary holoenzyme
binding surface " '°.

There are four different isoforms of the PKA R-subunits that vary in

sequence, molecular weight, pl, and cAMP binding affinity. Sequence
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alignments of the four isoforms of the R-subunits are shown in Figure 1.4.
Initially characterized by elution time from an ion exchange DEAE column,
PKA types Rl and RIl were identified and isolated . The most significant
difference between Rl and RIl isoforms of PKA is the autophosphorylation
potential of the inhibitor site. The RII subunits contain a serine at the inhibitor
site making them substrates as well as inhibitors for the C-subunit, while RI
subunits contain a glycine or alanine rendering them pseudosubstrates. This
difference in phosphorylation potential will be discussed further and has major
implications for the R-C interaction and PKA'’s role in signal transduction.
Additionally, Type | PKA has an absolute requirement for two magnesium ions
and ATP to form a tight holoenzyme complex, while Type Il PKA can form a
high affinity complex (<1nM) in the absence of nucleotide *°.

PKA isoforms also vary in subcellular localization, tissue expression,

and cell type expression *’.

In general, Rla and Rlla are ubiquitous, while the
RIp and RIIp isoforms are more tissue specific. RIp has been detected mainly
in neuronal tissues, while RIIg has the highest expression in neuronal,
adipose, testes and heart tissues. RII subunits have higher affinity than R
subunits for AKAP scaffold proteins, and are often found localized to
subcellular organelles, especially the nuclear envelope, the Golgi, and the

cytoskeleton. Conversely, Rla and RIp are typically cytoplasmic in most cell

types but can be dynamically recruited to AKAPs 8.
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Ril-beta 1 M.SIET......ovnvvnnnnn. PAGLTELLQGFTVEVLRHQPADLLEFALQHFTRLQQENERKGAAR 50"
Rl-alpha 1 MaSGTTaseeerslrecelyvq.KHNIQALLKDSIVQLCTARPERPMAFLREYFEKLEKEEAKQIQON- 66
Rl-beta 1 MaSPSCfhsededslkgcemyvqKHGIQQVLKECIVHLCVAKPDRPLRFLREHFEKLEKEENRQILA- 67
Ril-alpha 1 MSHIQT................. PPGLTELLQGYTVEVLRQQPPDLVDFAVEYFTRL-REARRQESDT 50
—leosuon . 10 . 20 30 . 40 . 50
Ril-beta 51 FGHEGRTWGDAGAAAGGGTPSKGVNFAEEPMRSDSENGEEEEAAEAGAFNAPVINRFTRRASVCAEAY 118"
Rl-alpha B7 === e LOKAGSRADSREDEISPPPPNPVVKGRRRRGAISAEVY 104
Rl-beta BB === mmmmmmmmmmmm e ROKSNSQCDSHDEEISPTPPNPVVKARRRRGGVSAEVY 105
Ril-alpha 51 FIVSPTTFHTQESSA-=============~ VPVIEEDGESDSDSEDADLEVPVPSKETRRVSVCAETF 103
position . 60 . 70 ~ 80 .~ 90 ~ 100 . 110

Ril-beta 119 NPDEEEDDAESRI IHPKTDDQRNRLQEACKDILLFKNLDPEQMSQVLDAMFEKLVKEGEHVIDQGDDG 186"
Rl-alpha 105 T--EEDAASYVRKVIPKDYKTMAALAKAIEKNVLFSHLDDNERSDIFDAMFPVSFIAGETVIQQGDEG 170
Rl-beta 106 T--EEDAVSYVRKVIPKDYKTMTALAKAISKNVLFSHLDDNERSDIFDAMFPVTHIGGETVIQQGNEG 171
Rll-alpha 104 NPDEEEEDNDPRVVHPKTDEQRCRLQEACKDILLFKNLDQEQLSQVLDAMFEKIVKTDEHVIDQGDDG 171
—ILQQQJ% 130 . 140 . 150 . 160 - 170 . 180

Ril-beta 187 DNFYVIDRGTFDIYVKCDGVGRCVGNYDNRGSFGELALMYNTPRAATITATSPGALWGLDRVIFRRII 254*
Rl-alpha 171 DNFYVIDQGEMDVYVNNEWAT----SVGEGGSFGELALIYGTPRAATVKAKTNVKLWGIDRDSYRRIL 234
Rl-beta 172 DNFYVIDQGEVDVYVNGEWVT----NISEGGSFGELALIYGTPRAATVKAKTDLKLWGIDRDSYRRIL 235
Rll-alpha 172 _DNFYVIERGTYDILVTKDNQTRSVGQYDNRGSFGELALMYNTPRAATI IATSEGSLWGLDRVTFRRII 239
—erosnon 190 . 200 . 210 . 220 . 230 . 240 . 250

Ril-beta 255 VKNNAKKRKMYESFIESLPFLKSLEVSERLKVVDVIGTKVYNDGEQIIAQGDSADSFFIVESGEVRIT 322"
Rl-alpha 235 MGSTLRKRKMYEEFLSKVSILESLDKWERLTVADALEPVQFEDGQKIVVQGEPGDEFFIILEGSAAVL 302
Rl-beta 236 MGSTLRKRKMYEEFLSKVSILESLEKWERLTVADALEPVQFEDGEKIVVQGEPGDDFYIITEGTASVL 303
Rll-alpha 24) VKNNAKKRKMFESFIESVPLFKSLEMSERMKIVDVIGEKIYKDGERIIAQGEKADSFYIIESGEVSIL 307
—erosnon 260 . 270 . 280 . 290 . 300 . 310 .~ 320

Ril-beta 323 MKRKGKSDIE.ENGAVEIARCLRGQYFGELALVTNKPRAASAHAIGTVKCLAMDVQAFERLLGPCMEI  389*
Rl-alpha 303 QRRSE----- .NEEFVEVGRLGPSDYFGEIALLMNRPRAATVVARGPLKCVKLDRPRFERVLGPCSDI 364
Rl-beta 304 QRRSP----- .NEEYVEVGRLGPSDYFGEIALLLNRPRAATVVARGPLKCVKLDRPRFERVLGPCSEI 365
Ril-alpha 308 IRSKTKSNKNGGNQEVEIAHCHKGQYFGELALVTNKPRAASAYGVGDVKCLVMDVQAFERLLGPCMDI 375
—[Lposnon . 330 . 340 . 350 . 360 ~ 370 . 380

Ril-beta 390 MKRNIATYEEQLVALFGTNMDIVEPTA 416

Rl-alpha 365 LKRNIQQYN--------=-- SFVSLSV 380

Rl-beta 366 LKRNIQRYN---=-------- SFISLTV 381

Rll-alpha 376 MKRNISHYEEQLVKMFGSNLDIMDPGQ 402

position .~ 400 .~ 410

Figure 1.4: Sequence comparison of PKA R Isoforms.
PKA sequences are represented by single letter code. Sequences are aligned

using in house software. (Kannan Natarajan)
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Table 1.1: Properties of PKA Regulatory Isoforms

Rla RIB Rlla RIIB
Tissue ubiquitous  brain, spinal  ubiquitous  brain, adipose, heart,
cord, testes testes
Localization cytoplasmic  cytoplasmic targeted targeted
PI 5.27 5.64 4.78 4.90
MW 42762 43027 45258 45992
Ka (cAMP) 101 nM ” 24 nM *° 63 nM *' 610 nM *
PKA substrate no no yes yes
R-C Affinity | 0.19nM"”  0.13nM*® <1nM"” 0.2nM *
Table 1.2: RIIp Construct Summary
RIIB RIIB RIIB RIIB
(108-268) (102-265) (108-402) Full-length
CNB Domains A A AB AB
R-C Affinity
+ AMPPNP 11.3 nM 0.6 nM 0.2 nM 0.2 nM
- AMPPNP n.d. n.d. 1.6 nM n.d.
MW (Da) 18349 18713 33140 45992
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PKA regulatory subunits are shown by targeted gene replacement to
not be interchangeable. For example, unlike the other three isoforms, targeted
gene replacement of Rla is embryonically lethal in mice, through a failure of
mesoderm-dependent cardiovascular development. Addition of a targeted
disruption of the Ca isoform to the deficient Rla. mice results in restoration of
viability 2*. Therefore, it is presumed that it is unregulated Co subunit in the
Rla targeted gene replacement mice that causes developmental failure.

RIIp targeted gene replacement in mice creates a number of interesting
phenotypes that are mainly focused on the adipose and neuronal roles for
RIIB. Rla over expression is observed in RIIp knockout mice; however, the
mice have a phenotype of small fat cells and resistance to obesity ?°. Recent
studies have shown that these RIIf targeted gene replacement mice are also
resistant to diet-induced diabetes %°, and RIIp targeted gene replacement in
obesity model agouti mice restores a normal phenotype ?’. Leanness does
not result from a decrease in caloric intake or absorption, and mutants are
slightly hyperphagic. The reduction of fat in adipose tissue results from a
decrease in the storage of triglycerides.

The exact mechanism of obesity resistance is unknown; however, a
functional correlation between Rla. compensation and RIIp targeted gene
replacement has been hypothesized. RIIf is primarily expressed in BAT and
WAT fat cells, and targeted gene replacement of RIIg causes a compensatory

increase in Rla in both cell types. Since the RIIf holoenzyme has a higher
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activation Ka for cAMP, it requires higher levels of cAMP for activation than the
Rla holoenzyme. Increases in PKA activity has also been observed in BAT
and WAT of mice that are depleted of RIIp. Deficient mice also have reduced
levels of leptin, indicating a link between satiety and expression of RIIf subunit
28'

Targeted gene replacement of RIIf in mice also causes an increase in
alcohol consumption and a lack of response to alcohol intoxication 2°. Mice
missing RIIp voluntarily drink nearly twice as much ethanol as compared to
control mice but were much more resistant to the sedative effects of ethanol
consumption. RIIB is the primary R-subunit in many brain regions, and
targeted gene replacement of RIIf is only partially compensated for by
increases in Rla and RIB. R-subunit serves two roles for the C-subunit; they
regulate its activity and protect it from degradation *°. The effects of the lack
of RIIB are therefore two fold: there is an increase in PKA activity due to lack
of RIIB regulation, and there is a decrease in steady state C-subunit activity
due to loss of proteolytic protection. The effects of loss of RIIf in the brain is
complicated, with changes in both the levels of C-subunit activity and
degradation, and further understanding of the changes of levels of dynamic
PKA activity is still needed to understand the ethanol-resistance phenotype.

In addition to the targeted gene replacement studies described above,
other studies have shown that the balance of type | and type Il activity and

expression plays a role in cell growth and differentiation 3" *2. Loss of this
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balance between the activities of the R-subunit isoforms has roles in disease
mechanisms, including the autoimmune disease Systemic Lupus
Erythematosus (SLE/Lupus), Carney complex, and breast cancer %',

Carney complex is an autosomal dominant condition that causes
tumors in the heart and skin, hyperpigmentation of the skin, and endocrine
problems. The primary cause of Carney complex is mutations in the Rla.
subunit of PKA, causing nonsense-mediated mRNA decay and reduction in
expression of the Rla subunit; however, the exact mechanisms remain
unclear. It is hypothesized that Rla acts as a tumor suppressor function
based on studies of the Carney complex syndrome >34,

Systemic lupus erythematosis (SLE) is an autoimmune disease
characterized by a serious dysfunction in the immune response. Recent
reports have indicated that PKA is an important enzyme in the negative
regulation of immune response. PKA has shown to be a legitimate target for
autoimmune reactive T-cells due to deficiencies in PKA phosphorylation in
these cells. Levels of both PKA | and Il proteins and phosphorylation activity
are decreased 3-4 fold in SLE T-cells, and PKA acts to down regulate immune
response through the inhibitory PKA-SRC pathway. Activation of PKA by a
cAMP agonist showed that the restoration of PKA activity induces down
regulation of T-cell response. Therefore, PKA is a legitimate target for
reduction of abnormal autoimmune response in SLE T-cells 3 384°.

Differential expression and mRNA levels of PKA isoforms also have

been correlated with clinical human tumors and cell lines. Increased
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expression of Rl over RIl has been shown in breast, renal, and colon cancer
carcinomas, and well as in a number of human cancer cell lines " 42,
Additionally, Rla overexpression has also been associated with an increase in
growth advantages for HL60 and MCF-7 cell lines *. Rla overexpression in
normal cells only occurs under conditions of cell proliferation, while in cancer
cells Rla is constitutively overexpressed.

Targeting Rla through use of antisense techniques has been shown to
inhibit growth in both cancer cell lines and mouse models . A second
approach for altering the RI/RII balance in cancer cells is to modulate the
levels of RIIp. Antisense reduction in RIIB levels produces cell lines that are
resistant to cAMP-induced growth inhibition and differentiation **.
Interestingly, a mutant form of Rla containing a phosphorylation site at the
inhibitor site that mimics RIIB shows a phenotype similar to RIIp
overexpression. Therefore, the single mutation of the P-site phosphorylation
site between Rla and RIIp to produce a Rla-P can confer a phenotype similar
to reducing Rla levels through site selective analogues or antisense therapy
45'

To understand the role that RIIB plays in disease, investigation of the
structural and functional features that make RIIf unique is necessary.
Furthermore, in order have a complete understanding of the mechanism of

cAMP activation; both the cAMP bound and C-subunit bound states of RIIf are

needed. Shown in Figure 1.5, crystal structures of Rlla. and Rla. bound to the
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C-subunit demonstrated differences between the RIl and Rl isoforms, defined
the mechanisms of inhibition and cAMP-induced activation, and allowed
investigation of roles of key residues in each state of the R-subunit. Crystal
structures of cAMP bound Rla and RIIp defined the mechanism of cAMP
binding and the role of the PBC in ligand binding, but the structures of both a
cAMP bound and C-subunit bound RIl isoform is needed for complete

understanding of RIl specific features.
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A  RI:AMPPNP:C

B

C

Figure 1.5: Binding of Inhibitors to the Catalytic Subunit
Panel A shows Rla (91-376) bound the catalytic subunit in the presence of
Mn?*: AMPPNP. Panel B shows the 20-mer IP20 peptide from Protein Kinase
Inhibitor (PK1) bound to the catalytic subunit in the presence of Mg *: ATP.

Panel C shows Rlla (91-400) bound to the catalytic subunit in the absence of

nucleotide.
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The overall goal of this thesis is to define the molecular features of RIIp
and in particular to determine how it differs from both Rla and Rlla. Studies
will elucidate the structural and biochemical properties of RIIf to specifically
define the role of the RIIB subunit as an inhibitor of the C-subunit and the
mechanism of cAMP activation at the molecular level. Elucidation of the
isoform specific characteristics of the RIIf isoform in both the holoenzyme and
cAMP bound forms will also define mechanisms behind the importance of RIIp
in disease, and may allow development of future therapies. Comparison of
RIIp and Rla holoenzymes will elucidate the importance of isoform-specific
characteristics of the CNB domains and will define the role of the
phosphorylation site of the RIl subunits in PKA inhibition.

In Chapter Two, the design of stable RIIf constructs is described.
Surface Plasmon Resonance (SPR) is used to define the roles of each
subdomain of RIIB for inhibition of C-subunit and elucidate the importance of
ATP in the R-C interaction interface.

Chapter Three describes the crystal structures of two RIIp-C
holoenzymes co-crystallized with AMPPNP, a non-hydrolyzable ATP
analogue. AMPPNP traps the RIIB holoenzyme in a transition-like state that
highly resembles Rla. A second RIIp holoenzyme crystal structure
demonstrates the surprising importance of the 6 residues N-terminal to the

inhibitor site and defines a new binding surface for RII subunits.
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Chapter Four summarizes structural work on the linker regions of RIIp
and the importance of this region for explaining differences between Rlla and
RIIB. Small angle X-ray scattering analysis (SAXS) defines the global shape
of RIIB in solution. Peptide scanning of D/D domain binding D-AKAP2 peptides
demonstrates Rlla. and RIIB specificity in the D/D interactions with D-AKAP2.

Chapter Five describes the application of another solution-based
technique to investigate the RIIB-C interaction. This study using amide H/°H
exchange mass spectrometry complements the crystallography and SPR
results. A potential mechanism for allosteric communication in the C-subunit
and the role of the RIIf B-domain are discussed

In Chapter Six, an isoform specific activation assay is described and the
results of CAMP analogue screening for isoform specificity are presented.
Structural analysis of the crystal structure of RIIp (108-402) bound to HE33
reveals a possible mechanism for selectivity. Future chemical modifications of
the selectivity features of the cAMP analogues are likely to yield highly

selective PKA agonists and antagonists.
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Crystal structures of the C-subunit bound to both ATP and a peptide
inhibitor **” defined the functional domains of the C-subunit and allowed
investigation of the catalytic mechanism. The structure of the RIIp subunit
bound to cAMP * defined the cAMP binding domains of the R-subunit.
However, in order to understand the RIIf inhibition of C-subunit and the
cAMP-induced activation of the RIIp holoenzyme at a molecular level, higher
order structures of the proteins together in a holoenzyme complex were
needed.

The RIIB cAMP bound structure was solved by using an N-terminal
deletion mutant of RIIB *°. Initial purifications of the deletion RIIB subunit were
based on constructs used for Rla. cAMP bound structures, and a construct
containing the IS and both CNB domains was cloned and expressed. This
construct was unstable during purification, and the final construct used for the
RIIB cAMP bound structure was RIIp (112-416), a construct that was missing
both the N-terminal linker region and four residues at the inhibitor site. The
final structure had significant disorder at the N-terminus, and order of the N-
terminus began at residue 130.

