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CHAPTER |

STRUCTURE AND FUNCTION OF CaMKII

Introduction

Calcium-calmodulin dependent protein kinase Il, @aMKIIl, has fascinated
scientists for decades and many have spent thiéie @areers captivated by this enzyme.
It is relevant to diverse disciplines due to thet fibat it's found in all human cell types
and mediates various biological processes. Otieeainost important aspects of CaMKII
is the critical role it plays in memory. It's hatd imagine anything more essential to
survival, preservation of culture, and emotionaperience than memories. This is
illustrated by the tremendous value we place omigiog new information and concepts,
safeguarding cultural traditions, documenting his&) and preserving a loved one’s
capacity to remember. Presently we do not comlgletederstand how memories are
able to store, retain, and recall information angbegiences. The investigation is
underway and proteins key for the biochemical psses associated with memory are
currently being identified and characterized. CdMHKas been deemed one of the
“memory molecules” and with every new discoverye #ignificance of this enzyme is
confirmed. Investigation of CaMKIIl not only aids understanding memory and other
biological processes, but also contributes to éstabg the global properties of proteins
in general. For instance, the knowledge gainedhfetudying this protein also helps

answer fundamental scientific questions applicédeproteins, such as how a protein’s



structure defines its function. In the case of ®alMits unique features and structure

endow the enzyme with a sophisticated mechanismghaily remarkable.

CaMKlIl is integral in long term potentiation

In the brain CaMKIl is critical for the normal rgligtion of synaptic transmission
(reviewed in [1]). Brain regions such as the higgropus, amygdala, striatum, and
mammillary bodies are involved in memory, eachgraéin a specific type of memory.
For example the amygdala is thought to govern emati memory while the
hippocampus is largely responsible for spatialrigay and declarative learning. These
brain regions are made up of complex networks afam@al cells connected by synapses
which provide a system for inter-cell chemical conmication. Learning and memory
are attributed to chemical changes in these sysagisaught to be mediated by long-term
potentiation (LTP) and long-term depression (LTR)3]. While LTP describes a long
enhancement in signal transmission resultant frgmclwonous stimulation between
neurons [2], LTD is an activity-dependent reductianthe neuronal synapse efficacy,
which can last for hours [3]. These mechanismseti®dthe ability of synapses to
change their strength, a phenomenon referred $grespotic plasticity [4].

Signal sensitivity is strengthened by increasing tlumber of neurotransmitter
receptors on the postsynaptic cell [5]. The meidmas by which this occurs requires a
cascade of molecules working together through prgietein regulatory interactions,
and cross talk with other signaling pathways [B].the case of a glutamatergic synapse,
neuronal excitation allows cells to communicatedigase of glutamate neurotransmitter.

Receptors on the postsynaptic neuron, such as NyimBt-aspartate type glutamate



receptors (NMDAR) and -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPAR), receive chemical signals by bigcheurotransmitters released from
presynaptic neurons (Figure 1.1). In turn this eautepolarization of the membrane and
influx of calcium (C&") through NMDA receptors into the dendritic spinehich
contains the postsynaptic density (PSD), a regidrerey signaling and scaffolding
molecules are closely packed. The®Caation, being extremely potent and highly
reactive, is arguably the most utilized second ewgsr in signaling. Therefore, the
influx of this molecule into the PSD is tightly nrdgted to mediate a myriad of diverse
responses. In the case of LTP and many othernicssa C& transients are sensed by
ubiquitous calmodulin (CaM), a €adependent protein that binds and activates
numerous enzymes [7]. Of its targets, calmodutitably activates the family of &a
calmodulin dependent protein kinases, including &M CaMKII activity is therefore
tightly coupled with C& transients, serving to propagate and interpretaségthrough

the phosphorylation and assembly of several substf8,9,10].
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Postsynapticterminal

‘ CaMKil

Figure 1.1 CaMKII involvement in long term potentiation ofuhmatergic synapses. This figure was
adapted from Sheng et al., 2007 [11]. Chemicahadiytraverse synapses between the axonal terminal
(green) and postsynaptic terminal (blue) by releaSeylutamate neurotransmitter (red dots) into the
synapse. Receptors including AMPAR (gold) and NMD@urple) bind glutamate and cause the influx of
sodium and calcium during depolarization of the rheane. Increases in calcium in the postsynaptic
density are sensed by ubiquitous calmodulin (yéllevich activates CaMKII (red clusters) in turn. &@n
active, CaMKIl phosphorylates numerous substratekiding AMPA and NMDA receptors to modulate
calcium signaling.

Phosphorylation is a highly specific modificatiavhich incorporates a negatively
charged phosphate from ATP onto a phospho-accepamino acid, frequently
modifying the activity of the substrate proteinhi§'is the way in which CaMKIl is able
to propagate signaling cascades to modify funatibdownstream proteins and produce
biochemical consequences. The phosphorylatiorulodtsates is an event that is tightly
regulated as proteins need to be activated andbitetli at appropriate times in
appropriate places. Phosphorylation reactionsearersed by phosphatases to induce the
opposite effect on substrate activity. Synaptiasptity requires this buffering of
phosphorylation and therefore a balance betweeaskm and phosphatases must be
maintained for normal cellular function. This isutbone of many cellular and

biochemical mechanisms in place to regulate thecetif CaMKII activity.



Among the proteins which undergo phosphorylatiorifrations are the NMDA
and AMPA receptors. In this manner CaMKII-mediaptbsphorylation can serve as a
positive modulator of receptor function, modifyitite very signals which activated the
enzyme initially. CaMKIl is also one of the crigic proteins for the trafficking of
receptors in and out of the PSD, although the nutdeanechanism by which the number
of neurotransmitter receptors increases is not ¢etely understood [1,12,13]. Through
trafficking and phosphorylation of neurotransmitteceptors, CaMKIl has been shown
to be critical for regulation of synaptic transnmssand integral in complex cognitive

behavior like learning and memory [1,14,15,16,1/7,98

CaMKII plays a role in diseases with excitatory agtic transmission abnormalities

Much of the current knowledge of the role of CaMiKillthese cascades has come
from studying memory and learning disorders. Feangple, alterations in CaMKII
activity are observed in a mouse model of Angelnsymdrome, a complex mental
disability characterized by intellectual and depehental delay [20]. Research on the
disease model showed that behavioral phenotypdsesé mice are corrected by knock-
in mutations that compensate for CaMKIl hypoacyivil]. CaMKII activity is also
misregulated in dopamine-depleted rodent striatang the associated Parkinsonian
symptoms can be corrected by CaMKIl inhibition 23, Furthermore, this enzyme
plays roles in mental health disorders and drugictidd since glutamate signaling
interfaces with dopamine pathways. Antidepressdet@pramine and reboxetine have
been shown to up-regulate CaMKIl, acting througtoeplex mechanism suggested to

affect CaMKII expression and localization [24,29,2@\dditionally the enzyme plays a



role in cocaine addiction through reward pathw&/g.[ Because CaMKII is implicated
in numerous diseases, it is a promising targetlfog development.

With approximately 40 known substrates [1,28,283]), CaMKII plays pivotal
roles in several signaling pathways beyond learrang memory. In one example,
CaMKIl has been implicated to regulate a neurogtote mechanism associated with
glaucoma, a disease characterized by the deathetofalk ganglion cells (RGCs)
(reviewed in [32]). The permanent loss in visi@used in glaucoma has been linked to
an excessive activation of glutamate receptorssinguhigh intracellular concentrations
of calcium [33,34]. Extreme levels of €alevastate the ionic balance critical for normal
cellular function and induce neurotoxicity, acteapoptosis, and cause eventual death of
RGCs [35]. However, cell survival mechanisms irgltiee production of brain derived
neurotrophic factor protein (BDNF) which promotedl survival by inhibiting apoptosis
[36]. Itis the interplay of these signaling cadeswhich decide cell fate.

CaMKIl g contains a nuclear localization sequence whichs aid the
translocation to the nucleus where CaMKIl has b&ewn to be involved in the survival
response of RGCs [37]. Previously it has been shthat NMDA receptor activation
stimulates transcription of this particular nucléamm of CaMKII [38] and although the
mechanism is not entirely clear, it is hypothesitledt excessive glutamate signaling
kindles this pathway. Indeed, specific knock dafiCaMKIl g by RNAi was shown to
significantly enhance glutamate induced death ofCRG37]. In the nucleus CaMKII
plays a role in C& mediated transcriptional regulation of genes tgrophosphorylation
of transcription factors including CREB (Cyclic AMBsponse Element Binding protein)

[39,40,41,42]. CREB is thought to act as a newiggtive protein against glutamate



receptor induced neurotoxicity by promoting expi@sf pro-survival genes including
BDNF [43].

While nuclear CaMKII has been shown to regulate ¢xpression of BDNF,
cytoplasmic CaMKIl is involved in secretion of BDNB2]. It has been suggested that
since CaMKIl has been shown to be associated wehkypaptic vesicles, it may serve as
a regulator of neurotransmitter as well as BDNFeasé [44,45]. In this case, when
CaMKIl becomes activated in the presence of higha@ellular C&', it promotes cell
death by inhibiting the release of BDNF [32]. AwM concentrations, BDNF will no
longer help support the survival of existing newramor stimulate the growth and
differentiation of new neurons [46,47,48,49]. (hlasmic CaMKII is additionally linked
to eventual activation of the apoptotic caspaseedem, which promotes the execution
phase of programmed cellular death [50,51]. Ewsdefor this destructive pathway
shows that inhibition of cytoplasmic CaMKIl reducgtutamate-induced cell death
[38,52,53,54]. In these pathways, CaMKII playsiatal role in both the cell death and
survival mechanisms determining the fate of RG@uaisTIspecific modulation of CaMKII
or its nuclear counterpart may be a possible neategtive strategy for glaucoma and

other diseases with glutamate excitotoxicity.
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Figure 1.2 The role of CaMKIll in cell death and survival patys of retinal ganglion cells. This figure
adapted from Cooper et al., [32] illustrates CaMKNolvement in cytoplasmic (red arrows) and nuclea
(green arrows) signaling pathways. Excessive giata activation (red dots) leads to increased $evél
C&" (green dots) which activate CaMKII (red cluster§ytoplasmic CaMKIl promotes cellular death by
downstream activation of the apoptotic caspaseedepr (grey) as well as the decreased releaselbf ce
survival neurotrophic factor, BDNF (orange). Inntast NMDA (purple) activation promotes the
transcription of nuclear CaMKII which aids in cellirvival. Here CaMKIl phosphorylates transcription
factors like CREB (blue) to increase expressioprofsurvival genes inclduing BDNF.

Although cellular death via glutamate excitototgiciwas first demonstrated in
retinal neurons [34], a comparable mechanism wdsexuently observed in brain
neurons affected by cerebral ischemia [55,56].thim case of focal cerebral ischemia
(stroke), a decreased oxygen supply causes cetlekh to explicit regions of the brain
and also creates a surrounding penumbra where d&gocell loss occurs (for review see
[57]). In this case, the ischemic conditions teggnoxic depolarization of neurons,
causing massive release of glutamate [58,59,60]is &xcitotoxic glutamate signaling
parallels the pathways observed in glaucoma indue&C death, where CaMKII

activation plays a critical role in cell fate. Ttmxic effects of excessive glutamate and



abnormal CaMKII activity are not just thought to f@sponsible for neuronal cell death
after a stroke-related brain injury, but also amtical in the case of some

neurodegenerative diseases [61,62,63].