Small angle X-ray scattering (SAXS) experiments defined the general
shapes and provided low-resolution models for the tetramer and dimer forms
of the PKA holoenzymes °>°2. The Rla dimer has a general Y shape
configuration, with the addition of the C-subunit changing the overall shape

only slightly. The C-subunits only induce a moderate overall conformational
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change even though there are many changes within the CNB domains of Rla.
The Rlla and RIIp subunits are much more extended as dimers, with both
isoforms forming a dumbbell-like shape. The Rlla holoenzyme maintains this
extended structure following C-subunit binding, while surprisingly the RIIp
subunit undergoes a large compaction during holoenzyme formation °'. This
globular shape of the RIIf holoenzyme indicated that crystallization of a full-
length RIIB holoenzyme complex may be feasible, and this was a major
motivator for ongoing structural studies of the holoenzyme.

The high affinities between the R and C-subunits of PKA are the result
of a large protein-protein binding surface with a combination of hydrophobic
and charged interactions between these two surfaces ' '°. The binding of
cAMP to the R-subunit is able to induce a conformational change that can
release this interaction. In this way specific cCAMP-induced changes of the R-C
interaction surface cause a decrease in the R-C affinity to the point of C-
subunit release. Most of the interactions between R and C-subunits are
associated with the C-terminal regions of R including the inhibitor site and the
CNB domains.

A primary goal of the RIIf holoenzyme project was to engineer
constructs of the RIIB subunit that could form high affinity complexes with the
C-subunit. A stepwise approach utilizing modular constructs was highly

53-56

successful in determining the functions of each domain of Rla., ,and a

similar strategy was used for RIIp. To investigate the role of the domains of
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RIIB, three stable monomeric forms of RIIB with high affinity for the C-subunit
were engineered. Surface Plasmon Resonance (SPR) was used to
characterize the affinities of these RIIf constructs for the C-subunit in the

presence and absence of AMPPNP.
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Results:

Design of Constructs: To understand the importance of isoform
differences in regulation of PKA activity, structural and biochemical information
of multiple isoforms for PKA holoenzyme must be obtained. Goals for
designing constructs of RIIp were three-fold. We wanted to obtain monomeric
forms of the RIIB subunit, both an A domain and an AB domain construct, that
were stable, expressed at high levels, and formed a tight complex with the C-
subunit. To achieve this, a stepwise process of purification and mass
spectrometry (MS) analysis was used to obtain proteolytically stable RIIp
constructs. These constructs were then used for crystallization and for

hydrogen deuterium exchange experiments.

RIIB (108-402): Due to the lack of a complete inhibitor site, the deletion
RIIp used for the elucidation of the cAMP bound structure could not be used
for investigation of the holoenzyme states. A construct containing the extra
residues of the inhibitor site and the complete B domain was therefore
designed and purified. Shown in Figure 2.1, this construct, RIIp (106-416),
degraded at both the N and C-terminus and was not suitable for structural
studies. Mass Spectrometry (MS) analysis indicated that RII (108-402) was a
stable degradation product, and this was confirmed by subsequent cloning

and purification.
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Figure 2.1: Design and Purification of RIIp (108-402)
Panel A shows an SDS gel of RIIp (106-416) purified on gel filtration. Panel B
the elution of holoenzyme from a gel filtration column. Arrows indicate two
bands for R-subunit and identify the faster moving band of RIIp (108-402).
Panel C shows RIIp (108-402) elution from a gel filtration column. Panel D
shows the elution of RIIB (108-402) holoenzyme.
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RIIB (108-268): Studies of the Rla subunit indicated that a construct
containing residues (91-244) that extends from the IS through CNB domain-A
contributes most if not all of the affinity between Rlo. and C *’. To define the
minimal high affinity binding region for RIIf3, a search for a shorter RIIp
construct that retained the ability to inhibit the C-subunit was attempted. The
first attempt to form an RIIp A domain was RIIp (108-281). The N-terminal
truncation was chosen through sequence analysis and comparison with the
Rla subunit, while the C-terminal truncation was based on hydrogen
deuterium exchange experiments. RIIf (108-281), however, proved to be
susceptible to degradation, and MS analysis indicated that RIIp (108-268) was
a more stable construct. This protein was cloned and expressed, and proved
to be a stable form of RIIp that contained only CNB domain-A as shown in

Figure 2.2.
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Figure 2.2: Design and Purification of RIIp A Domains

Panel A shows elution of the initial construct of an RIIf mutant that included

that inhibitor site and domain A. Arrow indicates the degradation product that

was identified as RIIf (108-268) based on mass spectrometry. Panel B shows
the purification of RIIg (108-268). Panel C shows formation of a holoenzyme

complex with RIIB (108-268). Panel D shows a second stable RIIf construct
extending the N-terminus of RIIp.
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Purification of Holoenzymes: Surprisingly, the initial trials of
holoenzyme formation with the RIIp (108-268) indicated that the A domain
behaved very differently from the RIIp (108-402) that contained both CNB
domain-A and CNB domain-B. In the absence of nucleotide, RIIf (108-402)
formed a stable dimer that could readily be isolated on a gel filtration column.
In contrast, RIIp (108-268) containing only the A domain formed mixed peaks
during size exclusion chromatography. However, when AMPPNP was included
in the buffer, RIIB (108-268) and RIIB (102-265) both formed high affinity
complexes. These results are similar to the Rla isoform which has an
absolute requirement for ATP to form a holoenzyme complex. These results
indicated that RIIp has different roles for both ATP and the B domain in

holoenzyme formation when compared to Rlo.

Surface Plasmon Resonance: To quantify the role that each domain of
RIIB plays in the R-C interaction, SPR was used. Results are shown in Figure
2.3. To elucidate the effects of CNB domain-B, affinity comparisons were
made between the RII (108-168) containing only the CNB domain-A and RIIf
(108-402) containing both CNB domain-A and CNB domain-B. Two different
buffer conditions were utilized in order to quantify the role that ATP plays in
the RIIB-C interaction. Since ATP would cause autophosphorylation of the
RIIB IS during the experiment, the non-hydrolyzable analogue adenylylimido-

diphosphate (AMPPNP) was used.
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RIIB (108-402) RIIB (108-268) RIIB (102-265)
Complex RIIB (108-402) RIIB (108-402)  RIIP (108-268)  RIIP (102-265)
APO Mn’" AMP-PNP  Mn>" AMP-PNP  Mn”*" AMP-PNP
kasoc M's™) 1.5 (202)x 10° 42(20.6)x 10°  3.1(x0.2)x 10° 8.6 (x1.0)x 10°
Kaigs 5™ 24(x0.1)x 10" 84 (22.6)x 10° 3.5(x0.1)x 107 4.9 (x0.6) x 10™
Ky 1.6 nM 0.2 nM 11.3 nM 0.6 nM

Figure 2.3: Affinities of RIIf constructs for the Catalytic
Subunit.

Affinities of RIIp for the catalytic subunit were measured by surface plasmon
resonance (SPR). The RIIp (108-402) was measured both in the presence
and absence of AMPPNP. Neither of the shorter constructs could be
measured using SPR in the absence of AMPPNP.
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The Kp for RIIB (108-402) in the presence and absence of Mn?*:
AMPPNP was 0.2 nM and 1.6 nM, respectively. AMPPNP thus increased the
RIIB (108-402) affinity for C by 8-fold. This increase in affinity was due to both
an increase in the association rate and a decrease in the disassociation rate.
This binding affinity in the absence of AMPPNP is consistent with previously
published SPR analysis of full length RIIp %.

The affinity of the minimal binding construct, RIIf (108-268), for the C-
subunit without Mn?* : AMPPNP was too low to be measured by SPR. This is
consistent with size exclusion chromatography. In the presence of AMPPNP,
however, the affinity increased to 11.3 nM for the RIIp (108-268)-C interaction.
The presence of nucleotide is thus critical for formation of a high affinity
holoenzyme complex when only the A domain of RIIf is present.

The affinity of RIIp (108-268) compared to RIIp (108-402) demonstrates
the importance of the B domain in the RIIp holoenzyme complex. The
inclusion of the B domain in RIIg not only increases the R-C affinity from 11.3
nM to 0.2 nM, but also reduces the requirement for AMPPNP. The B domain
increases the affinity of the RIIp-C interaction almost 60-fold in the presence of

AMPPNP.

Purification and Characterization of RIIB (102-265): Analysis of the
isoform specific features conserved between Rlla and RIIf indicated that the

region that precedes the IS, up to the P-10 site are conserved in both RII
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subunits. Earlier results indicated that RIIp (102-265) had low affinity for the C-
subunit and disassociated when analyzed by gel electrophoresis under non-
denaturing conditions where the native state of the protein is preserved.

To determine the importance of this region for binding to the C-subunit,
the affinity of RII (102-265) for the C-subunit was measured in the presence of
AMPPNP. Surprisingly, addition of this 6-residue region increased the affinity
for the C-subunit by almost 20-fold. RIIp (108-268) has an affinity of 11.3 nM,
while extension of RIIp to (102-265) increases the affinity to 0.6 nM. This
demonstrates the importance of the linker region between the inhibitor site and

the D/D domain for RIIB-C affinity.
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Discussion:

Role of AMPPNP in RIIB holoenzyme: The SPR analysis of our RIIp
mutants indicates a surprising role for AMPPNP in the RII-C complex. When
only the RIIp A-domain is present, the affinity of the complex is in the high uM
range without nucleotide, but when AMPPNP is present, the affinity decreases
into the nM range. This is similar to the A domain of Rla. and to PKI, both
which show an absolute dependence for ATP to form a tight holoenzyme
complex. We are only able to observe the importance of the nucleotide for RIIf
because we are using a non-hydrolyzable analogue of ATP. Under
physiological conditions RIIp would be phosphorylated on Ser 112 in the
presence of ATP, and this would facilitate disassociation. Thus, we are
trapping a transition intermediate.

Biacore analysis confirms the lack of requirement for Mn>* AMPPNP in
the RIIp AB domain holoenzyme complex, as has been noted as well in the
Rllo. subunit *°. Using AMPPNP we show that nucleotide does increase the
affinity of RIIp for C, but the effect is slight. The 8-fold increase in affinity when
AMPPNP is present for RIIp (108-402) is much smaller than the effect ATP
has on the Rla complex. In the full length Rla protein, ATP was shown to
increase the Rla-C affinity more than 3-orders of magnitude, primarily by a
decrease in the off-rate °® °°. Additionally, SPR demonstrates the surprising
requirement for Mn>* AMPPNP in forming high affinity holoenzyme complexes

with RIIp where the B domain is missing.
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Role of Domain B in the RIIp holoenzyme: The B-domain in RIIf plays a
significant role in the increasing the affinity of RIIp for C. The Kp goes from
11.3 nM for RIIp (108-268) to 0.2nM for RIIp (108-402). This 70-fold increase
in RIIB-C affinity due to addition of the B domain is in stark contrast to the Rla
holoenzyme, where the B domain does not contribute significantly to the
affinity but rather plays a role as a gatekeeper for cAMP binding to CNB
domain-A™. Our SPR results further emphasize the role of the B-domain in

the RIIB-C interaction.

RIIB (P-10 — P-5) Affinity Effects: Shown in Figure 2.4, RIIp (102-265)
binds to the C-subunit with an affinity 20-fold higher than RIIg (108-268). The
region extending from P-5 to P-10 in RIIB, which is conserved and
hydrophobic in Rlla and RIIf, surprisingly increases the affinity significantly for
RIIB. PKI docks to the large lobe of the C-subunit utilizing an a helix N-terminal
to the inhibitor site. The same region in RIIB significantly increases the affinity
of the RIIp A domain, indicating that a similar mechanism of docking to the C-
subunit may be utilized by RIIp to achieve high affinity. Both RIIf and PKI also

have a P-6 arginine in this region.
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RIIB-C Affinity
RIIB Inhibitor Site (+/-) AMPPNP
PI0 P66 P3 P
PVINRFTRRASVCA
RIIB (102-265) A 0.6 nM/na
RIIB (108-268) A 1.3 nM/ na
RIIB (108-402) AB 02nM/ 1.6 nM
RIIB (112-416) AB na/ na

Figure 2.4: Importance of B domain and ATP for RIIg-C Affinity
N-terminus regions of the RIIf constructs analyzed by SPR. RIl conserved N-
terminal residues are highlighted in red. Affinities measured by SPR analysis

in the presence and absence of AMPPNP are shown on the right.
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Summary: The binding of RIIf to the C-subunit utilizes a novel set of
interactions that build upon the set of combinatorial features that define the
surface of the C-subunit. RIIf binds the C-subunit similar to both Rla and PKI,
but surprisingly seems to use a larger set of regions than other known
inhibitors to achieve affinity. Biacore analysis shows the importance of four
domains for the RIIB-C affinity. These domains include the RIIp P-10 region,
the IS region, CNB domain-A, and CNB domain-B. Each domain in isolation
will not inhibit PKA C-subunit, but when combined high affinity binding is
achieved. AMPPNP is required for high affinity binding of the RIIf A domain to
C-subunit, but when the CNB domain-B is added the requirement for AMPPNP
is decreased. These results emphasize the differences between RIl and Rl in

the importance of ATP and the CNB domain-B in the R-C interactions.

Methods:

Engineering and Purification of R-subunits: Expression and purification

d % |n short,

of the R-subunits was carried out as previously describe
following E. coli expression, cells were lysed and clarified. After 60%
ammonium sulfate precipitation, the pellet was resuspended and then bound
to cAMP-Sepharose resin overnight. After washing with 0.7 M NaCl, R-
subunit was eluted with 30 mM cGMP at pH 5.5. Buffer consisted of 50 mM

MES, 200 mM NaCl, 5 mM DTT, 2 mM EDTA and 2 mM EGTA.
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The RIIB (108-281) was PCR cloned out of a longer E. coli based
expression vector from R. norvegicus cDNA. This construct was inserted into
a commercial expression vector, pPRSET (Invitrogen). The construct was
cloned in as an untagged protein, as purification was possible through use of a
cAMP-Sepharose resin described previously ' 2.

Precast Nupage SDS gels (Invitrogen) were used for all SDS gel
analysis. Samples were prepared using a commercial 4X sample buffer
(Invitrogen), and 5% 1 M DTT was added prior to heating for 10 min at 70 °C.

SPR: Affinities between the R and C-subunits were obtained using
Surface Plasmon Resonance (SPR) to quantify the on and off rates of the R
subunit in solution binding to an immobilized C-subunit. A Biacore 3000
instrument (Biacore Inc.) was used for all interaction analysis, and Biacore
BiAanalysis software was used for analysis of data. Data was fitted using both
standard langmuir fitting, and by incorporating limiting mass-transfer correction
terms into the langmuir fitting. By checking the absolute rates of K,, and Ku in
both fitting modes, results were confirmed as accurate and mass transfer
effects minimal.

C-subunit was attached to a gold sensor CM-5 chip through amine
coupling at a concentration of 0.01mg/mL. Immobilization levels of ~300-500
response units (R.U.) were achieved for the C-subunit immobilization. Bound

C-subunit was approximately 70% active. Regeneration of the C chip was

achieved by application of 50 uL of 100 uM cAMP in the running buffer.
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Buffers used for analysis were 20 mM HEPES ph 7.0, 150 mM KClI,
1mM TCEP and 0.05% P20 surfactant for the Apo buffer. 0.2 mM AMPPNP
and 1 mM MnCl, were added for the AMPPNP buffer.

Chapter 2 in part has been published as it may appear as R-subunit
Isoform Specificity in Protein Kinase A: Distinct Features of Protein Interfaces
in PKA Types | and Il by Amide H/(2)H Exchange Mass Spectrometry. J Mol
Biol. 374(2):487-99 (2007). Anand GS, Hotchko M, Brown SH, Ten Eyck LF,
Komives EA, Taylor SS. The dissertation author was a secondary investigator
and author of this paper.

Chapters 2 in part is in preparation for publication as it may appear as
AMP-PNP Traps PKA RIIp Holoenzyme in a Transition State Complex. Brown
SHJ, Kim CW, Taylor SS. The dissertation author was the primary

investigator and author of this paper.
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Enzymes are three-dimensional molecular machines that perform
specific chemical reactions on a variety of biological molecules. In order to
understand the mechanisms of enzyme function, knowledge of the three-
dimensional atomic structure is required. Structural information allows us to
understand the contribution of individual amino acids to structure and function
and to understand kinetic mechanisms on an atomic level. Solving structures
of proteins in complex with their biological partner proteins adds another
dimension to our understanding of biological function. Such structures give
information about the mechanisms of protein-protein interactions, of inhibition,
and of allosteric mechanisms for activation or inhibition. PKA is an ideal
system for study of protein structures for three key reasons. First, it is an
active kinase that phosphorylates a variety of protein and peptide substrates,
and therefore the mechanism of enzyme catalysis can be investigated.
Second, the kinase is inhibited by independent regulatory subunits, and the
protein-protein interactions between kinase and various regulatory molecules
give information about general kinase inhibition and protein-protein
interactions. Third, binding of a small molecule, the second messenger cAMP,
to allosteric sites on the R-subunit releases the inhibition, allowing
investigation of small molecule binding and the resulting conformational
changes that lead to kinase activation.

To understand the cAMP-induced activation of PKA at an atomic level,
at least three structures of the molecules are required. PKA C-subunit alone,

PKA R-subunit bound to cAMP, and the R-C holoenzyme complex. Both the
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PKA C-subunit and cAMP bound RIIf subunit have been successfully
crystallized and the structures solved > " *® but despite repeated attempts,
the structure of the RIIB:C complex remained elusive. The primary focus of
this work was to develop new techniques and strategies to crystallize and
solve the structure of an RIIp:C complex.