CaMKIl plays important roles in regulating normagért function

For regular electrical activity of the heart, caatile function must be properly
maintained through Gacycling. C&"-dependent facilitation of Gachannels serves to
potentiate influx through L-type channels. Thisilitation is a plastic event critical for
regulation of excitable cells and in the case afdiee cells, regulates the force and
frequency of the cardiac contraction [64]. The yene modulates CG& influx by
phosphorylation of the and/or subunits of voltage-gated €achannels [65,66,67].
The interaction of CaMKII with the carboxy-termino$ the channel Gal.2 has been
shown to be essential for this process of faciitaf68,69] and subsequently is was
shown that targeting of CaMKIl to the channel regsibinding to the beta(2a) subunit
[70]. The protein-protein interaction allows for I@klIl-mediated phosphorylation of
channel gating and once established, the interactiay persist even after €devels
drop [68]. CaMKIl not only regulates €aevels through the modification of channels,
but is also integral in the sequestering of fre&" @#o intracellular stores [71]. In these
mechanisms, CaMKII is required for the maintenaot€a&" homeostasis. When €a
homeostasis is misregulated, myocardial dysfunctoay be initiated along with
electrical instability and arrhythmias [72]. CaMHK$ central in regulating homeostatic
proteins and in the cases of hypertrophy and Hliaidute, CaMKII activity is upregulated

or is found to have increased expression [73,7Mihibition of this enzyme has been



shown to prevent myocardial infarction and resteseitation-contraction coupling
making it a promising therapeutic strategy for Gddiseases [75]. Inhibition of
CaMKIl may also be translated to other diseaseh wxcitatory synaptic transmission

abnormalities.

CaMKIl is sensitive to dynamic calcium transients

Cytosolic C&" concentrations are dynamically regulated by homhoand
electrical signals to generate spatially localizettacellular calcium transients. Since
cd" influx generates specific but diverse physiolobiesponses and misregulation is
often detrimental to cellular function, it is essahthat cells have mechanisms in place to
regulate levels of intracellular €a C&" signals are therefore transient, having varied
concentrations, gradients, and localization in ¢bl depending on the specific cellular
events. This gives rise to signaling microdomaunsh as neuronal postsynaptic spines
and presynaptic termini which can have concentnatithat differ from the main cell
body [76,77]. C& transients last from milliseconds to minutes thaignged elevations,
such as in the case of excitotoxicity, can promod death. The differences in
amplitude, frequency, and location encode whicmag will be turned on and where
[76]. Concentrations of free intracellular ‘Caange from 10-50 nM in the resting basal
state to 10 UM in a stimulated state [6,76,78].nc8i concentrations of €aare
millimolar in the extracellular space and in orgéas the cell uses mechanisms
employing ligand and voltage-gated ion channels® Gaimps, and exchangers to
carefully regulate CA levels spatially and temporally [6]. While thgz®teins regulate

the influx of C&", the cell also utilizes cytosolic proteins to big&* and reduce its
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effective concentration. Some are buffers whiafdbiith low affinity to limit the C&"
diffusion while others bind with high affinity tor@duce biochemical changes and
physiological responses [6]. In order to termirsigmals, there are several mechanisms
for removal of cytosolic Cd. Plasma membrane €aATPases (PMCA) powered by
ATP hydrolysis pump C4 out of the cell [79], and intracellular €as replenished by
Sarco-Endoplasmic Reticulum €aATPase (SERCA) activity [80]. In this way, €a
signaling does not serve as an all or nothing $wibcit rather undergoes a complex and
sophisticated allocation mechanism. Since CaMKsiponds to G4 influx, regulation

of C&" signaling is central to the mechanism in which ®aMctivity is controlled.

CaMKIl isoform diversity

CaMKIl or CaMKIlI-like proteins are found in numemliving organisms and are
highly conserved across species, especially in masntor example, the coding region
of rat CaMKII mRNA is 93% identical to the human sequence amd tinanslated
protein products are identical in amino acid conipms CaMKII proteins of lower
organisms likeDrosophilamelanogasteandCaenorhabditiselegans also play a pivotal
roles in behavior and cognitive function like iretbase of mammals. IiDrosophila
melanogasterinhibition of CaMKIl was shown to disrupt leargimf courtship behavior
and acoustic priming [81,82] and also altered stearh plasticity in synaptic
transmission of the insects [83]. GaenorhabditiselegansCaMKII has been shown to
regulate transport and recruiting of GLUR-1 recepttv postsynaptic structures [84],
implicating its role in synaptic activity. Addit@lly, a gain-of-function CaMKII

mutation was able to reduce locomotor activity aftgr muscle excitation properties
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[85]. These behavioral phenotypes associated midregulation of CaMKII suggest
higher and lower organisms may have similar CaMKéchanisms. The conservation of
the sequence and function over an impressive rahgpecies illustrates the importance
of this enzyme.

CaMKIl function is attributed to a family of isofrs derived from four
alternatively spliced genes referred to as alpl&8[B88,89], beta [90,91,92,93,94,95],
gamma [96,97,98,99,100,101], and delta [73,99,18,1 The gamma and delta
isoforms are expressed in most tissues and arealibiadant isoforms implicated in
cardiac function. In contrast alpha and beta aostrprominent in neuronal tissue and
make up to 2% of total protein in the hippocampbls [While CaMKII isoforms are
predominantly cytosolic, some alternative splicegiarggs of alpha, delta, and gamma
contain a nuclear localization sequence which #iadsslocation to the nucleus where
CaMKIl likely plays a role in C&-mediated gene transcription [16,88,104,105,106].
The translated protein products for all isoformstan three functionally distinct
domains (catalytic, regulatory, and associatiorthwie exception of one unique splice
variant which lacks the catalytic domainKAP [89]. There are four variable regions
within the gene that are alternatively spliced kemup 30 mammalian isoforms. Figure
1.3, recreated from a review written by Hudmon &@uhulman [28], illustrates the
diversity of isoforms and lists their linear stuets as annotated by Tombes and Krystal

[104].
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aB = A-B-llI-C-D oB = A-B-llI-C-D-XI (63)
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yc= A-B-VI-C-D
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VE=  A-B-IV-V-VI-C-VIII-IX-D
YF=  A-B-VI-C-VIII-IX-D
yG=  A-B-IV-VI-C-IX-D

Figure 1.3 Diversity of CaMKIl isoforms (adapted from [99])Mammalian CaMKIl consists of three
domains; catalytic (blue), regulatory (red) and thest C-terminal association domain (green) whih i
connected through a linker region (white). Theecofall isoforms and splice variants contains segim,
consisting of the catalytic and regulatory domaBsgconserved linker region, and C and D, constigut
the association domain except fd€AP which does not contain the catalytic domainseirts, labeled by
Roman numerals I-XI, are incorporated at varialdsitions V1-V4. The asterisk denotes a single amin
acid deletion resulting from an alteration in tiicsng junction. The linear sequence of all tleiants is
denoted according to isoform (bottom).

The core sequence includes the catalytic and regyldomains (A), a stretch of linker
region which connects regulatory and associatiomados (B), and two regions of the
association domain that are highly conserved (C Bind Between core regions,
alternative splicing takes place in the variablgnsents which are implicated in SR-
membrane targeting (V1), nuclear localization (V3Ki3-binding (V3), or unknown
function (V4). Although all isoforms exceptKAP have conserved sequence and

capacity to function as a €&CaM-dependent kinase, these variations introdligats

13



yet unique differences. For example studies shawetsensitivity to Ca oscillations is
dependent on alternative splicing of the linkerioag different splice variants having
variable CaM activation constants and rates offguephorylation [107].

The catalytic domain of CaMKIl is responsible fatalyzing the phosphorylation
reaction, the transfer of thephosphate of ATP to the hydroxyl group of a serame
threonine in a substrate protein. The functioralbfSer/Thr kinases is to catalyze this
same reaction and therefore the CaMKII catalytimdm has a similar structural scaffold
to other kinases (Figure 1.4A). Although substratesst also enter the catalytic cleft,
other portions of the catalytic domain are oftercassary to help anchor specific

substrates.
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Figure 1.4 CaMKII domains and autoregulatory features. A)ilustration of an atomic resolution crystal
structure of human CaMKII[108] exhibits classic kinase architecture witkatgic N- and C-lobes (blue),
between which lies the catalytic cleft where ATRds. B) The regulatory domain contains at leasteth
autophorylation sites, Thr286, Thr305 and Thr30@Hlighted in green), a Thr286 substrate sequence
(purple), and a calmodulin binding segment (orangédo highlighted are the R1-R3 classificationatth
were annotated previously to designate structuralgvant portions of the regulatory domain [109].

Catalytic activity is highly controlled by the adgnt regulatory domain through
cd*/CaM binding (Figure 1.4B, orange) and autophosylation of several residues
(Figurel.4A, green). These autophosphorylatiorssitelude Thr286, which endows the
enzyme with constitutive activity when phosphorgtit and sites Thr305 and Thr306
which prevent CaM binding. In addition, this domaiontains a “substrate” sequence
containing site Thr286 (Figure 1.4B, purple) whistsequestered to the catalytic domain
under inhibited conditions and is thought to préw&rbstrate binding [110,111]. Unique
among protein kinases, CaMKIl assembles into a clmeric holoenzyme via the C-

terminal association domain [112,113,114]. CaMKs$l the only oligomer of the
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calcium/calmodulin dependent kinase family andsitbunit composition can contain a
heterogeneous mixture of isoforms (reviewed in,pI8P although holoenzymes made of
only subunits have also been identified [115]. Thesgmty of CaMKIl to CaM
activation is dependent on its subunit composittnch is stochastically determined by
the relative abundance of each isoform [116]. Miy®pulations of holoenzymes have
been purified from rat forebrain with varying ratios, the most active of which was
protein containing a 3:1 ratio [117,118,119]. twafis comprised of other ratios only
contributed an estimated 5-10% of activity [119he variable activities of heterozygous
holoenzymes illustrate that there are consequeot&sform composition which may
contribute to differential tuning to &asignals. Assembly of different isoforms into the
same molecule produces composite holoenzymes thsgt display a combination of
individual properties, like sensitivity to €a Isoforms differ in their response to €a
suggesting each isoform has evolved to encodelatsmis in subtly different ways

[107].

CaMKIl exists in several discrete intermediatesheadth their own level of activity
CaMKIl responds to changes in the amplitude anguieacy of calcium transients
by undergoing a controlled transition from an anitibited basal intermediate to an
autonomously active phosphorylated intermediate O[12The activity of each
intermediate is dependent on intricate interdomiaiteractions where binding and
phosphorylation of specific residues communicatgructions for both inhibition and
activation (for review see [28]). CaMKII can beoe constitutively active independent

of C&* concentration [121], but can also exist in an iivacstate which is unable to bind
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cd*/CaM, thereby preventing activation [122,123]. U 1.5 depicts a hypothetical
biochemical activation pathway, predicting six dete, stable intermediates that make up
a cycle of activation. One subunit, taken outhef tontext of the holoenzyme is depicted
for simplicity. In a short overview of this pathwathe basal, apo state (A) is held
inactive by an autoinhibitory interaction betweeatatytic (blue) and regulatory (red)
domains. CaM (yellow) binding to the regulatorymdon disrupts this interaction to
activate the enzyme (B). Once bound to CaM, CaMKHn undergo an
autophosphorylation reaction at Thr286 (C) whichses the enzyme to retain activity
even in the absence of CaM (D). Autophosphoryhateactions at Thr305 and Thr306
prevent CaM binding making the activity of CaMKHhdependent of G&CaM (E).
Thr286 must be dephosphorylated before autoinbibitian reinstate (F) and Thr305 and
Thr306 must be dephosphorylated (A) before reattimaby CaM is possible. This