Crystal structures have been solved for the Rla. A domain bound to C-
subunit, Rlo. A and B domains bound to C-subunit, and Rlla. A and B domains
bound to C *'°. Both Rla structures were obtained in the presence of
AMPPNP and Mn2+, while Rlla was crystallized in the absence of nucleotide.
The Rlla structure engages only the large lobe of the C-subunit, whereas the
Rla engages both the large and small lobe of the C-subunit, and formation of
the complex has an absolute requirement for ATP or AMPPNP and Mg**.
Crystal structures of the Rlla. D/D domains define the dimerization and AKAP
binding mechanism °. Significant isoform variation between Rlla and RIIB
occurs in the linker region that joins the D/D domain and the IS, and this
region will be discussed further in Chapter 4.

This chapter focuses on the inhibitor site and the CNB domains. The
major goal was to capture a complex of RII bound to the C-subunit. We
describe the structures of two such complexes, RIIp (108-268) : C and RIIp
(102-265) : C. Both structures were crystallized with Mn** and AMPPNP and
closely resemble a transition state mimic of the phosphoryl transfer from ATP

to the RIl subunit.
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Results and Discussion:

Structure Solutions: The holoenzyme crystal structure of RII (108-
268) in complex with the C-subunit, AMPPNP, and two Mn?* ions was solved
to 1.63 A resolution. Additionally, the holoenzyme structure of RIIp (102-265)
in complex with the C-subunit, AMPPNP, and two Mn?* ions was solved to 2.8
A resolution. Crystals of the complexes and data statistics are shown in
Figure 3.1. The C-subunit bound to IP20 was used as a molecular
replacement probe to phase the RIIf (108-268) holoenzyme structure. Initial
models were generated using the Rla. (91-244) holoenzyme as the model.
Both complexes crystallized in the C2 space group. RIIp (108-268) was
refined to an R free value of 22%, and RIIB (102-265) was refined to an R free

value of 29%. The overall structure of RIIp (108-268) is shown in Figure 3.2.

Global Conformation Changes: The overall conformational changes in the
regulatory subunits upon C-subunit binding are conserved among the different
isoforms. The orientations of the two CNB subdomains in the holoenzyme are
also conserved. In contrast, in the cAMP bound state the relative orientations
of the CNB domain-A and CNB domain-B differ between isoforms. While each
CNB subdomain in the cAMP bound structures can be superimposed, the

orientation of the domains relative to each other is different for Rlo. and RIIp .
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RIIB (108-268) : C RIIB (102-265): C
C2 Space Group C2
a=173.4,b=65.7, c=47.2 Unit cell a=176.8, b= 67.6, c=47.2

1.63-35.0 (1.63-1.67) Resolution Range  2.79 - 87.1 (2.79-2.86)

61567 (4503) Unique Reflections 11710 (577)
99.4 % (99.1%) Completeness 87.8% (59.8 %)
0.068 (0.48) Rmerge 0.069 (0.26)
221 % Riree 29.8 %

Figure 3.1: Crystallography of RIIg (108-268) and (102-265)
Panel A shows protein crystals of RIIp (108-268) holoenzyme. Panel B shows
protein crystals of RIIp (102-265) holoenzyme. Crystal structure statistics

shown in panel C.
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Inhibitor Site

Figure 3.2: RIIp Overall Crystal Structure

The crystal structure of RIIB (108-268) holoenzyme shown as space filling

surface. The holoenzyme is shown in the middle. Catalytic subunit alone is

shown on the left, and regulatory subunit alone is shown on the right.

Subunits have been separated and rotated 30 degrees to show the binding

surfaces in the holoenzyme. The inhibitor site (red) and phosphate binding

cassette (yellow) of the regulatory subunit are highlighted.
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This difference is due to variation in the hinge regions of the aBC helix of
domain A that causes a rotation of the domains away from each other. This
region that is critical for inducing a cAMP response differs in Rlo. and RIIB.

The RIIB regulatory subunit CNB domain-A undergoes major
conformational changes upon binding to the C-subunit, with reorganization in
all of the subdomains of the R-subunit. In contrast, the C-subunit acts as a
stable scaffold for docking of the R-subunit, with almost no differences
between the IP20:ATP bound C-subunit and the RIIp:AMPPNP bound C-
subunit. RMSD between PKI and the RIIp bound C-subunits is only 0.4 A,
demonstrating the impressive stable nature of the C-subunit even when
binding such a large molecule as the RIIp subunit. RMSD between Rla and
RIIB bound C-subunits is only 0.3 A, while RMSD between Rllo. and RIIf
bound C-subunits is 0.9 A. The C-subunit bound to RIIf most closely
resembles the C-subunit bound to Rla.

The conformational changes in the R-subunit can be correlated with
three basic subdomains; changes in the cAMP binding pocket, the C-helix,
and the inhibitor site. The most dramatic of these is the extension of the C-
helix of RIIp upon binding C-subunit. Two kinks disappear and a continuous
helix forms when the C-subunit is bound. The consequence of this helix switch
is that the last 15 residues of the R-subunit move up to 18 A away from their
relative location in the cAMP bound R-subunit, as shown in Figure 3.3 and

Figure 3.4.
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A cAMP bound

cAMP bound
C C bound

V255 N258 ~

C-subunit

D 2::SPGALWGLDRVTFRRIIVKNNAKKRKM::. RII B
221SEGSLWGLDRVTFRRIIVKNNAKKRKM::; RIIX
217'TNVKLWGIDRDSYRRILMGSTLRKRKM:z::s Rl

Figure 3.3: Conformational Changes of the B/C helix of RIIp
Panel A shows the aB/C helix of RIIf in the cAMP bound state with residues
that interact with the PBC highlighted. Panel B compares the same helix in
the cAMP-bound (tan) and C-bound (grey) states. Panel C shows the
conformation of the aBC helix when it is bound to the C-subunit with
interacting residues highlighted. Panel D shows the amino acid sequence of

this region in Rla, Rlla, and RIIB. Interacting residues are highlighted in red.
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A domain A domain

B domain
(Rllx)

Figure 3.4: RIIf Overall Conformational Change
A model of the overall conformational change of RIIf. Shown on the rightis a
ribbon representation of RIIf bound to cAMP (PDB ID 1CX4). CNB domain A
(dark teal), CNB domain B (blue), and the PBC (yellow) are highlighted.
Shown on the left is a model of the CNB domain A of RIIp (108-268) bound to

the catalytic subunit, with Rllao CNB domain B (PDB ID 2QVS) added to
represent the overall conformational change of the R-subunit. RIIp CNB-A and

Rlla CNB-B were merged by alignment of the aC-helix.
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In the holoenzyme complex, the extended C-helix of RIIf is an integral
part of the complex interface, sandwiched between the linker of RIIf and the
activation loop of the C-subunit. The C-helix nucleates important interaction
networks in both the C-subunit bound and the cAMP bound RIIf subunit and
plays a role in the transfer of the cAMP signal from the PBC throughout the
PKA molecule.

Important hallmarks of the PBC are two invariant residues necessary
for cAMP binding; in RIIp these are R230 and E221. Both residues are key for
binding cAMP; R230 binds to the (exo)phosphate of cAMP while E221 is
bound to the ribose. R230 is also part of an allosteric switch that transfers the
cAMP signal ®. Shown in Figure 3.5, D187 is in a position to be a direct
sensor of CAMP binding to R230. In the cAMP bound form of RIIp, R230 is
hydrogen bonded to the phosphate of CAMP, and also to the side chain of
D187 in p stand 3. R247 and R251 from the aBaC helix, and N227 and M225
from the PBC form a tight cluster, linking the aBa.C helix and the PBC in the
cAMP bound form of RIIp.

These residues reorganize upon release of cAMP and binding to the C-
subunit as shown in Figure 3.6. D187 flips away from R230 and instead binds
to R247 from the C-helix. The flip of D187 also causes the tight hydrophobic
cluster that links the PBC to the C-helix to be broken; the N227 — R247 link is
entirely broken, while R251 and M225 stays in contact. The change in

conformation of the PBC is transferred to the C-helix by a combination of
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hydrophobic surface changes and salt bridge switches. The RIIf holoenzyme
structure defines a very specific for role of N227 in the PBC and it's
importance for cAMP-induced conformational change and activation. This role

that is unique to the RII subunits, since in Rla. N227 is replaced by a glycine.

Mechanism for Inhibition of the Catalytic subunit. One of the most
dynamic changes that occurs when the holoenzyme forms is that the inhibition
site, which is highly disordered in the cAMP-bound state, locks into the active
site cleft of the C-subunit. The basic mechanism of inhibition, whereby the
inhibitor site binds to the active site cleft of the C-subunit, is conserved across
all of the R-subunits and PKI inhibitors thus far solved in crystal structures.
The inhibitor site forms a p strand that fits into the active site cleft forming an
antiparallel B-sheet with the C-subunit. Two critical arginines at the P-2 and P-
3 position in the inhibitor peptide bind to important subsites that form the active
site cleft while the C-terminus of the inhibitor peptide (P+1 residue) docks to a
hydrophobic pocket that is formed by the P+1 loop in the C-subunit.

Interactions of the inhibitor site are shown in Figure 3.7.

Transition State Mimic: The RIIf holoenzyme defines a new state for
inhibition of the C-subunit. Through use of AMPPNP, the C-subunit has been
trapped in a conformational state that in many ways resembles a transition

state, as shown in Figure 3.8.
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A C-bound PBC RIIB cAMP-bound PBC
N227

B C-bound PBC Rlx cAMP-bound PBC
‘ —_
cAMP
R209
E200
C RIX .GELALIYGTPRAAT::

RIIf ...GELILMYNTPRAAT::

Figure 3.5: Conformational Changes of the PBC of Rla and
RIIB

Panel A shows critical cAMP binding residues in the phosphate binding
cassette of RIIf and demonstrates closure of the PBC around cAMP. Panel B

shows the same region in Rla. Panel C shows the sequences of the PBC of

Rlo and RII.
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A RIIB
cAMP Bound Holoenzyme

D187

%

R230

D187

B helix »

B helix

R251

 ——
+ C-subunit
B Rl
cAMP Bound Holoenzyme
o
oB helix

B helix

Y205

A + C-subunit
 ——

R230 Y205

Figure 3.6: Role of Asn 227 in RIIg Activation
Panel A shows the cAMP-bound and holoenzyme forms of RIIp (108-268) and
the conformational change of the phosphate binding cassette and the aB helix
when catalytic subunit is bound. Panel B shows the same regions of Rla (91-

376) in the cAMP bound and holoenzyme states. (PDB ID 1CX4)
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Arg 230

Tyr 226
<\ cAMP
PBC

A S ( \\ Tyr2a7
Glu 230 &

P+I Loop

Figure 3.7: Mechanism for Inhibition of the Catalytic Subunit
The inhibitor peptide and the tip of the phosphate binding cassette of RIIp
dock to the inhibitor site of the catalytic subunit in the holoenzyme
conformation of RIIB. Two critical Arg residues at the P -2 and P-3 sites bind
to conserved Glu residues in the large lobe of the C subunit. Tyr 226 from the
PBC nucleates a hydrophobic interface with the P+1 Val from the inhibitor
peptide and Tyr 247 from the P+1 loop of the catalytic subunit. cAMP
activation involves a competition between cAMP and the C-subunit for binding

the phosphate binding cassette of domain A.
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A  Rix RIIB Rl

Small Lobe (i Small Lobe

Large Lobe Large Lobe

Rlx (red) RIIB (cyan) RIlx (grey) Rlx (red) RIIB (cyan)

Small Lobe ¢0% C helix B helix

His 87

Trp 197 §
Lys 83

Large Lobe Activation Loop

Figure 3.8: RIIp Transition State
Panel A shows three holoenzyme structures demonstrating the trapped
transition state that is present in the RIIf structure. The Rlla holoenzyme is in
a lobe open form. Both RIIf and Rla are in a lobe closed form. Panel B shows
that the glycine rich loop in the RII complex is opened by 5 A compared to
the fully closed Rla structure. Panel C highlights the aB-aC helix of Rlla, RIIf
and Rla. RIIg has been trapped into an Rla-like state by AMPPNP.
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This RIIp (108-268) holoenzyme structure represents the C-subunit in a
form after the binding of ATP and the R-subunit, but before subsequent
transfer of the phosphate. In the Rlla holoenzyme, crystallized in the absence
of ATP, C-subunit is in an open conformation and is inhibited by interactions
with only the large lobe. It is not clear whether in this state nucleotide can
even bind to the complex. In contrast, the Rla holoenzyme shows a fully
closed inhibited state of the C-subunit, primed for phosphoryl transfer but
having no site to accept the y-phosphate. The RIIp represents another
“trapped” transition state and demonstrates the importance of the closed
conformation of the C-subunit, the role of ATP in this closure, and the
positioning of the glycine-rich loop that is thought to be necessary for catalysis.
In this conformation we are viewing the RIIf subunit as a substrate while in the
nucleotide free Rlla structure the R-subunit is seen only as an inhibitor. The
catalytic states of the RIl subunits are shown in Figure 3.9.

Contacts between the small lobe and the RIIf subunit resemble
contacts observed in the Rla. A domain holoenzyme structure. The C-terminal
tail of the catalytic subunit and the nucleotide have similar contact networks in
RIIp as compared to Rla. The P-3 IS site arginine engages both the small
lobe and the nucleotide, similar to Rla. and opposed to Rlla. Overall, the
crystal structure of the C-subunit bound to RIIf A domain highly resembles the

structure that is seen in the Rla and PKI complexes.



55

ATP

C —> C:ATP

C:RIl [c:ATP:RII ]

\/

C: ADP: RII-P

\/

C + RII-P

Figure 3.9: RIl Catalytic Transition State
The crystal structure of RIIg holoenzyme has been trapped in a transition like
state with AMPPNP. This state is highlighted above in red. The Rlla
holoenzyme structure and apo catalytic subunit structures represent the states

highlighted in green. Phosphorylation of the RII subunit requires the presence
of cCAMP.
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By using AMPPNP, the transition state for transferring the y-phosphate of ATP
to the P-site serine has been captured in the RIIp structure.

In contrast to the holoenzyme structure of Rlla. bound to the C-subunit,
the structure of the C-subunit when it is bound to RIIf has a significantly
different conformation. In the Rlla PKA structure, Rlla (91-400) is bound to
the C-subunit in the absence of nucleotide. The C-subunit is in a lobe open
form, with the small lobe and C-terminal tail partially disordered. The entire
contact surface for the R-subunit binding is on the large lobe of the C-subunit;
there are almost no contacts between the small lobe and R-subunit. In the
Rlla structure, it is the large lobe of the C-subunit that acts as a stable scaffold
for binding of the R-subunit.

In the Rla holoenzymes, the inhibitor site peptide contains an alanine at
the phosphorylation site that defines the Rla as a pseudosubstrate where the vy
phosphate cannot be transferred. The RII subunits, in contrast, are all
substrates and have a serine at the P-site of the IS. The RIIp holoenzyme has
been crystallized in a similar state where the y phosphate of ATP is trapped at
the active site cleft because the nitrogen of AMPPNP prevents the transfer of
the y-phosphate. While the Rla and RIIf holoenzyme structures both capture
closed and inhibited states of the C-subunit, only the RIIf holoenzyme has
been trapped in a state that is in a transition between two significant biological

forms of the R-subunit.
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The most significant difference between the Rla and RII CNB domain
A holoenzyme structures is the position of the glycine rich loop. The glycine
rich loop is a highly conserved motif in the protein kinase core, critical in
catalysis and necessary for nucleotide positioning. This loop positions the
phosphates of ATP for optimal catalysis, and of critical importance is to trap
the y-phosphate of ATP between the tip of the glycine rich loop and Lys 168 in
the Catalytic Loop. In the Rla structure the glycine rich loop is in a completely
closed conformation where the y-phosphate of ATP is trapped in precisely this
way. Hydrogen bonding of the backbone of Ser 53 to the y-phosphate of ATP

is necessary for efficient catalysis % %

. In the RIIP structure the glycine rich
loop is opened by 3 A compared to Rla (2.9 A from the y-phosphate compared
to 5.7 A respectively) as shown in Figure 3.9. Complete closure of the glycine
rich loop is observed in both Rla and PKI complexes containing ATP or
AMPPNP but not in the RIIg holoenzyme. It is also seen in the transition state
mimic using ADP, AIF; and a substrate version of PKI (4-25) °°.

A clear link between the inhibitor site and small lobe in the RIIp
structure is the P-3 arginine. This residue is critical for inhibitor binding, and
shifts in configuration between the Rlla. and the RIIg holoenzymes. In the
Rlla, the P-3 arginine only interacts with the large lobe of the C-subunit. In
contrast, when either Rlo. or RIIf is bound, the tip of this arginine is shifted

toward the small lobe where it forms hydrogen bonds with both the nucleotide

and the glycine rich loop of the C-subunit. Binding of nucleotide to the C-
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subunit may cause a shift of the P-3 arginine interactions towards the small
lobe and facilitate closure of C-subunit.

The aB-aC loop of the C-subunit is another site of interaction that ties
together the C-subunit Activation Loop, the linker of the R-subunit, and the
small lobe of the C-subunit. In the Rlla structure, the small lobe is open and
the aB-a.C loop is distorted in order to maintain this R-C interaction. The
majority of the small lobe of the C-subunit in the Rlla structure resembles the
Apo PKA C-subunit, with the exception of this aB-aC loop. In RIIB, this loop
region is very similar to the Rla holoenzyme, as shown in Figure 3.8. The
closure of the catalytic cleft of the C-subunit by AMPPNP induces this region

to shift from an Rlla like form to a transition state conformation like Rlc.

P-10 — P-5 Site: RIIp (102-265) has 6 additional residues at the N-
terminus corresponding to the P-10 to P-5 region of the inhibitor peptide. This
is four residues longer than Rla and six residues longer than the Rlla.
holoenzyme structures. As was shown in Chapter 2, the addition of these 6
residues enhances the affinity for the C-subunit considerably. Shown in
Figure 3.10, the structure of RIIp (102-265) shows that this segment is
positioned precisely onto the surface where the PKI helix docks but it is a

strand, not a helix in RIIp.
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Small Lobe

Large Lobe
P-10 P-6 P2 P+l
RIIB PVINRFTRRASV::;
Rlx GRRRRGAIss
PKI TTYADFIASGRTGRRNAI:.

Figure 3.10: N-terminal Regions of RIIp, Rla, and PKI
Highlighted N-terminal binding regions of PKI, Rla and RIIf demonstrate
differential binding between inhibitors. RIIf and PKI dock to the C-lobe, while
Rla docks to the C-terminal tail and N-lobe. Surface mesh representation is

shown for highly conserved P-3 to P+1 region.
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The RIIB P-6 R106 is docking to the negative charged surface of E203
in the P+1 loop of the C-subunit. The P-5 Arg from Rla docks to the same
surface, but the Rla residue approaches E203 from different angles. This
result is consistent with the importance of the large lobe in both substrate and
RIl binding seen in earlier crystal structures but also expands our
understanding of how the C-subunit can recognize different sequences that lie
N-terminal to the inhibitor site.

The extended region of RIIp from 102-105 makes mostly hydrophobic
contacts with the large lobe of the C-subunit. The region of the C-subunit that
contacts this segment of RIIp is the aF-aG loop. This constitutes a
hydrophobic pocket that is also used by PKI to achieve high affinity binding.
This hydrophobic pocket is actually highly conserved in many kinases. The
IP20 peptide from PKI forms an a helix in the P-8 to P-16 region and a
hydrophobic surface nucleated by Phe 10 and Tyr 7 binds to the large lobe of
the C-subunit. RIIp binds to same hydrophobic surface on the C-subunit;
however, instead of forming an a-helix, RII forms a strand and the P-9 Val
and P-8 lle dominate the hydrophobic interaction. Like PKI, RIl subunits have
a P-6 Arg and in both cases this arginine binds to Glu203 in the P+1 loop. Rla
has two additional arginines that precede that IS. However, the P-5 Arg goes
to Asp328, while the P-4 Arg goes to Glu203. Thus the N-terminus of Rla

further strengthens interactions with the C-terminal tail.
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This region of RIIp not only extends the modular nature of the binding of
inhibitors to the C-subunit, but also further defines isoform differences.
Previous work comparing binding of Rla and Rlla to mutant C-subunits
showed significant differences between the isoforms. Mutation of the Arg133A
on the large lobe decreased binding of only the Rlla subunit, while mutation of
Asp328 decreased binding of the Rla subunit ®”. This result predicted that the
region flanking the inhibitor site in Rla and Rlla would go in different
directions, and that prediction is confirmed by Rla and RIIf crystal structures.
Interaction of the P-5 arginine of Rla with Asp328 explains the reduction of
Rla affinity in the Asp328A mutant. In our structure the strand of RII wraps
over Arg133 of the large lobe, and mutation to an alanine might decrease Rlla.
binding as observed. In Rlla. however, the P-4 threonine is replaced with an
aspartic acid which would not only repel interactions with D328 but might also
create an electrostatic interface with R133. Implications of the differential
binding of the linker regions of Rla. and RIIp to the C-subunit will be discussed

further in Chapter 4.

Summary: Crystal structures of RIIf bound to the C-subunit of PKA
have defined the mechanism for inhibition of PKA by RIIf. The RIIp
holoenzyme structures define the overall binding surfaces and the
conformational changes that take place upon formation of the RII complex.

The most striking feature of these structures is that the RIIf holoenzymes
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have trapped a conformation that resembles a transition state by the non-
hydrolyzable AMPPNP nucleotide. This opens the possibility that other
substrates could be trapped in a similar way.

Global conformational changes associated with holoenzyme formation
appear to be conserved for all isoforms. Formation of holoenzyme has been a
driving force for evolution and therefore PKA holoenzymes have more
similarities than cAMP bound R-subunits. RIIf holoenzyme structures reveal
differences between isoforms in both the cAMP binding sites and in the P-10
region N-terminal to the inhibitor site. The cAMP binding sites differ between
Rla and RIIp in the surfaces that interact with cAMP and in the residue-
specific conformational changes that occur. The regions N-terminal to the
inhibitor site in Rla and RIIP bind to different surfaces on the C-subunit, which

has implications for the global organization of the tetrameric holoenzymes.



63

Methods:

Initial crystallization attempts were focused on RIIp (108-402):C in the
presence of AMPPNP. Although initial crystals were obtained and diffraction
as high as 5 A was achieved, a complete dataset was never obtained. Current
attempts to solve this structure are ongoing and involve crystallization and
cryo-freezing optimization as well as introducing point mutations into the R-
subunit. Over 100 crystals have been screened but none of the crystals
diffract to a resolution better than 5 A so far. The smaller fragment RIIp, (108-
268) was chosen next as the minimal high affinity binding protein for
crystallization based on previous results with Rla.

For crystallization of PKA type I (108-268) Vapor Diffusion Under QOil
(VDUO) crystallization was used. This technique incorporates a layer of oil
over drops of crystallization regent and protein sample mixed together. By the
use of round bottom 96 well plates, a reasonably fast throughput manual setup
of crystallization trials can be obtained. Oil, sample and crystallization reagent
additions were performed using multichannel pipettes allowing for fast,
consistent setup.

Commercial PACT and JCSG+ crystallization screens were chosen for
initial screening ®. Crystals obtained under oil present a unique challenge to
mount for data collection. The deep wells used for manual setup VDUO are

too deep for traditional mounting techniques that are developed for glass
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slides used in HDVD. In order to mount these crystals a bent loop was
designed.

For later crystallography trials an Oryx robotic crystallization system
was used. The advantages of the robotic crystallization system include a
reduction of sample size from 1-2 uL per condition to 100 nL per condition,
hands-off setup of crystallization trials, and increased speed and consistency
of drops setup. Also, the optimization systems available in a robotic system
highly exceed what can be setup by hand. The optimization techniques will be
described in more detail below.

Robotic crystallization allows easy optimization through variation of all
solution variables of the crystallization in a single plate. Using multivariate
design on a two dimensional plate, all variables can be optimized in a single
2D plate. A 4D optimization was successfully used for RIIf (102-265):C
crystallization to improve crystal size and morphology, allowing growth of the
diffraction quality crystal.

RIIB (108-268):C Purification and Crystallization: RIIp (108-268) and C-
subunit were purified as described previously using cAMP resin and cGMP
elution. ®° RIIB was purified twice through Superdex 75 gel filtration for optimal
purity and to remove cGMP. AMPPNP and MnCl, were added to the C-
subunit, followed by a 1.2 fold molar excess of R subunit. The complex was
spin dialyzed 3 times into the holoenzyme AMPPNP buffer. The complex was

then run over S75 gel filtration in the above buffer to remove excess R subunit.
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The final protein sample was concentrated to approximately 10mg/mL for
crystallization.

A number of extra procedures were incorporated into the protein
purification to maximize the chances of crystallization. As discussed
previously, the non-hydrolyzable ATP analogue AMPPNP was incorporated
into the crystallization buffer. The analogue was added to the buffer during
the initial holoenzyme formation and was maintained during all following
chromatography and sample preparation. Reducing agents were included in
all phases of purification. Dithiothreitol (DTT) was incorporated in the initial
cell lysis and purification steps, whereas the more stable reagent Tris (2-
carboxyethyl) phosphine (TCEP) was used for final purification of the
holoenzyme. Mn?* was chosen as the metal ion to coordinate the AMPPNP,
as it facilitates formation of a tighter inhibited complex instead of the
physiological Mg®*. In contrast to Mg®*, Mn?* also cannot be confused with a
water molecule during crystal structure analysis. The final crystallization buffer
consisted of 10 mM MOPS (Fluka) pH 7.0, 50 mM NacCl (Fluka), 0.2 mM
ANPPNP (Calbiochem), 1 mM TCEP (Pierce) and 1 mM MnCil, (Fluka).

PACT and JCSG+ screens were obtained from Molecular Dimensions
in a 96 well block format for use with SBS format multi channel pipettes. For
this set of crystallization trials, 96 well plates of well volume of 250 uL were set
up with 100uL of Al's Oil (Hampton Research) prior to sample addition.
Crystallization plates were checked after 24 hours under the microscope and

crystals were present in many wells of the PACT screen.
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Conditions included:
C5: 100 mM Phosphate Citrate Buffer (PCB) pH 8.0, 25% PEG 1500
D11: 200mM Calcium Chloride (CaCl,), 100mM Tris pH 8.0, 20% PEG 6000
E2: 200mM Sodium Bromide (NaBr), 20% PEG 3350
E7: 200mM Sodium Acetate (NaAc), 20% Peg 3350
G10: 200mM Na/KPO4, 100mM Bis Tris Propane pH 7.5, 20% Peg 3350.

Cryo bases (Hampton Research) were used and mounted to an extra
long cryo pin. This pin, 24mm in length compared to the standard 18mm
length is long enough to reach the bottom of the VDUO well. However, in
order to reach the bottom of the well and keep the crystal visible under the
microscope, the pin needed to be at an angle compared to the cryo base.
Therefore, the pin was bent at such an angle (~60) to allow access of the well
and to keep the cryo loop and the end of the pin still at the correct angle for
scooping. Using bent cryo pins, successful scooping of the new crystals was
achieved. Once scooped from the well, the crystals were transferred into a
drop containing the initial crystallization condition + 10% glycerol. This drop
served to remove excess oil from the crystal and allowed the soaking of the
glycerol cryo-protectant. Crystals were then flash frozen in liquid nitrogen for
the duration of storage.

Data Collection and Processing: Initial crystal screening was performed
at 100 K at the UCSD chemistry home source. This source has a rotating
anode CuK source emitting a wavelength 1.52 A. Images were collected on a

Mar 345 image plate detector. All crystals were screened on the home source
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before shipping to the Advanced Light Sources (ALS) for data collection. The
best diffraction was obtained from crystals grown at 4 C from crystallization
solution E2. Three data sets were collected at the ALS at Lawrence Livermore
National Lab beamline 8.2.2. Data collected at 1.63 A was chosen for
processing and analysis. Data was processed using HKL2000 (HKL
Research) to a space group of C2. Initial phases were obtained used the
Inhibitor Peptide (IP20) bound C-subunit (PDB code 1ATP) as a search model
using the CCP4 package program PHASER. Initial density maps were
obtained, and the model of Rla. (91-244) was fit into the density for RIIf (108-
268). Initial refinement of the Rla. model into the RIIB density map was
performed using the REFMACS5 program in CCP4. Model building continued
by replacing all Rla residues with RIIf residues and removing the poorly fit
areas. Final refinements including TLS models in REFMACS vyielded an R free
of 22%.

RIIB (102-265):C Purification and Crystallization: Similar cloning
techniques to the RIIp (108-268) construct were used for RIIp (102-265), PCR
based cloning was used to produce an insert fragment from the full length
RIIB. Sites for Nde | and Xho | were engineered into the PCR primers, and the
PCR product was cut and ligated into pREST vector cut by the same pair of
enzymes. Sequences were checked through in-house sequencing using an
ABI Prism 310 (Applied Biosystems) sequencer, and the successful clones
were expressed in E. coli. BL21-DE3 cells. Following successful tests of

expression, cultures were scaled up to 6 liters in YT media and purification
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using the cAMP resin system was performed as described previously for RIIf
(108-268).

Holoenzyme was formed using the same techniques as described for
RIIp (108-268), and the final protein sample was concentrated to
approximately 10mg/mL for crystallization. The Oryx 8 crystallization robot
(Douglas Instruments) was utilized for crystallization trials of the RIIp
holoenzyme sample. The initial screens for crystallization were purchased in
96 well blocks, and the robot system was used to setup PACT, JCSG and
Clear Strategy screens. 0.2ulL drops were setup in 96-well plates and
incubated under Al’s oil. Initial screens indicated that the crystallization
characteristics for RIIp (102-265) were different than the slightly shorter (108-

268). Best conditions from screening came from the PACT screen:

G7: 0.2M Sodium Acetate, 0.1M Bis Tris Propane pH 7.5, 20% PEG 3350
G8: 0.2M Sodium Sulfate, 0.1M Bis Tris Propane pH 7.5, 20% PEG 3350

F7: 0.2M Sodium Acetate, 0.1M Bis Tris Propane pH 6.5, 20% PEG 3350

Initial hits were too small and twinned for data collection; therefore
optimization of the hits was initiated. First, drop ratio variation
protein:precipitant concentrations using original hit reagents °. Both condition
G8 and F7 did not yield crystals upon repeating, however great improvement

was seem in the G7 condition, especially in the lower precipitant drops.
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Second, the hit from the drop optimization was moved into full array
optimization screening. Using the Oryx robot for optimization, a multivariate
design was implemented to optimize the RIIp (102-265):C crystals. Four
variables were optimized: pH of Bis Tris buffer, protein concentration,
precipitant (PEG 3350) concentration, and Sodium Acetate concentration. All
permutations for a 4D factorial design were used for optimization, for a total of
~80 points. Multiple hits from the robot optimization grew significantly larger
and better formed crystals. The best hit from the robot optimization is shown
in Fig 2.3. Concentration in drop G11 consisted of: 6mg/mL RIIp (102-265):C,
8% PEG 3350, 10 mM Bis Tris pH 7.2, 30 mM Bis Tris pH 7.6, 0.05 mM Na
Acetate.

Multiple crystals from the factorial optimization screen were mounted
into nylon loops and frozen in liquid nitrogen. The Douglas Instruments
microbatch trays allowed scooping and freezing of the crystals directly out of
the trays. Multiple crystals from the factorial optimization screen were
mounted into nylon loops and frozen in liquid nitrogen. The Douglas
Instruments microbatch trays allowed scooping and freezing of the crystals
directly out of the trays.

Data Collection and Processing: Initial crystal X-ray screening was
performed at 100°K at the UCSD chemistry home source. Images were
collected on a Mar 345 image plate detector. A dataset of 176 images was
obtained with 1° oscillations and 10-15 minute exposure time. Data was

processed with HKL2000, statistics shown in Figure 3.1.
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Multiple datasets were obtained at up to 2.2 A at the ALS synchrotron.
Unfortunately, following data collection none of the datasets were of high
enough quality, and the home source dataset was chosen for final processing
and model building. Current refinements yield an R free value of 29%.

Chapters 2 and 3 are in preparation for publication as it may appear as
AMP-PNP Traps PKA RIIp Holoenzyme in a Transition State Complex. Brown
SHJ, Kim CW, Taylor SS. The dissertation author was the primary

investigator and author of this paper.
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The R-subunits are modular and multifunctional. In addition to being
inhibitors of the C-subunit, they also serve as major scaffolds for targeting the
C-subunit to specific sites in the cell. A major mechanism for targeting PKA is
through the dimerization domain at the N-terminus while the highly dynamic
nature of the R-subunits is mediated in a large part by the linker region that
joins the D/D domain to the inhibitor site or CNB domains. The linker regions

are also very isoform specific.

Dimerization/Docking Domains: Anchoring proteins binding to the
dimerization and docking (D/D) domain of the R-subunit achieve the
localization of PKA to subcellular compartments and multiprotein signaling
complexes. The D/D domain, consisting of the N-terminal 50 residues of the
R-subunit, forms a dimer in both the free R-subunit and in the holoenzyme
forms. The dimer interface is an X-type, four-helix bundle, with each pair of
helices interacting in an anti-parallel fashion, forming primarily hydrophobic
contacts. A hydrophobic groove formed by the pair of stacked helices 1 and 1’
of the D/D domain is the binding site for the anchoring proteins. This
hydrophobic grove is formed primarily by residues that are also involved in the
dimer interface.

The AKAP AKB (A Kinase Binding) peptide is an amphipathic helix that
docks into the hydrophobic groove of the D/D domain ”'. The 27-mer D-
AKAP2 AKB peptide is a dual-specific peptide, binding to both Rl and RIl (Kp

of 48 nM and 2 nM, respectively). D-AKAP2 has a domain organization
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consisting of two tandem N-terminal RGS domains, the AKB domain, and a C-
terminal PDZ domain ">. In this study, we focused on the binding of PKA Rllo
and RIIp isoforms to the AKB of D-AKAP2 and asked specifically whether
there are differences between Rlla and RIIf.

High resolution structural information is available for the D/D domain of
Rlla bound to different AKAP peptides. A crystal structure of Rlla (1-44)
dimer bound to the D-AKAP2 AKB peptide, residues (631-649), was solved at
1.6 A resolution 5, and is shown in Figure 4.1. Also, an NMR structure of Rlla
(1-44) dimer demonstrated the role of individual residues in the binding of
AKAP peptide Ht31 (493-515) °.