proposed mechanism leads to four active (B-E) amdactive intermediates (A and F).
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Figure 1.5 Biochemical intermediates of CaMKIl activation &upded from [124]). A) Apo CaMKIl is
expected to employ an autoinhibitory interactiotwsen catalytic (blue) and regulatory (red) domaBis
The enzyme becomes active upon CaM (yellow) bindiewgd C) subsequently undergoes an
autophosphorylation reaction at Thr286. D) Thr2&@ains activity in the absence of CaM and E) bexom
Cc&" independent upon Thr305 and Thr306 autophosphylaF) Dephosphorylation is required for the
reinstatement of autoinhibition.

This general hypothesis for activation of CaMKII & compilation of a wealth of
biochemical predictions that are described in nu&til in the following sections.

Many interactions occur between the catalytic aedulatory domains. The
inactive enzyme is predicted to employ an autoiribio mechanism where its regulatory
domain binds the catalytic domain to block activ{fyigurel.5A). This interaction
ensures that during resting‘Caoncentrations, the kinase activity is 100-1006 fower
than under maximum Gastimulation [125]. Regulatory domain deletionuiés in a
constitutively active kinase suggesting that renhovahe regulatory domain exposes the
substrate-binding site and generates a conformgi@missive for ATP binding and
phosphate transfer [126,127,128,129,130,131]. CkNskiherefore hypothesized to be

intrinsically active, but substrate binding is ted during autoinhibition. Additional
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supporting evidence reports that regulatory dorpaistides are able to compete not only
with substrates, but with ATP binding as well [11T1,132]. This model is compatible
with structures of inactive conformations of CaMHKibmologs, which show regulatory
domains bound to substrate-binding sites as welhBB-binding domains [133,134].
The C&'/CaM-binding event required for activation is prdi to abolish autoinhibition
sterically by separating the regulatory domain fribra catalytic domain (Figure 1.5B).
The regulatory domain is consequently thought tataio a flexible region which allows
it to disengage from the catalytic domain to accauate C47/CaM binding. C&7/CaM
activation is thought to release autoinhibition,p@sing the active site [135,136].
Subsequent to G4CaM binding, CaMKII undergoes a rapid autophosplation at site
Thr286 which confers autonomous activity [137] (Fgl.5C). Thr286 is burried in a
hydrophobic pocket in inactive CaMKIl, and presutgatbecomes exposed upon CaM
activation [138]. Autophosphorylation of Thr286 mot required for kinase activity
[139,140], but endows the enzyme with a unique raeisim to retain activity when &a

levels drop and G&CaM dissociates.

Autophosphorylation allows for CaM trapping

CaM consists of two sets of EF hand motifs, refiéteeas lobes, which can bind
four C&" ions and are connected by a flexible linker [14Tnis promiscuous protein
shows considerable conformational plasticity whateracting with its many target
proteins [142]. This property helps select fordimy partners and also allows for the
possibility of interacting with a single proteinbsfrate in multiple ways. Such is the

case for CaMKIl. When bound to CaMKIl, E&aM has been shown to exist in at least
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two conformations with interlobe distances of 4@l &6 A [143], with the shorter
distance presumably corresponding to a more congiatt. Because incubation with
ATP facilitates the assumption of the compact sfat8], these data are thought to
correlate to the well established CaM trapping pmeenon, were CaMKII-bound
C&*/CaM adopts a low affinity conformation when inilyabound and a high affinity
“trapped” conformation when Thr286 IS autophosplaied
[143,144,145,146,147,148,149,150,151].  Autophospghtion at Thr286 has been
shown to cause a 20- to more than 1000-fold deeregashe dissociation rate of CaM
depending on G4 concentration [143,147,150,151]. Interestinghg thange in binding
equilibrium was shown to be almost exclusively ttuehanges in the off rate [151].

The trapping phenomenon has been characterized aspeptide model system.
Peptides representing varying lengths of the CaMdibg region of the CaMKII
regulatory domain were created and the CaM-bindaffinities were measured.
Regulatory domain peptides consisting of residu@s-212 bind CaM 2500 fold more
potently than peptides consisting of residues 2BB48dicating the N-terminal residues
of the peptide contribute significantly to CaM himgl [150]. Correspondingly, the
differences in affinities for the shorter and longeeptides compare to the affinities
observed for unphosphorylated and Thr286-phospamygl CaMKIl respectively
[143,146]. The difference in affinities of peptsddaas contributed mainly to binding
enthalpies including hydrogen bond and van der Waaleractions while entropy
contributions were not significant [150]. In othsudies, residues 293-295 were shown
to be necessary but insufficient for high affinilBaM binding, indicating that these

residues promote CaM interaction with residues 298{151]. It is suggested that 293-
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295 facilitate 296-298 binding because electrostateractions of 296-298 are not fully
established with the 296-312 peptide [151]. Figlu#B depicts the regulatory domain
sequence of the CaM binding region (residues 295-8dange box) and trapping region
(residues 291-294, dotted orange box) as definethése and other studies. Overall,
these studies suggest that the interaction of ingpgesidues (291-294) with CaM may
contribute little to binding directly, but the peexe of these residues may indirectly
facilitate high affinity CaM binding to neighboringsidues 295-312.