Structural studies of the RIIB subunit bound to AKAP peptides are
currently ongoing, and preliminary results indicate small but significant
differences between RIIp and Rlla structures (P. Jennings, unpublished
results). These structural differences indicate that isoform selectivity between
Rlla and RII may be achieved through modification of the D-AKAP2 peptide.
Through the use of a peptide substitution array the amino acid determinates of

high affinity binding for RIIf and Rlla. were identified.
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Figure 4.1: Comparison of Rlla. and RIIg D/D Domain
Panel A shows a ribbon representation of Rlla. D/D domain bound to D-AKAP2
peptide. The D/D domain is shown in tan colors and the AKAP peptide is in
red. Panel B shows the sequence homology between Rlla and RII D/D

domains.
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Linker Regions: While we have been able to obtain structures of D/D
and CNB domains, the structure of any full-length holoenzyme has remained
elusive. This is likely due to the highly dynamic nature of the linker. Small
angle x-ray scattering (SAXS) gives information about the global features of
proteins in solution and can be used to generate basic models of protein
shapes. Scattering data is inverse Fourier-transformed to a pair-distance
distribution function (known as the P(r) function) that describes the probable
distribution of vector lengths (r) between each pair of scattering centers within
the scattering molecule. SAXS studies on full length R-subunits indicated RIIB

and Rlla are significantly different from Rl in overall shape °* °'

. Shape
restoration modeling of the SAXS data indicates that the lla. and IIf isoforms
of both free R-subunit dimers have an extended structure when free of the C-
subunit, in contrast to the Rla subunit which is Y-shaped. However, while the
Rlla subunit stays extended upon C-subunit binding, RIIf undergoes a
significant compaction to form a globular holoenzyme, shown in Figure 4.2.
An insert in the linker region of RIIf is the most significant sequence variation
between the Rlla and RIIp isoforms. Linker switch experiments where the

extra linker insert from RIIf was inserted into Rlla showed an intermediate

structure between the Rlla. and RIIB holoenzymes °'.
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Figure 4.2: SAXS Analysis of PKA Type Il linker
Panel A shows the P(r) functions of Rlla regulatory subunit bound to cGMP
(black symbols) and holoenzyme (red symbols). Both conformations are
highly extended. Panel B shows the P(r) functions of the same conformational
states of RIIp. RIIp becomes more compact upon forming holoenzyme. Panel
C shows the amino acid sequences of type Il linker between the D/D domain

and inhibitor site represented by single letter codes.



77

In the compact RIIf holoenzyme form, it is likely that the linker is at
least partially ordered and interacting with the CNB domain or the D/D
domains.

Since a full-length RIIp has not been successfully crystallized, we
decided to engineer a smaller fragment of RIIB that might be able to capture
the global features of the full-length holoenzyme. We thus engineered a
deletion mutant of both Rla. and RIIB that lacked CNB domain B. Only the RIIf
mutant was stable, and we characterized its biochemical properties and its

overall shape free and bound to the C-subunit using SAXS.
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Results:

Engineering Dimeric Deletion Mutants of RIIf3: To better understand
interactions between the D/D domain and CNB domain A in RIIf and Rla, two
constructs were cloned and purified, Rla (1-244) and RIIp (1-281). These
constructs contain the single CNB domain A and the entire N terminus of the R
subunit. Initial purification of RIIp (1-281) and Rla (1-244) were surprisingly
different. The Rla (1-244) showed significant aggregation, both during
purification and during formation of holoenzyme. Samples of Rla (1-244) were
never obtained at a high enough quality to allow for further characterization.

RIIB (1-281), in contrast, behaved very differently during purification.
The RIIB protein was very stable and only showed small amounts of
aggregation during purification. In fact, it was significantly more resistant to
proteolysis and less prone to aggregation than full-length RIIf. RIIp (1-281)
also formed a stable holoenzyme complex with the C-subunit even in the
absence of ATP. Incubation of RIIf (1-281) with C-subunit followed by gel
filtration chromatography yielded a pure peak of RIIf (1-281):C which was
stable during subsequent experimentation. Due to the dimerization of the D/D
domain, SPR analysis of the RIIp (1-281):C interaction was not possible, but
based on gel filtration of the holoenzyme, a much tighter complex is formed

with RIIB (1-281) than with RIIB (108-281) in the absence of AMPPNP.
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SAXS: While significant aggregation during purification and SAXS
analysis prevented reliable data collection on the Rla (1-244) subunit, SAXS
data was obtained for the type Il (1-281) subunit. Results are summarized in
Figure 4.3. Isolated RIIB (1-281) subunit in the presence of cGMP had a Dmax
of 159 A and an Ry of 45.4 A, while the R-subunit in complex with the C-
subunit had a Dmax of 132 A and an Ry of 41.6 A. The largest dimension of
RIIB (1-281) subunit thus becomes smaller by approximately 30 A following

binding to the C-subunit.

Peptide Array: To establish whether there might be isoform-specific
differences in docking of the D-AKAP2 peptide to Rlla versus RIIp, a peptide
blot array was designed. This strategy was used successfully with Rla and
Rllo. to find binding determinants and design isoform-specific peptides .
Peptides were synthesized directly onto a cellulose membrane support using
standard spot synthesis techniques "*. The array was then overlaid with full-
length Rlla and RIIp.

Peptide arrays were designed using an amino acid substitution
technique, where the peptide sequence is arrayed on a single axis, while each
position is substituted on the second axis. This allows each position on the
entire peptide sequence to be substituted for every amino acid. For RII
isoform selectivity screening, a peptide length of 23-mer was chosen, including

2 glycines at the membrane surface for flexibility.
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Figure 4.3: SAXS Analysis of RIIp (1-281)
Small angle X-ray scattering analysis of RIIf (1-281) was measured in two
states, bound to cGMP and bound to the catalytic subunit. Panel A shows the
P(r) function for RIIB (1-281) bound to cGMP. Panel B shows the P(r) function
for RIIB (1-281) bound to the catalytic subunit. Panels C and D show /(Q)
versus Q profiles for RIIB (1-281) bound to cGMP and catalytic subunit
respectively. Panel E summarizes the Ry and Dnax results derived from the

P(r) analysis.
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RIIp and Rlla overlays of the blots demonstrated general conserved
features for both RIl subunits but also showed isoform selectivity as shown in
Figure 4.4. The DAKAP-2 peptide is an amphipathic helix, and the binding
surface of the helix can be recognized using the sequence patterns displayed
by the array. Three hydrophobic regions, each separated by 2 residues, can
be observed on the blot as binding regions with low tolerance for substitution.
L5/A6, 19/A10, and 113/V14 regions all prefer hydrophobic residues and any
change to a charged or hydrophilic residue reduced or abolished binding.

Substitution of an amino acid with a proline will diminish binding by
disrupting the helix. Proline substitution in the helical region between E4 and
M18 of the D-AKAP2 peptide abolishes binding. Proline substitution sensitivity
and sensitivity to substitution in the hydrophobic regions indicate that the
SPOT array peptide substitution method is a valid technique for mapping this

helical motif.



82

A Rllx

DEFGHIKLMNPOQRSTVWY

ORXRAUVNCHIZIAPHAIDPDEEROD

oo

RIIB

ORXRAUVNCHIZADPDHRARIDPDEHBO D

Figure 4.4: Peptide Array: Rlla and RIIp Selectivity
Amino acid substitution blots of D-AKAP2 A kinase binding peptide overlaid
with RII subunits. Panel A shows the Rlla overlay, and Panel B shows the RIIp
overlay. Hydrophobic docking regions have low tolerance for substitution as
shown in green. Proline substitution abolishes binding as shown in purple. RIIf

specific mutations shown in red, and Rlla mutations in blue.
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Comparison of Rlla. and RIIp overlays reveals selectivity between
isoforms in binding to substitute peptides. Three locations on the overlays
showed good selectivity for Rlla. Substitution at K8 or K11 with negatively
charged residues are highly disruptive for RIIf but not for Rlla. V17
substitution to a serine disrupts RIIf but not Rlla.. Two locations on the
overlays demonstrated selectivity for RIIf. Substitution of 19 with a tyrosine is a
major disruptor for only Rlla. The converse is true for A10, where substitution
with a valine significantly increases the binding to RIIg while not affecting Rlla.
Based on this array we are now engineering selective peptides that have

preferred specificity for either Rlla or RIIp.
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Discussion:

A major goal of this project was to elucidate the global conformational
dynamics of the subdomains of RIIf and to understand how each subdomain
interacts with the C-subunit. Three constructs, RIIp (1-281), RIIp (108-268),
and RIIB (108-402) can now be compared and their properties are seen to be
significantly different with regard to three properties: 1) stability 2) global
conformation of the free and holoenzyme states and 3) ATP dependence for

holoenzyme formation.

Stability: The RIIp (1-281) construct is resistant to both proteolysis and
aggregation, which is in contrast to full-length RIIf (1-416) and to the
comparable fragments of Rla.. During purification of full-length RIIp, 30-60%
of the protein is lost to aggregation and proteolytic degradation. Removal of
CNB domain B in RIIp reduced this tendency to aggregate and break down.
This effect may be the result of cross talk between the D/D domain, linker

insert and the CNB domain A of RIIB, as shown in Figure 4.5.
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Figure 4.5: RIIg Interaction Network
Intra-subunit and Inter-subunit communication in RIIB holoenzymes shown on
left. Intra-subunit interactions on cAMP bound regulatory subunits shown on
right. Removal of Domain B in RIIp (1-281) increases the strength of the
Domain A — linker -- D/D interaction. Weak interactions are shown by dotted

lines and the RIIP specific insert is highlighted in magenta.
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From cAMP-bound and holoenzyme crystal structures, it is known that
the close interactions between the CNB domain A and CNB domain B are
mostly abolished when C-subunit is bound and the R-subunit becomes
extended. If there are interactions between the D/D, linker, and CNB domain
A, it is possible that removal of the CNB domain B will change these
interactions. The linker and CNB domain B, for example, may compete for
interactions with CNB domain A. By removal of the CNB domain B in RIIf (1-
281), the competition is reduced and the CNB domain A interaction with the
linker is strengthened. Therefore, the linker and D/D domain would then be
more protected in RIIp (1-281), thus explaining why this construct is less

susceptible to aggregation and proteolysis.

Requirements for Changes in Global Conformation: The results of RIIf
(1-281) SAXS experiments demonstrate that the B domain is not required for
compaction of the holoenzyme. For full-length RII the Dmax drops from 180 A
in the dimer form to 145 A in the holoenzyme form. The maximal dimension of
the RIIB dimer thus is reduced by 35 A when it binds to the C-subunit. The Ry
values also decrease from 56 A to 46 A, indicating that the mass of the
enzyme also is distributed closer to the center of the molecule. A simple shift
in the Dmax Without a shift in Rq would indicate a small peripheral region of the

protein is folding back towards the center of the molecule, while a Ry shift as
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well as a Dmax shift indicates that the body of the enzyme is undergoing a
conformational change to a much more compact shape.

For RIIB (1-281), the Dmax decreases from 159 A to 132 A, and the Ry
decreases from 45.4 A to 41.6 A when C-subunit binds. This difference is very
similar that seen with the full-length RIIB, with a 27 A decrease in the Dpax of
the protein when C-subunit binds. The smaller change in Ry is indicative of a
similar compaction as in the full-length protein, but starting from a somewhat
more compact conformation for RIIp (1-281). These SAXS results indicate
that the compaction of the RIIf subunit upon C-subunit binding does not
require CNB domain B. The D/D domain, linker, IS and the CNB domain A
appear to be sufficient to form a compact structure. RIIp (1-281) is thus an
excellent candidate for future structural studies of a tetrameric PKA

holoenzyme.

ATP dependence for holoenzyme formation: The high affinity of the RIIp
(1-281) for the C-subunit in the absence of ATP is another indication of the
importance of the linker region in the RIIB-C interaction. Biacore results using
RIIB (102-265) showed significant improvement of affinity for C-subunit when
the P-10 region is included, but AMPPNP was still necessary to get a high-
affinity holoenzyme complex. During size exclusion chromatography of
holoenzyme prepared using RIIp (102-265), it was noted that the complex
formed was incomplete, with a shoulder on the holoenzyme peak and the

presence of unbound subunits in the SDS gel analysis. When a complex was
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formed with RIIB (1-281) in the absence of nucleotide and subjected to size
exclusion chromatography, the complex ran as a symmetric peak and as a
tight complex on SDS-PAGE. This confirms the importance of the linker
region in RIIp holoenzyme formation. Without the B domain and complete
linker, RIIB requires nucleotide to have high affinity for the C-subunit. When
the B domain or the D/D domain and linker are present, the affinity for the C-
subunit is increased and ATP is not required for holoenzyme formation.

The importance of ATP in the interaction of C-subunit with inhibitors is
due entirely to the P-site residue in the R-subunit. In the presence of ATP, Rla
and IP20 have high affinity for the C subunit (<1 nM), but in the absence of
ATP the affinity drops to 125 nM and 2.3 uM respectively. In the absence of
ATP both Rla and IP20 complexes can be readily be disassociated by
physiological salt concentrations *°.

This basic change from a pseudosubstrate in Rl to a substrate in RII
also affects the dissociation of the R subunits in the cell . When cAMP levels
are raised in the cell, Rl and C dissociate throughout the cell only when PKI or
protein substrates are present. Rll and C show the opposite behavior, with RII
and C fully dissociating when an increase in cAMP level is induced. Mutation
of the RII subunit to a pseudosubstrate changes the dissociation behavior to
resemble RI. The converse is also true, i.e., introducing a phosphorylation site
into RI causes it to behave like RII, with full disassociation of the complex by

cAMP. These effects of the P-site of the R subunit in the R-C interaction have
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also been observed in the R-C interaction with PrKX, the human X
chromosome encoded PKA catalytic (C) subunit "°.

The fundamental change from a substrate in RIl to a pseudosubstrate
in Rl is one of the most important functional distinctions between PKA
isoforms. The absolute requirement for ATP in Rl holoenzyme is also due to
this single difference in the P-site residue. In Rla isoform the inhibitor site
interaction with the catalytic cleft is completely dependent on the presence of
ATP and 2 Mg?* as observed in SPR affinity measurements *°. Without ATP
the small lobe of PKA is open and interactions with the inhibitor site region are
reduced.

RII subunits use a larger set of features to bind to the C-subunit. When
phosphorylated, the RIl subunits still can bind the C-subunit, however with
reduced affinity. The RIl isoforms may use the B domain or the linker regions
as an extra set of surfaces to maintain affinity when the R-subunit is
phosphorylated. When cAMP is present, the CNB domain A and CNB domain
B interactions with the C-subunit are lost, and the holoenzyme complex
dissociates with either Rl or RIl. However, in holoenzyme complexes
containing R, the IS is still available for binding C-subunit, and will quickly
rebind the C-subunit. The IS of RII will be phosphorylated after cAMP
addition, decreasing the R-C affinity and allowing the RII subunit to diffuse

away in the cell.
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Methods:

SAXS: X-ray scattering data was acquired at 12 °C, using the X-ray
instrument at University of Utah that uses CuK radiation (wavelength
A=1.54 A) described previously ’’. Data were collected and reduced to /(q)
versus q (q=411(sinB)/A, 26=scattering angle). The net scattered X-ray
intensities for the proteins were determined by subtracting a normalized buffer
blank from each protein data set. P(r) was calculated as the inverse Fourier
transform of /(q) data using the program GNOM , which employs an indirect
transform approach 2. In addition to P(r), GNOM also provides the radius of
gyration, R,, and the maximum linear dimension of the particle, D.x. The g-
range employed for the GNOM analysis was 0.01-0.15 A™". A smearing
correction was applied to the data to correct for the slit geometry of the
instrument. Guinier analyses showed a single linear fit at low g, consistent
with there being no non-specific aggregation in the samples. Further, there
was no concentration dependence of the scattering parameters of any sample,
also consistent with the samples being aggregation-free and free of inter-
particle interference effects that could otherwise distort the derived structural
parameters.

Peptide Arrays: Peptide arrays were generated using the SPOT
synthesis technique on a Multipep synthesizer (Intavis AG) "*. Peptide arrays
were washed with 100% ethanol (Rossville) for 5 min, followed by 2X washes

in Ho0 for 5 min and 1 min. Then blots were washed 1X with Tris Tween
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Buffered Saline (TTBS) and then blocked with 5% milk in TTBS for 1 hr.
Purified recombinant E. coli-expressed R-subunits were used to probe blots.
Blots were made in duplicate and each protein incubation was performed only
once on the blot. Protein was mixed with 5% milk at 3.7 uM concentration
(1.85 uM dimer) and incubated overnight at 4 °C.

Blots were washed three times in TTBS for 10 min, followed by primary
antibody incubation. All washing and antibody incubations were performed at
room temperature. Rlla antibody (Santa Cruz Biotechnology) at 1:1000 and
RIIp antibody (Santa Cruz Biotechnology) at 1:2000 in TTBS were incubated
shaking for 1 hr. Arrays were washed three times with TTBS for 10 min, and
followed by a secondary anti-rabbit IgG peroxidase-labelled antibody (Santa
Cruz Biotechnology) was incubated at 1:5000 and 1:10,000 for Rllae and RIIp
respectively for 1hr. Finally, blots were washed in three times in TTBS.

Quantification of Rlla. and RIIp binding to the peptide arrays was
performed by using a chemiluminescent substrate (Sigma) and exposure of a
series of films to the blots. The Rlla blot was incubated with the substrate for
3 minutes and the film was then exposed for approximately 5 seconds. The
RIIp blot was incubated with Femto substrate (Sigma) mixed at 1:50 with
standard substrate, and the film was then exposed for approximately 20
minutes. These exposures produced blots with similar levels between each
protein used. Films were scanned into digital format, and analysis was

performed.



Chapter V

Hydrogen Deuterium / Mass Spectrometry
Analysis of RIIf-C
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The highly dynamic nature of the regulatory subunits in their
interactions with cAMP and the catalytic subunit create an ideal system to
study using solution based techniques. The application of hydrogen
deuterium exchange coupled with mass spectrometry (HD/MS) to probe both
the R-C and R-cAMP interactions in solution have been very successful for
PKA where we have both protein:protein and protein:ligand interactions "°%".

HD/MS measures deuterium incorporation into backbone amides of the protein
over time. Following deuterium incorporation, proteins are digested into
peptides and changes in deuterium levels are quantified by mass
spectrometry. Comparison of deuterium incorporation for liganded and
unliganded states shows how the protein surface is affected by binding of the
ligand.

Full length RIIf was analyzed previously using HD/MS to elucidate
solvent surface accessibility in the cAMP bound and C-subunit bound
conformations 8. For the holoenzyme, only peptides from the RIIf subunit
were characterized; the C-subunit peptides were not analyzed for deuterium
incorporation. Three regions in domain A of RIIf showed significant protection
when bound to the C-subunit, while much of domain B showed increased
solvent accessibility. The inhibitor site region of RIIf (residues 102-115)
showed reasonable protection in the holoenzyme. In addition, significant
protection was observed in residues (150-152) corresponding to the 310 loop
region, a conserved loop predicted to be a universal protein-protein interaction

docking site 3. Also, residues (253-268) from the o.C helix was highly
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protected extremely well from solvent by binding of the C-subunit. These
results, summarized in Figure 5.1, were mapped onto the structure of cAMP
bound RIIB. All three regions that showed protection upon C-subunit binding
correspond to interaction sites with the C-subunit in the Rlla holoenzyme.
HD/MS analysis of RIIp defined the effects of cAMP and C-subunit
binding on solvent accessibility of RIIB. In order to fully understand the changes
in solvent accessibility at the R-C interface, however, one needs to analyze
both the C and R-subunits. We extended the HD study of the RIIf holoenzyme
by mapping changes in the C-subunit when it is bound to different R-subunit
isoforms. In this chapter we describe the specific effects of binding RIIp
constructs and also the effects of AMPPNP. This work has been published and

the key points are summarized here in Chapter V.



B C helix

Figure 5.1: Protection of RIIf in the Presence of Catalytic
Subunit

The HD/MS analysis of RII was carried out in the presence of cAMP and in
the presence and absence of catalytic subunit (78). The protection that was
afforded by the catalytic subunit is mapped here onto the cAMP bound
conformation of the RIIf subunit. cAMP is highlighted in grey.
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Results:

HD/MS of RIIB: While earlier HD/MS studies of RII holoenzymes
looked exclusively at protection in the R-subunits, here we looked at protection
of backbone amides in both the C-subunit and in the RIIf subunits. We used
two RIIp constructs, RIIp (108-402) that contain both CNB domains A and B,
and RIIp (108-268) containing only CNB domain A. Peptides on both the R-
subunit and C-subunit with the largest changes between the free and
holoenzyme states are shown in Figure 5.2. Two peptides in the C-subunit
showed significant changes upon binding to RIIf subunits, and these will be
discussed first. The peptides protected in the R-subunit then will be described.

Residues (44-54) in the C-subunit correspond to the tip of the glycine-
rich loop in the N-lobe. HD/MS analysis of this peptide (44-54) is shown in
Figure 5.3. This peptide is protected in the presence of RIIp (108-402), but
only when AMPPNP is present. RIIf (108-268), which is missing the B-

domain, gave no additional protection beyond AMPPNP alone.
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Figure 5.2: H/D Exchange RIIg:C
Surface rendering of PKA C subunit in grey and tan, RIIp rendered in dark
cyan ribbons. Peptides that show changes in solvent accessibility shown in
red. The IS and a.B/C helix show decreased solvent accessibility in
holoenzyme. The aH-al loop is protected from solvent in the RIIp (108-402)
holoenzyme, and is highly solvent exposed in RIIp (108-268). The glycine rich

loop is slightly more solvent exposed in the RIIf holoenzyme than in Rla.
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Figure 5.3: HD/MS Glycine Rich Loop of the Catalytic Subunit
Deuterium exchange of the glycine rich loop peptide of the catalytic subunit.
As shown in Panel A, RIIp domain B is required for protection of the glycine
rich loop in RIIp holoenzyme. Panel B shows comparison of protection in the

glycine rich loop of RIIp and Rla in complexes containing domain B.
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Residues (278-289) in the C-subunit correspond to the aH-al loop in
the C-lobe. As seen in Figure 5.4, this peptide (278-289) showed nearly
complete protection when bound to RIIp (108-402), and unlike the glycine rich
loop peptide, this protection was independent of AMPPNP. This protection is
consistent with the structure of the Rlla holoenzyme where this site directly
docks to domain B '°. Analysis of the C-subunit when RIIB (108-268) was
bound showed that this site was extremely sensitive to the presence or
absence of the B domain. Binding of RIIp (108-268) caused a significant
increase in the solvent accessibility of the aH-al peptide. Even when
compared to the C-subunit bound to AMPPNP alone, the solvent accessibility
was increased. This surprising result highlights the potential importance of this
site as an allosteric sensor.

Limited analysis of peptides from the R-subunit, due to low coverage,
produced a single peptide that showed large protection in the holoenzyme
complex. The peptide RIIp (253-268) is protected by almost 10 amides when
RIIB (108-402) is bound to the C-subunit. This region corresponds to the aB/C
helix of domain A that undergoes a major conformational change in going from
the cAMP bound state to the holoenzyme state. This peptide showed
comparable protection when full length RIIp was bound ®. When the B
domain is missing from RIIf, however, this region is not protected in the

holoenzyme.
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Figure 5.4: HD/MS aH-al Loop of the Catalytic Subunit
Deuterium exchange of the aH-al loop peptide of the Catalytic subunit. Lower
right shows the interaction of the aH-al loop in the Rlla holoenzymes, with
hydrogen bonds between K285 in the catalytic subunit and R365 in the
regulatory subunit highlighted.
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Discussion:

HD/MS analysis of peptides from the RIIf3 subunit demonstrated the
importance of the RIIf a.B/C helix in the RIIB-C interaction. This peptide,
(residues 253-268), is a major docking site for the C-subunit in both the Rla
and Rlla holoenzyme crystal structures, and is thus likely to play the same
role in the RIIB complex although we have not been able to crystallize an RIIp
holoenzyme complex when both A and B domains are present. While the
corresponding peptide was also protected in the Rla holoenzyme, protection
was much greater in the RIIp holoenzymes.

This same RIIp (253-268) peptide is not protected at all in the RIIp
(108-268) holoenzyme complex. The lack of protection observed in RII (108-
268) complex is likely due to a loosening of the R-C interaction in this region
when the B domain is missing. As seen in Figure 5.2, the crystal structures
show the aC helix unraveling at the C-terminus, and this confirms the lack of
solvent protection of RIIB (253-268) in the RIIp domain-A holoenzyme. The
presence of the RIIf B-domain orders the aB/C helix against the C-subunit
and decreases the solvent accessibility of this peptide in the RIIf (108-402)
holoenzyme, as it does in the full length holoenzyme.

In the RIIB (108-402) holoenzyme complex the most significant
protection was observed in the aH-al loop of the C-subunit, shown in Figure
5.4. As seen in Figure 5.5 the aH-al loop contains an essential conserved Arg,

Arg 280, that interacts electrostatically with Glu 208 in the APE motif of the
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activation segment. This region also contains a 5 residue insert (residues 282-
286) that is a unique feature of the AGC kinases 3. This region was shown in
the Rlla structures to be the major docking site for the CNB domain B on the
C-subunit. This interaction region is shown in Figure 5.5, which highlights the
docking of the a.B helix of Rlla to the aH-al loop of the C-subunit. Comparison
of peptide amide exchange between the C-subunit alone and the RIIp (108-
402) holoenzyme complex confirms the importance of the B domain for docking
to this site. In the RIIB (108-402) holoenzyme complex, peptide (278-289) is
protected by three more amides than in the free C-subunit. This is significantly
more protection than observed in the equivalent Rla experiment, where only a
single amide was protected in the complex. The aH-al loop thus senses
isoforms differently.

The Rlla holoenzyme structure provides some clues about this critical
RII docking site '°. Arg 365 is completely shielded by the aH-al loop; it is
anchored by multiple hydrogen bonds to both its side chains and to its
backbone carbonyl and through hydrophobic interactions. The side chain of
Arg 365 of Rlla is interacting with the backbone carbonyl and the side chain of
Thr 278 from the aH-al loop of the C-subunit, and this interaction involves two
hydrogen bonds between the two subunits. In addition, the backbone of Arg
365 is anchored strongly to the side chain and backbone amide of Lys 285.

Arg 365 is thus firmly anchored to this site.
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Figure 5.5: Rlla CNB-A Capping Residue Interactions with C-
Subunit

The aB helix of Rlla (blue) CNB domain B interacts with the aH-al loop of the
catalytic subunit (tan). Arg 365 is both a major interaction partner with the C-
subunit and is the hydrophobic cap for cAMP in CNB domain A of Rlla. (PDB
ID 2QVS)
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Arg 365 is also well shielded in the cAMP bound conformation where it
serves as the capping residue for the adenine ring of cAMP bound to CNB
domain A of Rlla.. This capping function is conserved in RIIf and Rlla, but is
completely different in Rla. where the capping residue comes from the A helix
of domain B. Arg 365 thus has an important and unique role in regulating both
the conformational states of RIl; it is a key residue in the R-C interface and is
also necessary for cAMP binding to the CNB-A. This residue corresponds to
Arg 381 in RIIp and is likely to play the same role in the interface of the RIIf
holoenzyme structure.

The protection of the aH-al loop by the B domain of RIIf highlights the
importance of the RIIf B domain for interactions with C-subunit. For RIIf the
affinity for C-subunit is nM when the B-domain is present but not measurable
when the B-domain is missing. In the presence of AMPPNP we showed that
the affinity was 11 nM when only the A-domain was present but 0.2 nM when
the A and B domains were both present. Thus in both cases the B-domain is
critical for high affinity binding of RIIp to C-subunit, and HD/MS results
correlate with this change in affinity to docking to the aH-al loop.

When RIIB domain A binds to the C-subunit, the aH-al loop surprisingly
becomes more solvent accessible, suggesting that this may indeed be an
allosteric site. Binding of RIIp A domain appears to prime the aH-al region for
binding of the B-domain. The aH-al loop is thus a hotspot on the surface of

the C-subunit. This study has identified this region as both a surface for RI|
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docking as well as a site for allosteric cross-talk in the C-subunit. Our
structural and HD/MS studies that demonstrate the importance of this loop are
reinforced by mutagenesis of K285 to proline. This mutation, which removes
the hydrogen bonding of both the sidechain and the backbone, significantly
decreased the binding of RII but had little effect for RI (Jie Yang, unpublished
results). The aH-al loop has also been independently identified as an
important secondary surface for binding of substrates using a yeast genetic
screen to trap kinase substrates %°. Using point mutations in the aH-al region
of the Tpk1 yeast PKA, a catalytically impaired double mutant was found that
traps protein substrates by preventing release. The aH-al region has
therefore been identified as a conserved hotspot for binding of substrates and
mutations in this region reduce catalytic activity. The conserved Arg 280 at
the end of the kinase core lies in this loop, and it makes a conserved contact
with Glu 208 in the activation segment as shown in Figure 5.5. This contact is
likely to be an important part of the allosteric network, and mutation of Arg 280

also leads to loss of activity (Jie yang, personal communication).

Temperature Factor Analysis: Shown in Figure 5.6 are temperature
factor (B-factors) plots for the C-subunit in complex with RIIB, Rla or Rlla.
Both RIIf and Rla structures were solved in the presence of AMPPNP and
contain only the CNB domain A. Rlla was solved in the absence of nucleotide

and contains both CNB domains A and B.
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Figure 5.6: B-Factor Analysis of Holoenzyme C-Subunits
Temperature factor analysis of the catalytic subunit of three holoenzyme PKA
crystal structures. Shown on the left is Rlla (91-400) : C in the absence of
ATP. Shown in the middle is RIIf (108-268) : C : AMPPNP. Shown on the
rightis Rla (91-244) : C : AMPPNP. The effects of AMPPNP and the B-

domain of the regulatory subunits are highlighted.
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Comparison of B-factors of the crystal structure models of the C-subunit
reveals regions of relative disorder and order in the molecules. RIIp (108-268)
: C-subunit B-factors are relatively low throughout the structure and generally
resemble the Rla holoenzyme. The Rlla structure has high B-factors in the
small lobe, consistent with the disengagement of the small lobe from the rest
of the molecule observed in the crystal structure.

Comparison of B-factors in Rla and RIIf bound C-subunits reveals two
key features that differ between the two isoforms. The B domain of RIIp was
shown to be important for high affinity binding to the C-subunit. Crystal
structures of Rla and Rlla. have defined the aH-al loop region of the C-subunit
as an interaction region with the R-subunits. The temperature factors for this
loop have a spike in the RIIp holoenzyme and are relatively flat in the Rlla and
Rla holoenzymes. Docking of RIIf domain A makes this loop region more
dynamic, based on the B-factors, and this is exactly what was seen in the
HD/MS experiments. In contrast, docking of Rla. domain A did not prime this
site based on the HD/MS experiments, and has flat temperature factors in this
region. In Rlla holoenzyme the B domain is docked to this site and thus has
low temperature factors.

The glycine rich loop of the C-subunit also can be identified on the B-
factor plot. The region consisting of C-subunit residues (45-55) in the RIIp
crystal structure have a significant spike in the B-factors when compared to

Rla. The glycine rich loop is demonstrated in the RIIf crystal structures to be
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partially disengaged from the inhibitor site when compared with fully closed
crystal structures. This result of increased B-factors for this region in RIIf
compared to Rla is consistent with the glycine rich loop being dynamically

flexible in the RIIB structure whereas it is fully shielded in the Rla. complex.
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Methods:

HD/MS: Deuterated samples were prepared at 23 (1) °C by diluting
5 ul of protein solution with 45 ul of deuterated buffer A (50 mM Mops, 50 mM
NaCl, 1 mM DTT (pH 7.0), followed by “on-exchange” incubation for varying
times (0—10 min) prior to quenching in 0.2% TFA (pH 2.5) at 0 °C. The
exchange mixtures for the C-subunit in the presence of Mg** and ATP included
2 mM MgCl, and 0.2 mM ATP with buffer A. The exchange mixture for the RIIf
(108—402): C and RIIp (108-268): C complexes contained 2 mM MnCl, and
0.2 mM AMP-PNP with buffer A. The quench buffer for free RIIp (108—-268),
RIIB (108-402) and RIIB (108—402): C complex included 1 mM EDTA with
buffer A.

Deuterium exchange at time t = 0, was determined by adding the
protein solution in H,O (5 ul) to a mixture of 0.5 ml 0.1% TFA and deuterated
buffer A (45 ul). A portion of the quenched reaction (0.1 ml) was mixed with
50 ul of pepsin bead slurry (previously washed two times in 1 ml of cold 0.1%
TFA). The mixture was incubated on ice with occasional mixing for 5 min,
centrifuged for 15 s at 12,000 g at 4 °C, divided in aliquots, frozen in liquid N,,
and stored at -80 °C until analyzed.

Frozen samples were quickly defrosted to 0 °C, mixed with matrix
(5 mg/ml a-cyano-4-hydroxycinnamic acid in 1:1:1 acetonitrile, ethanol, 0.1%

TFA, final pH 2.5 at 0 °C), and 1 ul was spotted on a chilled MALDI target. The
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target was quickly dried and analyzed on a Voyager DE STR Biospectrometry
Workstation (Applied Biosystems Inc., Foster City, CA) as described.

The mass spectrometry data were analyzed using DEX software to
remove the natural isotopic abundances for all but one peptide (residues 278—
289 of the C-subunit). Centroid determination was calculated automatically for
each sample by DEX, and checked manually for verification. The average
number of deuterons exchanged and standard deviations reported were
determined from at three independent experiments for most peptides.
Averages and standard deviations were calculated with measurements from
three independent experiments for most peptides. Due to high noise in data
sets for certain peptides, fewer measurements were obtained and
consequently no standard deviations were calculated.

Chapter 5 in part has been published as it may appear as R-subunit
Isoform Specificity in Protein Kinase A: Distinct Features of Protein Interfaces
in PKA Types | and Il by Amide H/(2)H Exchange Mass Spectrometry. J Mol
Biol. 374(2):487-99 (2007). Anand GS, Hotchko M, Brown SH, Ten Eyck LF,
Komives EA, Taylor SS. The dissertation author was a secondary investigator

and author of this paper.
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Comparison of the cAMP bound and C-subunit bound conformations of
the R-subunits reveal both the dramatic conformational changes of the R-
subunit upon C-subunit binding, and the isoform specific differences between
the cAMP bound and C-subunit bound conformations of Rla. and RIIg.
Analysis of the cAMP bound Rla and RIIf subunits highlighted differences in
the cAMP binding networks in the CNB domains A and B for each R-subunit
isoform, as well as in other cAMP binding modules % % #_ Holoenzyme
structures of Rlla, Rla, and RIIp demonstrated the significant distortion of the
cAMP binding sites that occurs upon C-subunit binding. Building on this
foundation we sought to more comprehensively define isoform specific
differences in cAMP activation.

Binding affinities of cCAMP analogues to isolated regulatory subunits
have been well characterized. Comprehensive studies over several decades
characterized the binding of cCAMP analogues to isolated R-subunits, testing
the effects of substitution in the adenine and ribose rings and the phosphate
moiety . Studies on binding of cAMP analogues to the CNB domains of
the R-subunits revealed a wealth of knowledge about the binding sites and
site specific preferences for analogue binding, but did not systematically
measure activation profiles of the cAMP analogues. Nor were these analogues
systematically mapped against the crystal structures of Rla and RIIf bound to
cAMP. Crystal structures of Rla, Rlla,, and RIIf holoenzymes demonstrate

large changes in the cAMP binding sites in the C-subunit bound conformation.
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A systematic study into activation of PKA holoenzymes by cAMP analogues
was initiated to investigate if isoform selectivity in activation of the
holoenzymes differs from cAMP analogue binding selectivity of the free R-
subunits.