This hypothesis was investigated by many groups ediopleted mutagenesis
studies to determine the role of CaM trapping n@ssd The region was characterized by
measuring CaM dissociation rates under the conditaf charge elimination or reversal.
For example, phosphorylated kinase with F293A nmatvas shown to have a faster
CaM dissociation rate than phosphorylated kinask mative Phe293 under conditions of
either high or low C#, implicating the residue in high affinity trapping=urthermore,
the mutation does not significantly change ratesifgpphosphorylated CaMKII indicating
that it is relatively unimportant in the case ofvlaffinity binding [147]. These studies
also showed that a N294A mutation results in deficitrapping confirming these sites
are necessary for high affinity binding [147]. Rks from other groups who also
measured dissociation rates indicate CaM interastinith Phe293 and Asn294 are weak
or absent without Thr286 phosphorylation, but gitken upon phosphorylation of
Thr286 [144,149]. Additionally Asn294 was shownbi® disordered in the CaM-bound
peptide structure indicating that it does not mdkect contacts with CaM [152]. Other
studies showed that a peptide comprised of resigd®és312 has a 40-fold higher affinity

for CaM than a peptide of 296-312 [151], and a ioepof residues 293-312 has a 100-
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fold greater affinity for CaM than 296-312 [151Qverall, these studies serve to confirm
that residues 291-294 promote CaM trapping.

These biochemical studies led the way for invetitgaof CaM structure, which
was expected to adopt different conformations wihaund to CaMKII with and without
Thr286 phosphorylation. In complex with unphosplated CaMKII, two CaM interlobe
distances were observed at 44 and 26 A [143]. W86 phosphorylation or in
complex with 294-309 there was one distance of J248]. These studies indicate that
CaM may adopt a “semicompact” conformation upon &#Minding, and a “fully
compact” conformation upon autophosphorylation bfZB6. Both lobes of CaM were
found to be engaged in both conformations, butctirapact conformation made critical
contacts with 291-294 which are believed to be itpavailable for binding interactions
only when Thr286 is phosphorylated [150]. Intearegty, ATP binding to CaMKII
induces a conformational change in CaMKII-bound Ciaglitating the more compact
conformation [143].

These studies beg the question, what is the regulatdvantage of trapping?
Since Thr286 phosphorylation imparts autonomousiGtwhy is there a mechanism in
place to sequester the CaM molecule that is noelongeded to sustain activity? One
theory suggests that trapping impacts the fré& Gacentration, as high affinity binding
of C&*/CaM keeps Cd sequestered from the cytosol. CaMKII binding dases the rate
of C&* dissociation from CaM and autophosphorylation ¢iZB6 causes a further

decrease [9].
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CaMKIlI activity in the absence of CaM

Autophosphorylated CaMKIl will have a high affinifpr CaM, but when C&
becomes depleted, CaM will dissociate (Figure 1.58hough C4&" levels are transient,
autophosphorylation at Thr286 eliminates the regmégnt of C&/CaM binding
[121,153] and allows for G&independent activity which is 30-60% that of Cablihd
CaMKIl thereby promoting prolonged kinase actiis]. Thr286 phosphorylation is
predicted to prevent the reinstatement of autoitibibin the absence of €4CaM via
charge repulsion. The phosphorylated CaMKII thenntains exposure of substrate and
ATP binding sites without the steric constraintspased by C&/CaM. Through
autonomous activity CaMKII retains a conformatiormemory of prior activation.

In contrast, autophosphorylation at Thr305 or Tlradrogates CaM-binding and
generates a CGhdesensitized form of the kinase [122,123]. Phosghtion at
Thr305/Thr306 occurs in the CaM binding portiortleé regulatory domain and serves to
prevent CaM binding interactions presumably throwgldition of negative charges,
although whether or not the additional bulk of gtesphate group plays a part has not
been determined. Thr305/Thr306 phosphorylationamaur in protein already modified
at Thr286, or in unphosphorylated protein, resgltimtwo C&*-desensitized conformers.
In the case of Thr286 phosphorylated autonomoustiyea protein, phosphorylation of
Thr305/Thr306 produces an intermediate which retatig activity. In this sense, the
protein is truly C& independent because it was activated in the pceseh C&" and
retains activity despite not being able to bind CgMgure 1.5E). However,
phosphorylation at Thr305/Thr306 does not requiterpgCaM activation. CaMKII has

been shown to undergo basal phosphorylation atGefi concentrations (Figure 1.5F).
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In this circumstance, the protein is held inactile to lack of Thr286 phosphorylation
and prevention of CaM association. This particuiatermediate must undergo
dephosphorylation at Thr305/Thr306 by phosphatasésre CaM activation can occur.
CaMKIl is thought to be dephosphorylated by protelrosphatase-1 (PP1) and protein
phosphatases 2A (PP2A) [154]. Overall, this wealtlbiochemical research indicates
that there are at least six intermediates whichcardrolled by regulatory interactions
with the catalytic domain and phosphorylation resxs. The maintenance and balance
of activating and inactivating factors illustratesother level of the intricacies of CaMKII

regulation.

Kinetic advantages of holoenzyme structure

The self-regulating abilities of CaMKIl become evemore intricate when
considering that twelve functional domains oligommerto form a dodecameric
holoenzyme [112,113,114,155,156]. When truncateth fthe association domain and
supramolecular holoenzyme structure, a polypeptabmsisting of catalytic and
regulatory domains can be activated and interath ptiotein substrates independently.
If monomer units do function individually as kinasevhy then is the highly conserved
multimeric structure exploited by evolution? Thare several theories as well as more
substantial lines of evidence that suggest thedmaigme structure provides key kinetic
advantages, introducing a level of regulatory campy which makes this protein more
than the sum of its parts.