The only known antagonists of PKA are analogues of Rp-cAMPS,
where the equatorial oxygen on the phosphate is replaced with sulfur. The Rp
compounds bind to the cAMP sites of the R-subunit in holoenzyme, but do not
induce the conformational change necessary to displace the C-subunit.
Therefore, the Rp cAMPS compounds act as competitive inhibitors of cAMP-
induced PKA phosphotransfer activity. The alternate isomer is Sp cAMPS,
where a sulphur atom has replaced the axial exocyclic oxygen. The Sp
isomers act as agonists for PKA, indicating that equatorial oxygen plays a key
role in initiating the conformational change that releases the C-subunit.
Studies on the mechanism of this inhibition and the residues that are involved
have been performed by NMR analysis > %°. Substitutions of the adenine ring
of the Rp-cAMPS molecule may show selectivity of inhibition of holoenzyme
that is similar to cAMP substitution selectivity of activation. To determine the
trends of substitution selectivity of antagonism by Rp-cAMP, an antagonism
screening study of Rp-cAMPS molecules was initiated.

We used a florescence anisotropy (FA) assay that was developed to
measure activation and inhibition of PKA in a high throughput (HT) mode '.
Instead of measuring loss of PKA activity, the assay was developed to

measure association and disassociation of the R and C-subunits. It thus
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allows us to measure agonists and antagonists that are not simply competitive
inhibitors of ATP which almost all other known assays do. The assay is based
on Ligand Regulated Competition (LiReC). The readout for this assay is the
measurement of an FA signal on a labeled IP20 peptide inhibitor. Peptide
bound to the C-subunit has a higher FA signal than free peptide in solution
due to the lower tumbling rate in solution. R-subunit competes with the
labeled peptide, causing the peptide to disassociate from the complex and the
FA decreases. The LiReC assay can be optimized for use in three modes by
modifying the level of cAMP in the assay mix; activation mode, inhibition
mode, and a screening mode that measures both simultaneously. To
measure an agonist, CAMP is absent from the assay mix and disassociation of
the complex is measured, as shown in Figure 6.1. In contrast, to measure an
antagonist, CAMP is present in the assay mix and association of the complex
is measured as a competition between the cAMP and the antagonist. To
screen compounds from a random library, enough cAMP is added to give
partial activation, and either agonist or antagonist response is measured,
shown in Figure 6.1. The LiReC assay was modified here to screen in a dose

response format, both for agonists and antagonists in Rla. and RIIg.
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Figure 6.1: LiReC Assay Principal
Panel A shows the principal of LiReC assay in the agonist mode. PKA
holoenzyme disassociates when an agonist is added, and labeled IP20 probe
can then bind to the catalytic subunit. An example dose-response curve for
cAMP disassociation of Rla and RIIp is shown. Panel B shows the high
throughput screening mode of the LiRec Assay. cAMP is added to give a half-

maximal FP signal, and antagonists and agonists are measured. Panel B
adapted from Saldanha et al.
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Results:

Modification of the LiReC Assay for PKA Type II: While the LiReC
assay could be used to screen for both activators and inhibitors of PKA Rla
holoenzymes, we adapted the assay into two formats here that screen both
Rla and RIIp for dose-dependent activation or inhibition.

The initial challenge was to develop a suitable RIIp construct that could
be used for the LiReC assay. LiReC assay trials with RIIp (108-402) yielded a
poor FA response due to phosphorylation of the IS Ser. The assay was
therefore modified by changing Ser 112 of RIIp to an Ala to prevent this
phosphorylation. RIIf (108-402) S112A was tested for C-subunit inhibition
under similar conditions to the LiReC assay. The mutant inhibited the C-
subunit similar to the WT RIIf (108-402) and Rla (91-379). Rla and RIIB
S112A have comparable EC50s for cAMP activation in the LiReC assay of
approximately 36 nM and 18 nM, respectively. Both Rla and RIIf subunits
were truncated at the N-terminus to reduce the tendency for degradation and

aggregation.

HT screening of commercial cCAMP analogues: HT screening of dose-
response activation of Rla and RIIf by cAMP analogues was performed under
the optimized assay conditions described. The analogues chosen

represented the cAMP derivatives commonly used in cellular based studies.
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The four main sites of modification are shown in Figure 6.2. A summary of
EC50 values for compounds tested in the LiReC HT dose-response screening
is shown in Table 6.1. Compounds have been grouped by substitution type
and selectivity. EC50 for cAMP activation of Rla was 30-40 nM and of RIIf
was 15-22 nM under LiReC assay conditions.

Two significant trends in the activation results are the effects of the C8
and N6 substitutions of the cAMP molecule. These substitutions show distinct
specificity trends for RI and RIl isoforms of PKA. As shown in Figure 6.3, C8
compounds showed a preference for activation of the Rl isoform (EC50s were
1.5 - 5 fold lower for Rl versus RIl). Conversely, N6 compounds prefer the RI|
isoform, as shown in Figure 6.4 (EC50s were 2-9-fold lower for RIl versus RI).
This preference held true for all compounds tested over IC50 ranges of 50 nM

to 15 uM.

Rp cAMP Antagonists Selectivity: Four Rp cAMPS compounds were
tested for their ability to reform a holoenzyme complex of RIIf and Rla as
shown in Fig 6.5. 100 nM cAMP was added to the assay mix to disassociate
the holoenzyme complex, and compounds were then titrated into the assay.
Both Rp cAMPS and Rp 6-Phe cAMPS have similar IC50 values for RII and
Rla. Rp cAMPS’s substituted at the C8 position are 20-30 fold better
inhibitors for Rla than RIIB. The trend of C8 substitutions preferring Rla to

RIIB is exactly the same trend as observed for activation by cAMP analogues.
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Figure 6.2: Modification Sites of cAMP
Four modification sites of CAMP were screened for selectivity of Rla versus
RIIB. Two modifications of the phosphate moiety were tested: Rp cAMP,
substitution of the equatorial phosphorus for oxygen; and Sp cAMP, the
substitution of the axial phosphorus for oxygen, shown above. Two
modifications of the adenosine ring were tested, modification of the N6

position and modification of the C8 position, as shown above.
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Table 6.1: Activation of PKA Isoforms by cAMP Analogues
Activation of PKA type | and type Il PKA were measured using the LiReC

assay. EC50 results are grouped according to substitution type and selectivity.

Rix  RIIB L'(E

Compound o Ecsoim) RI
selectivity

cAMP 36 18 2.0
cGMP 15000 5080 3.0
8-Cl| cAMP 58 275 0.2
8-CPT cAMP 33 149 0.2
8-PIP cAMP 1020 3950 0.3
8-HA cAMP 358 1150 0.3
8-Br cAMP 81 184 0.4
8-MA cAMP 102 223 0.5
8-AHA cAMP 116 197 0.6
Sp cAMP 1590 2270 0.7
HE33 414 45 9.2
6-MBC cAMP 289 59 4.9
6-Bnz cAMP 170 35 4.9
6-Phe cAMP 92 20 4.6
Sp-5, 6-DCI BIMPS 344 83 4.1
6-MB cAMP 140 39 3.6
Sp-8-CPT cAMP 342 96 3.6
Sp-8-Br cAMP 1355 435 3.1
5, 6 DCI BIMPS 270 129 2.1
Sp-8-PIP cAMP 5048 2959 1.7
2-OMe cAMP 5666 n.d. n.d.
2-AEA cAMP 8739 2652 33
2-Cl cAMP 42 45 0.9
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Figure 6.3: C8 Substitutions Confer Type | PKA Selectivity
Substitution of the C-8 position of cAMP shows Rla selectivity for activation as

measured by the EC50 in the LiReC assay. Rla activity is shown in brown,
RIIB in dark green. Panel A shows 8-Chloro-cAMP. Panel B shows 8-(4-
Chlorophenylthio)-cAMP. Panel C shows 8-Piperidino-cAMP. Panel D shows

8-Hexylamino—cAMP. Panel E summarizes EC50 results and selectivity.
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Figure 6.4: N6 Substitutions Confer Type Il PKA Selectivity
Substitution of the N-6 position of cAMP shows RIIf selectivity for activation as

measured by the EC50 in the LiReC assay. Rla activity is shown in brown,

RIIB in dark green. Panel A shows HE33. Panel B shows 6-Mono-t

butylcarbamoyl-cAMP. Panel C shows 6-Benzoyl-cAMP. Panel D shows 6-

Phenyl-cAMP. Panel E summarizes EC50 results and selectivity.
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Rp-cAMP 36 25 1.44
Rp-6-Phe cAMPS 11 8.3 1.33
Rp-8-CPT cAMPS 3 95 0.05
Rp-8-PIP cAMPS 10 214 0.05

Figure 6.5: Inhibition of Rla. and RIIf by Rp-cAMPS Analogues
Inhibition of Rla. and RIIB by four analogues of Rp-CAMPS was measured
using the LiReC assay in the antagonist mode. Panel A shows inhibition of
Rla, Panel B shown inhibition of RIIp. Panel C is a summary of the four

compounds tested. C8 compounds are better antagonists for Rla than RIIf.
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Structure Solution of RIS (108-402) bound to HE33: The most
selective compound from the LiReC assay is HE33, which is not commercially
available. HE33 was developed as an analogue that may be clinically
effective against Lupus. Initially found in an immunosuppressant screen,
HE33 has been tested in Lupus model mice and was found to significantly
increase the lifespan of mutant mice. (H. Cottam, personal communication)
This compound, an N6 di-propyl substituted cAMP, was found to activate RIIp
with an EC50 similar to cAMP. In contrast, HE33 activated Rla. with an EC50
5-fold higher than cAMP. Based on these results, HE33 was thus co-
crystallized with RIIp (108-402). The crystal structure of RIIp (108-402) in
complex with 2 molecules of HE33 was solved to 2.8 A resolution. RIIp (108-

402): HE33 was refined to an Ryee vValue of approximately 30%.
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Discussion:

A major structural difference between Rla. and RII when cAMP is
bound is the different interface between CNB domains A and B *®. This shift in
the relative orientations of the CNB domains changes the hydrophobic
capping mechanism for cAMP-bound to CNB domain A, shown in Figure 6.6.
Each CNB domain has a hydrophobic residue that caps the cAMP site and is
critical for high affinity cAMP binding ®°. In RIIB the capping residue for
domain A is Arg 381 which is located in the aB helix of domain B. In contrast,
in Rla the capping residue for domain A is Trp 260 which is located in the oA
helix of domain B. In both cases, Rla and RIIf, the capping mechanism for
domain B is in the aC helix of domain B. The domain A capping mechanism is
thus a maijor difference between Rla and RIIp and is a critical feature that
creates a very different interface between the A and B domains.

While each cap provides the same hydrophobic shield for cAMP and is
in the same relative location in the cAMP-bound conformations, the position of
the B domain relative to the A domain is quite different in the two cAMP-bound
conformations. As discussed in Chapter 5, the capping residue for RIIf CNB
domain A is also a major interaction site for docking to the C-subunit. In
contrast, the capping residue for Rl CNB domain A, Trp 260, only plays a

minor role in the docking surface for the C-subunit.
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C helix (CNB-A)

C helix (CNB-A)

A helix (CNB-B)

A helix (CNB-B)

B helix (CNB-B)

Figure 6.6: cAMP binding sites of Domain A in RIIf and Rla.
Shown in the top panel is a surface representation of the CNB-A cAMP pocket
of Rla. and RIIB. The shape of the pocket differs between isoforms. Shown in
the lower panel is the PBC and cAMP capping mechanism of CNB-A for RIIp
and Rla. The C-helix conformation and the relative orientation of the two

cAMP binding domains is significantly different between isoforms.
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Additionally, the cAMP bound structures of Rla and RIIf demonstrate
that the cAMP pocket differs between isoform. There is a significant pocket
near the N6 position in the cAMP site of RIIf that is not present in Rla, shown
in Figure 6.6. Even though the conformations of the R-subunit in the two
holoenzymes are similar for Rla. and Rlla, the mechanism of capping the
cAMP and the docking site for cAMP differ between isoforms.

The difference between the CNB-A cAMP binding sites of Rla and RIIp
has significant implications due to the importance of the A domain for
holoenzyme activation. In both isoforms, cAMP must bind to the A site to
induce activation. Mutations of the PBC binding sites have defined the
stepwise binding of cAMP to Rla.. cAMP must first bind to the B site of Rla
before it can access the A site and induce activation °. In contrast, RIIB
holoenzyme does not require a stepwise binding of cAMP. RIIf can be
activated by binding of cAMP to only the A site when the B site is deficient in
cAMP affinity %.

The most significant result of screening cAMP analogues for selective
PKA activation is the importance of the CNB domain A. In the LiReC
activation assay, the N6 substituted compounds were selective for RIIf, shown
in Figure 6.3. C8 substituted compounds were selective for Rla, shown in
Figure 6.4. *H-cAMP assays showed the exact same trends in cCAMP
analogue binding to the CNB domain A of Rl and RIl. The best binders for Rl

CNB domain A are C8 substituted compounds, while the best binders for RII
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CNB domain A are N6 substituted compounds . The trends of activation that
are observed in the LiReC assay directly correlate with trends of cAMP binding
to CNB domain A of the free R-subunits. The activation trends observed in
the LiReC assay confirm the importance of the A domain for activation of

holoenzyme by cAMP.

Rp cAMPS Antagonism: Similar trends of adenine ring substitution
selectivity from the activation results were observed in Rp cAMP inhibition. 6-
Phe Rp cAMPS and Rp cAMPS inhibited both RIl and RI holoenzymes with
similar IC50s. C8 substituted cAMPS analogues, however, are poor
antagonists for RII.

cAMP binding to Rla causes a change in the off-rate of the holoenzyme
complex. When cAMP is bound, the Rla-C complex disassociates
approximately 150-fold faster while the on-rate remains the same. This leads
to a 150-fold increase in Kd for the holoenzyme complex when cAMP is
bound. In contrast, Rla. bound to Rp cAMPS has a 5- fold slower
disassociation rate of the complex when compared to Rl in the absence of
cAMP (D. Johnson, personal communication). Therefore, Rp cAMPS is in fact
a “super-antagonist”, not only acting as a competitive inhibitor for cAMP, but
actually increasing the affinity of the R-subunit for the C-subunit. The Rp
cAMPS is thus stabilizing the holoenzyme complex beyond when no cAMP is

bound.
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The critical site for inhibition of Rla. by Rp-cAMPS has been shown to
be CNB-domain A by mutation analysis. Arg 209 is critical for cAMP binding
and is a major component of the cAMP activation mechanism as discussed in
Chapter 3. The Rp sulfur substitution of the cAMPS molecule is in direct
contact with Arg 209 in the PBC when bound to CNB domain A of Rla. ®.
Binding of Rp cAMPS to PBC A cannot induce the conformational change
necessary to disassociate the R-C holoenzyme. When this Arg is mutated to
an Lys, Rp cAMPS acts as an activator . In contrast, in the equivalent
mutation of the B domain, Rp cAMP cannot activate Rla holoenzyme (C.
Cheng, unpublished results). This confirms the importance of the A domain
for activation of the holoenzyme.

Although the mechanism of antagonism is not entirely clear, it is likely
to involve the electrostatic switch of Arg 209 and Asp 170, which in turn
communicates ligand binding to the rest of the R-subunit and disassociates
the complex. Rp cAMPS binding may stabilize the holoenzyme conformation
of the PBC where Asp 170 is flipped away from Arg 209 as seen in the
holoenzyme complexes.

Activation and antagonism assay trends can be extrapolated to design
future antagonists. CAMP analogue screening can be used to find the isoform
selectivity features in the adenine ring. These selectivity features can then be
added to Rp cAMPS to generate selective antagonists. This study
demonstrates that using selectivity features generated in the LiReC activation

assay is a useful technique to generate isoform selective PKA inhibitors.
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Crystal Structure of RIIB (108-402) bound to HE33: The crystal
structure of RIIB (108-402) bound to two molecules of the selective analogue
HE33 provides a possible mechanism for why RII subunits prefer N6
substituted analogues. The N6 position lies directly adjacent to the solvent
exposed surface of the aB helix in domain B that is positioned by the capping
of Arg 381 to the adenine ring. CNB domain A of RIIf bound to HE33 is
shown in Figure 6.7. Hydrophobic interactions between the di-propyl groups
of HE33 and the aB helix of CNB domain B may maintain the binding of HE33
to RIIpB at levels similar to cAMP. These hydrophobic interactions are primarily
with the aliphatic regions of the sidechains of GIn 377, Glu 380, and with the
Arg 381 capping residue.

In contrast, in Rlao CNB domain A, the equivalent residues are not
available for hydrophobic interactions. The capping residue is located on the
oA helix, and approaches cAMP from a different angle. In the Rla cAMP
bound structure there are hydrophilic residues that are located in the region
that the HE33 di-propyl groups would be located. This loss of hydrophobic
interactions and increase in hydrophilic blocking in the aA helix of Rla. may

explain the increased EC50 for activation of Rla. by HE33.
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RIIf CNB-A RIIf CNB-A

PBC

oB-helix
CNB-B

Figure 6.7: HE33 Docking Mode to A domain of RIIp (108-402)
The cAMP analogue HE33 was crystallized with RIIg (108-402). Shown on the
left is a surface rendering of the cAMP binding site highlighting the pocket
utilized by HE33. This equivalent pocket is not present in Rla. On the right a
ribbon representation of the same site is shown highlighting the interaction
between HE33 and aB helix of CNB-B. The CNB-A capping residue, Arg 381,
is in close proximity to the HE33 alkyl groups.
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As discussed previously, the cAMP binding site of RIIp bound to cAMP
has a pocket near the N6 position of cCAMP. Shown in Figure 6.7, the di-alkyl
substitutions of the cAMP analogue HE33 utilize this extra pocket in the N6
region.

The crystal structure of HE33 bound to RIIp allows development of
analogues with higher selectivity for RIIf. Modification of the N6 position with
larger hydrophobic groups is currently ongoing. cAMP analogues that can
utilize the hydrophilic sidechains of the a.B helix to increase binding to RIIp
also may show an increase in selectivity. Finally, the Rp cAMPS versions of
HE33 and associated isomers are currently under development as selective

antagonists for RIIp holoenzymes.
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Methods:

LiReC Assay: The Ligand Regulated Competition assay (LiReC) is
based on the competition for the PKA C-subunit by multiple inhibitors °'. The
core component of the assay is a fluorescent labeled IP20 PKA inhibitor
peptide probe. Fluorescence anisotropy (FA) of the label is used as the
readout for the assay. In an FA assay, polarized light is used to excite the
fluorophore on the probe; the extent to which the fluorophore retains the
polarization during emission reflects the rotation rate of the probe. The
molecular weight of the molecule attached to the probe affects the rotation rate
of the dye molecule, and therefore changes the ratio of perpendicularly to
parallel polarization of emissions. Measurement of the ratio of emission
polarization generates an FA signal (Equation 1). Fluorescence polarization
(FP) is a second way to describe the same polarization readouts and the

equation is shown below (equation 2).

1, -1 1, -1
= r=—iT - p=tT0L
() FA 1, +21, @ FP I, +1,

Theoretical ranges for FA signal varies a low of -0.2 to 0.4, however the
practical values obtained in biological experiment vary from 0.01 for a free
probe in solution, to ~0.3 for a probe bound to a large protein. The binding of

the labeled probe to the C-subunit causes a large change in florescence
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anisotropy due to the increase in apparent molecular weight of the probe.
Unbound IP20 probe has an approximate r value of 0.08 while probe bound to
the C-subunit has an approximate r value of 0.25.

When the IP20 probe is bound to the C-subunit a high FA signal is
measured. When R-subunits compete with the probe for the C-subunit, the
probe is displaced and the FA signal drops. The range of FA 0.1-0.25 over the
course of the LiReC assay is adequate to generate accurate activation EC50
results. In the LiReC assay mode for activation, a preformed holoenzyme
complex is formed and IP20 probe is added. Upon titrating in a ligand for the
R-subunit, the R-C complex disassociates, and the IP20 binds to the C-
subunit. The change in FA of the probe is measured and the activation EC50

is generated.

Modification of LiReC Assay into RI vs. Rl selectivity screen: The
LiReC assay was originally developed as an agonist and antagonist screen for
Rla. This assay required modifications in order to screen RI versus RIl PKA
isoforms. The assay was originally designed and tested on the Rla (91-376)
R-subunit using FI-IP20. The dye was modified from Flourecine to a Texas
Red to the decrease the affinity of the probe. Verification of assay
effectiveness with RIIg and the Texas Red (TR) dye was required. Truncation
of the R-subunits N-terminal prior to the IS was required due the susceptibility

of this region to aggregation and proteolytic cleavage.
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TR-IP20 dye concentration was fixed at 3 nM and serial dilutions of C-
subunit determined the affinity for the labeled probe. Assay mixtures
contained 50 mM HEPES, 0.005% Triton X100, 2 mM ATP, 10 mM MgCl;, 2
mM DTT, and 6.25% DMSO. The affinity of the TR-IP20 was found to be 5.5
nM under these assay conditions. In following LiReC compound screening
assays a concentration of 6 nM PKA and 3 nM TR-IP20 was used.

Results of cAMP activation using Rla (91-379) with the TR-IP20 are
consistent with the LiReC assay using FI-IP20, activation occurs at an EC50 of
53 nM. WT RIIp does not behave well in the FA assay. The FA reading for
the inhibited state is much higher for RIIf, indicating that the RIIp (108-402)
cannot compete with IP20 for the C-subunit. Phosphorylation of the S112 of
RIIB is the most likely explanation for this affect. A mutation of the IS
phosphorylation site, S112A, was made and tested in the LiReC assay. Site
directed mutagenesis of the RIIf S112 IS phosphorylation site to an alanine
was performed in RII (108-402). This protein was purified as described
previously, and pure pools of protein were stored in 40% glycerol at -20 °C for
future assays.

RIIB (108-402) S112A performed very well under the assay conditions.
The upper and lower FA values were similar between Rla and RIIp S112A,
and the EC50 values stayed consistent during the time course of the assay. In
order to test whether the RIIp mutation has affected the inhibition

characteristics of the RIIB, a coupled inhibition assay was performed. Rla,
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RIIB, and RIIB S112A were all tested in a 96 well format coupled assay * for
inhibition of WT C-subunit. All three isoforms of PKA have similar inhibition
values under these assay conditions. Coupled assays were performed in a 96
well format coupled assay *. 5 nM PKA was used for all coupled assays and
assay mix was incubated with the holoenzyme for ~20 min prior to cAMP
addition. Plates were incubated for 20 min following cAMP addition and the
reaction was initiated by addition of 5uL of kemptide using a 12-channel
pipette into 24 wells. Reduction of signal was 340 nM was measured and the
slope quantified as activity. Rla and RIIp S112A have similar EC50 values of
57 nM and 60 nM respectively in the coupled assay. WT RIIf has a much
lower ECs value of 19 nM. Results from the coupled assay are consistent with

what was observed in the FA assay.

High Throughput Screening: All compounds were dissolved in DMSO
and were diluted using 3 fold serial dilutions prior to assay setup. Compound
stocks were made in 11 points from 5 mM — 85 nM, corresponding to final
concentrations of 294 uM — 5 nM. cAMP stocks for all assays were made in
H,O at 9 mM concentration, frozen for storage, and diluted to 450 uM prior to
serial dilution.

Assays were performed in 384 well Nunc flat black bottom plates.
Assay mixture S1 composed of all buffer components plus C-subunit was
made as a stock for all assays performed on the experimental day. S1 was

split into two volumes and R-subunits were added, followed by a 5-minute
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incubation at 4 °C. Then the TR-IP20 was added to the mixture and the
mixture again incubated at 4 °C for 5 minutes. A multichannel pipette was
used to add 75uL of S1 to the wells of the 384 well plate, followed by addition
of the compounds. Also, 5uL of H20 was added to all compound wells, and
5uL of DMSO was added to the cAMP wells to keep DMSO concentration
consistent across the plate.

Fluorescence readings were taken on a GenesisPro (Tecan, NC) plate
reader at 570/20 nM excitation and 630/20 nM emission using the stock 510
nM dichromic mirror. Measurements were taken periodically over
approximately 2 hours following addition of compound to the mixtures.
Automatic gain optimization was used for each reading and each well was
read 15 times per measurement set. A G factor of 1.0011 was used for the TR
fluorophore. The raw polarization data was outputted into Excel and Graph
Pad Prism was used to convert mP to FA and for data analysis. For screening
results all data was fitted to a sigmoidal dose response curve with a fixed Hill
slope of 1.0. EC50 values were calculated using Graph Pad sigmoidal data
fitting algorithms.

To screen for isoform selectivity of Ro cAMPS molecules, Rp 6-Phe
cAMPS, Rp 8-PIP cAMPS and Rp 8-CPT cAMPS were tested. These
compounds were chosen due to the commercial availability and the selectivity
of the cAMP equivalent selectivity of activation.

Setup of the Rp-cAMPS antagonism assay included the identical buffer

and protein components, plus cAMP (Sigma). Concentration of CAMP was
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chosen at a level that gave approximately 70% maximal activation of both
isoform. cAMP levels of levels of 100 nM were found to give the most
consistent cCAMPS antagonism results. Rp compounds were added to the

plate as described above following the addition of the assay mix.

Crystallization of RIIS (108-402) and HE33: Selectivity of HE33 for RIIf
motivated attempts to crystallize RIIp with the HE33 compound. Crystallization
of RIIf bound to cAMP used RIIp (112-416), selected through analysis of
degradation of longer RIIp constructs. Even though the RIIf:cAMP construct
started at residue 112, the first ordered reside in the model was 130, indicating
that the N-terminus is disordered and not playing a part in the crystallization.

The RIIB (108-402) construct was selected for crystallization using the
HE33 for two reasons: the improved stability of the (108-402) by removal of
the C-terminal residues, and to allow simultaneous production of samples for
use in RIIB:C crystallization. Initial protein samples were eluted from a
Superdex 75 (GE bioscience) column in 50 mM MES (Fluka), 200 mM NaCl
(Fluka) 2 mM EDTA/EGTA (Fisher) and 5 mM DTT. HE33 was added to the
protein sample, and after an overnight incubation the compound was removed
by spin dialysis. This technique was adapted from crystallization of RIIp .

All crystallization trials were set-up using the Oryx crystallization robot
(Douglas Instruments) in modified microbatch mode. Commercial HT 96 well
crystallization screens Index (Hampton Research), PACT (Molecular

Dimensions) and JCSG+ (Molecular Dimensions) were used for crystallization



138

trials. Drop size of 0.4uL at 50% protein were used, and drops were covered
with Al's Oil (Hampton Research) directly following mixing of reagents.

Initial hits were optimized both by hand and using the Oryx robot. The
final crystallization condition included 20% PEG 4000, 80 mM Bis Tris 6.0, and
50 mM MgCl,. Crystals were cryo frozen in the reservoir buffer with 10%
glycerol.

Data Collection and Processing: Initial crystal screening was performed
at 100 K at the UCSD chemistry home source. Images were collected for 15
minutes per image on a Mar 345 image plate detector. All crystals were
screened on the home source before shipping to the Advanced Light Sources
(ALS) for data collection. Two data sets were collected at the ALS at Lawrence
Livermore National Lab beamline 8.2.2. Data collected at 2.8 A was chosen for
processing and analysis. Initial phases were obtained used the cAMP bound
RIIB subunit (PDB code 1CX4) as a search model using the CCP4 package
program PHASER. Initial density maps were obtained and the model of RIIp-
cAMP was fit into the density for RII-HE33. Initial refinement of the RIIp-
cAMP model into the RIIB-HE33 density map was performed using the
REFMACS program in CCP4. Current refinements in REFMACS yield R-free
of ~30%.

Chapter 6 is in preparation for publication as it may appear as Protein
Kinase A Isozyme Assays Reveal True Selectivity of Commonly Used cAMP
Derivatives. Brown SHJ, Saldanha AS, Cottam H, Taylor SS. The dissertation

author was the primary investigator and author of this paper.
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Signal transduction through the PKA pathway is regulated by the small
molecule second messenger cAMP. The binding of cAMP to the R-subunit of
PKA induces a massive conformational change of the R-subunit that in turn
releases the PKA C-subunit from inhibition. PKA R-subunits act as both
regulators and as scaffolds for the PKA C-subunit by inhibiting C-subunit
activity while simultaneously anchoring the PKA complex to specific locations
in the cell.

Determination of the functional and structural differences between PKA
R-subunit isoforms was a major goal of this work. Crystal structures of the
PKA RIIp isoform bound to the C-subunit revealed for the first time the
conserved and isoform specific features of the PKA holoenzymes. While many
studies have focused on the roles of Rla and Rlla, relatively little is known
about RIIB. Surprising phenotypes of RII knockout in mice indicate unique
roles for RIIB, and detailed structural information about each isoform will help
elucidate the details of isoform diversity. Comparison of the isoform specific
features of cAMP bound and C-subunit bound forms of the R-subunits allowed
interpretation of the different roles of each subdomain of the R-subunit across
PKA isoforms.

Measurements of the affinity between RIIf and the C-subunit by SPR
highlight the importance of two secondary binding domains of RIIf in achieving
high affinity binding to the C-subunit. The CNB domain B and the linker region

N-terminal to the inhibitor site of the RIIf subunit contribute to high affinity
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binding of RIIB to the C-subunit. The linker region of RIIB near the inhibitor
site was also shown previously to contain a flanking binding site for
calcineurin, a partner phosphotase that is highly specific for RIl subunits,
shown in Figure 7.1. Future studies systematically extending the RIIf linker
and testing affinity for both the C-subunit and calcineurin will provide insight in
the importance of the protein complex of each part of the linker. Details of the
interaction between the RIIf substrate, kinase, and phosphotase are currently
unknown, and future structural studies of RIIf holoenzyme will focus on
solving this complex. The RIIB linker region is the most isoform diverse region
of the R-subunit, and structural knowledge of this linker and its binding
partners will provide significant information about differences between PKA

isoforms.
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Figure 7.1: RIIf Linker Interaction Sites
The linker region of RIIp interacts with both PKA and Calcineurin. The
interaction sites are shown above, including the PKA consensus site
highlighted in red.
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The non-hydrolyzable ATP analogue AMPPNP increased the affinity of
RIIp for the C-subunit and allowed us to confirm the importance of the
additional residues on the RIIB linker. This effect was especially pronounced
for the single RIIp CNB domain A. The use of AMPPNP allowed us to trap a
substrate that on its own binds poorly, in this case the RII A domain, in a
transition-state complex. This is a trapping technique that may prove to be
useful for other kinase substrates. Many kinase substrates have low binding
affinity, especially after phosphorylation, and the use of AMPPNP to trap these
substrates in a high affinity transition state complex would be an extremely
valuable tool for structural studies of substrates of PKA and other kinases.
Our work with RIIp provides a template for achieving this long sought goal.

Two independent crystal structures of RIIp CNB domain A constructs
bound to the C-subunit confirm the molecular basis for the biochemical results.
These structures reveal both the conserved and isoform specific structural
features of PKA R-subunits and holoenzymes. The overall inhibition
mechanism and general holoenzyme structures are conserved features across
PKA isoforms. In contrast, the overall cAMP bound R-subunit conformations,
the roles of specific residues in the PBC, and the importance of the region N-
terminal to the inhibitor site are all isoform specific features of PKA R-subunits.

The RIIB A domain holoenzyme structures are an important step in the
goal of obtaining structural information about the full-length tetrameric PKA
holoenzymes. The information obtained about the N-terminal linker of RIIf

highlights the importance of the previously ignored regions of the PKA R-
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subunits. These flexible linker regions have often been regarded as
disordered in the past. The (102-265) RII holoenzyme structure presented
here shows that the region up to the P-10 site is ordered, important for R-C
affinity, and is a source of isoform diversity. In the future, extension of
structural knowledge of this linker will provide insight into the global
conformation of the PKA holoenzymes, reveal additional binding sites on the
C-subunit, and allow identification of additional binding partners to this linker
region.

The use of the solution based technique small angle x-ray scattering
(SAXS) and allowed us obtain knowledge about the RIIf holoenzyme that has
not yet been observed in crystal structures. SAXS analysis demonstrated the
role of the linker regions of the RII subunit in the overall shape of the
enzymes and the importance of this linker region for the compact nature of
RIIB holoenzyme. These results again reinforce that the linker region is
important for PKA structure and function. Future SAXS studies will focus on
the effects of phosphorylation and cAMP activation on the global shape of
PKA holoenzymes.

A second solution based technique, peptide array screening, focused
on the interactions between RIIf subunit and the isoform specific targeting
protein DAKAP2 which brings PKA to scaffolding proteins. Single residue
mutations in the DAKAP2 PKA binding peptide that distinguish between RIIf
and Rlla have been identified in this study. Future studies expanding the

knowledge of isoform specificity in AKAP interactions will clarify the role of the
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different isoforms in the cell. This is of particular importance for the RII
isoforms because most past studies have focused on Rlla. and have not
investigated the interactions between RII and the AKAPs.

Hydrogen deuterium exchange (HDMS) experiments complement the
crystallography and affinity data obtained for RIIf. HDMS demonstrated a
priming mechanism of the aH-al loop region of the C-subunit after RIIp
binding. Changes in solvent accessibility of the surface of the C-subunit after
RIIp binding demonstrated an isoform specific allosteric communication
mechanism across the C-subunit. Future HDMS studies with the PKA system
will involve extensions of the RIIp constructs to include the N-terminal linker
region and continue investigation into the role of RIIp binding and allosteric
communication in the C-subunit.

The development of an isoform specific PKA activation assay to allow
us to perform high throughput screening of small molecule kinase activators.
Screening of commercial cAMP analogues against Rla and RII identified two
isoform specific trends of activation. Substitution of the C8 position of the
cAMP molecule increased the selectivity of cAMP analogues for activation of
Rla holoenzyme. Conversely, substitution of the N6 position of the cAMP
molecule increased selectivity of the analogues for activation of RIIf
holoenzyme. These selectivity results demonstrate the importance of
distinguishing between closely related isoforms and their differences in

interaction with small molecules. The most selective analogue tested in the
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activation screen was the cAMP analogue HE33. This compound has a
clinical immunosuppressant affects on Lupus symptoms in disease model
mice, and investigation is ongoing into the link between Lupus and PKA
isoform selectivity found with this compound.

Future development of isoform specific analogues will focus on three
techniques; crystallization of selective analogues with R-subunits, chemical
synthesis of new compounds based on structural information, and
development of screening techniques to include all four PKA isoforms.
Additionally, currently ongoing development of a cell-based assay will allow
the confirmation of analogue isoform selectivity in an in-vivo system. As
discussed in the introduction, knockouts of RIIf generate unique phenotypes
related to expression RIIf in adipose and brain tissues. Development of
cAMP analogues to probe these tissue specific effects of RIIp will be valuable
to understand the importance of each isoform of PKA.

In conclusion, this dissertation has demonstrated the importance of
isoform diversity in the PKA family. PKA isoforms are not functionally
redundant, and although they are highly similar in both sequence and overall
structures, isoform diversity is important for proper regulation and localization
of PKA function. It has been demonstrated here that while the overall
structures of PKA holoenzymes are similar, the details of both C-subunit
inhibition and cAMP induced activation have functional isoform diversity in the

PKA kinase family.
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