CaMKII can propagate even rapid calcium signalsthenorder of 100 ns, due to

its oligomeric assembly. The kinase subunits areentrated to an unusual extent in the
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holoenzyme (estimated at 3 mM [138]), facilitatiegoperative C&/CaM binding
[112,138,147] and the activity-dependent intersutbantophosphorylation at Thr286
[157]. This raises the conceptual questions abowt intersubunit interactions occur and
how autonomous activity is controlled. It has bsbhown that CaMKII has the ability to
escape calcium dependence at high?*Cé&equencies [120] and the Thr286
autophosphorylation reaction required for this aotoous activity is an intersubunit
interaction between adjacent kinase domains irhtheenzyme [157]. The clustering of
functional domains provides a favorable arrangenfeniautophosphorylation because
kinases “finding” each other is not diffusion lieit This is an ideal scenario for quick
responses. The Thr286 phosphorylation reactiomires) both the “phosphorylating”
kinase and the “substrate” kinase to be bound f&/CaM simultaneously. CaM binding
has also been observed to be cooperative indicating binding of one G&CaM
molecule facilitates subsequent binding of othef'/CaM molecules. The explanation
of how this occurs is a subject of controversy @sflicting models have been proposed
from varying Hill coefficients and crystal structst Initially, CaM binding was thought
to be non-cooperative, with stochastic, but undared CaM binding associated with
increases in intracellular calcium concentratioB8JL Since adjacent kinase domains
must bind CaM independently for Thr286 phosphoigtatto occur in this model, the
non-cooperativity of binding induces a delay in ensf autonomous activation and
provides an explanation of how acquisition of aatciindependence is linked to the
frequency of signaling. However, others have fo@ad/ binding to be cooperative with
apparent Hill coefficients ranging from ~2 [112,13§] to 4.3 [109] depending on the

variant used. In order for the holoenzyme to besiswe to frequency and not just
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amplitude of calcium signals, there must be an anation as to how uncontrolled
Thr286 phosphorylation is prevented in this moddihis is currently an unresolved
guestion.

Stoichiometric C&/CaM binding produces maximal CaMKIl activity, arioe
amount of substrate phosphorylation is directlyeshelent on the degree of this binding
[30]. This illustrates the initial independent &t of individual subunits governed by
the strength of the Ghsignal. However, the trans-autophosphorylatioCaMKIl was
found to be frequency dependent, where the resudiaionomous activity was sensitive
to the frequency spikes [120]. For this investmat CaMKIl was immobilized on
plastic tubing in vitro and subjected to various Qaulse frequencies by a computerized
valve assembly. Autonomous activity was found écsbnsitive to frequency, amplitude,
and duration of the Gapulses, which varied among isoforms. It has @monstrated
in vitro that CaMKII responds not just to the sgémof the C&" activation signal, but
also to its frequency. When CaMKIl is stimulateg ¢hort C&" pulses of 80 ms, it
requires higher frequency oscillations of 10 Hzatchieve an increase in the Ga
independent activity associated with Thr286 phosghtion. To achieve the same level
of autonomous activity with lower stimulation frencies of 0.8 Hz, Ga pulses of
longer than 1000 ms are required [120]. This mtde question of how frequency is
decoded by this structure.

Since autonomous activity does not occur every 8n@g" spike is detected, the
molecule must have a mechanism in place to retaimsisvity. The prevailing
mechanism predicts that at high frequency, theniatebetween C& pulses may be too

short to allow full dissociation of CaM. This effaely increases the likelihood of CaM
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binding to adjacent subunits to stimulate Thr28@®sgptmorylation and CaM trapping.
CaM trapping then further potentiates the signaldmguring that CaM will remain
associated with CaMKII during future pulses. Imiast, between low frequency Ca
pulses, there may be insufficient time for the phtmsphorylation reaction to occur
before CaM dissociates. This would prevent autangsnactivity and allow for
deactivation of the kinase. In this manner, CaMi¢Bponds not just to the amplitude of
the activation signal, but also to its frequenGe’*-independent activity allows CaMKI|
to function as a calcium detector and to gradeialgtic activity based on the frequency

or duration of calcium exposure.

The holoenzyme structure allows for structural &iding

The structure of CaMKII not only serves to decod"@equency, it also serves
to target the kinase to regulatory proteins invdiie C&" homeostasis to maintain
signaling fidelity. CaMKII has been shown to biselveral proteins localized in diverse
subcellular compartments and there, interactiony neguire its association domain
[29,159]. The interactions of these diverse pr&aan be non-competitive indicating
that CaMKIl can interact with multiple proteins sittaneously. This raises the
likelihood that the multimeric CaMKII may nucled@mation of protein complexes or
may act as a structural scaffold to maintain clasximity of binding partners. Protein-
protein complexes can serve to amplify enzyme gty creating spatial organization
in specific location of the cell such as the PSij amformation can be relayed from one
cellular location to another by assembly or disadsg of protein complexes (for review

see [160]). For example protein-protein interawdiavith CaMKII have been shown to be
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dynamically regulated by the state of activatiomhr286 phosphorylation positively
modulates association with the PSD while Thr305806r phosphorylation acts as a
negative regulator [18,20,161].

CaMKIl interaction with the NMDA receptor is thouglto mediate its co-
localization to the PSD. CaMKIl has been foungmsphorylate NMDA receptors and
has also been observed to co-localize with NMDAeptar subunits NR2A and NR2B
[162,163,164,165,166]. Co-localization is contrdlidy a variety of physiological
conditions that promote Thr286 phosphorylation \Wwhgtabilizes its interaction with
NMDA receptor subunits. CaMKIl can make simultamganteractions with multiple
subunits of the NMDA receptor as well as secondatgractions with other proteins, the
assembly of which may play an important role imsaiing. Several proteins have been
shown to interact with CaMKIl, the most abundantwdfich may be the postsynaptic
density-enriched protein interaction with the T882phosphorylated kinase [167] later
identified as the NR2B subunit [154,164]. A comptd PSD95, CaMKIl, and NR2A
were found to co-purify suggesting a scaffoldinderdor CaMKIl [168]. Some
interactions with binding partners also serve tadofate the activity of CaMKIIl. For
example NR2B has been shown to trap the autononfious of CaMKIl [169],
potentially keeping the kinase localized at the P&8Ben C4&' levels are low.

Additionally CaMKII has been shown to dynamicaliytaract with cytoskeletal
proteins, the most crucial for protein organizatioBaMKIl binds actin filaments and
interestingly C&/CaM promotes their dissociation [170]. Bindingtimed by isoform
composition. For example CaMKIl but not , interacts with F-actin [171]. However

heterozygous holoenzymes containing boind subunits are able to interact, allowing
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CaMKIl subunits to associate with F-actin through theubunits of the holoenzyme.
CaMKIlI also interacts with -actinin, an actin-binding protein, and was fouaddrm a
ternary complex consisting of CaMKIl;actinin, and densin-180 [159,172]. Densin-180
is believed to be involved in the formation of cdexpprotein networks that maintain the
architecture of cells by mediating specific adhedietween presynaptic and postsynaptic
membranes at glutamatergic synapses [173]. Theda suggest CaMKIl has a
regulatory role in a number of essential cellulardtions associated with actin filaments.
CaMKIl also associates with cytoskeletal microt@su[174] and phosphorylation of
MAP2 by CaMKII blocks its actin filament bundlingtavity [175]. The mechanisms of
these proteins and their association with CaMKyggast a role of CaMKIl holoenzyme
structure in maintaining the proper functions ofragellular transport and structural
scaffolding.

These multiple and coincident binding partners fiamcto provide stable anchors
for CaMKII as well as promote formation of relevammbtein complexes. The formation
of protein assemblies is critical for the spatial@aemporal organization of molecules
within the cell, coordinating a high fidelity intallular information transfer. Since
CaMKII can be localized in different subcellularngpartments, it may offer a flexible
strategy for regulating, signaling, and achieviegviresponses from preexisting signaling
componentsThese mechanisms, which are likely facilitated ME&II's oligomeric
assembly, would allow protein relocalization anthging together of the components
needed to direct the flow of information, mediammplex signaling behaviors, and

permit signal branching to other pathways.
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CaMKIl holoenzyme structure: form equals function

Currently there are several low resolution struegurof the holoenzyme
[112,155,156], but no atomic resolution structuraswavailable during the studies
presented in this document. However, very receatlyatomic resolution structure
became available [176] and will be discussed inp#re6, which details future directions
for CaMKII studies. The 3D holoenzyme structursoteed from single particle images
using transmission electron microscopy showed thatains come together in a
dodecameric formation consisting of two stackedanearic rings [155]. The central
core of the rat CaMKII molecule is composed of association domains relsegnd gear
shape while the kinase domains make up foot-likgeagages which connect by narrow
density to the core. The kinase protuberancesndxteitward peripherally above and
below the plane of the core in a radial fashiogFeé 1.6A). The structure has 6 x 2 x 2
fold symmetry with six-fold radial symmetry fromelitop” view looking down on the
rings and the two two-fold symmetries evident frima “side” views. All four isoforms
of CaMKII have been visualized at 21-25 A resolntiand there are no apparent isoform

differences in the ultrastructure of the holoenzyrie].
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Top view Side view Side view rotated

200 A

200 A
six-fold two-fold two-fold

Figure 1.6 Oligomeric assembly of CaMKIl. A) A three dimeosal reconstruction of CaMKII
holoenzyme shows a central gear shaped core dogsidt association domains with surrounding kinase
domains extending outward in foot-like appendadé&s]. The oligomer is in a dodecameric assembly of
two stacked hexameric rings featuring 2x6x6 foldnsyetry. B) A crystal structure of the association
domain lacking catalytic and regulatory domainssiltates a high resolution view of the core assgmbl
(PDB 2UXO). Hexameric rings are shown in green peltbw from “top” and “side” views in the left and
right panels respectively.

Interestingly, the holoenzyme has also been de=gntith small angle X-ray scattering
(SAXS) analysis to reveal quite a different hologne model [138]. The model predicts
the same central core of association domains viiéh Same symmetry; however the
kinase domains are arrayed out in parallel fasimothe same plane as the core. The
assembly creates an outer ring of kinase domaihghwalternate every other domain
from the same hexameric ring. This produces aditt shaped holoenzyme with a height
of approximately 50 A in contrast to the 200 A atved in electron microscopy (EM).

In light of this discrepancy, the authors hypothedithat the disk conformation may be
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representative of the autoinhibited kinase while #xtended conformation could exist
under activated conditions [138]. When?@@aM was added to the kinase, SAXS
analysis revealed a radius of gyration increasepatitnle with the EM structures. While
this model is plausible, it does not account fa thct that the kinases observed in EM
were not activated by Cahh vitro. If the model is correct, CaMKII must undergo
dramatic changes in conformation to account for 80~A increase in height. We can
only speculate on how the consequences of thisrkable conformational change would
impact cooperative activation, protein-protein fatgions, and sensing of €a
frequency.

The association domain core lacking catalytic aaglulatory domains has been

visualized by several atomic resolution structwe€aMKII variants as listed in Table

1.1

PDB File | Description Domains Residues Publication
2BDW C. elegans CaMKII Catayltic/Reg 1-318 Rosenberg et al., 2005 [138]
3KK8 C. elegans CaMKII Catalytic/Reg 1-284 Chao et al., 2010 [109]
3KK9 C. elegans CaMKII Catalytic/Reg 1-282 Chao et al., 2010 [109]
2VZ6 Human CaMKI|I Catalytic/Reg 13-302 Rellos et al.,2010 [108]
3BHH Human CaMKI| Catalytic/Reg 11-303 Rellos et al.,2010 [108]
2V70 Human CaMKI| Catalytic/Reg 1-315 Rellos et al.,2010 [108]
2VN9 Human CaMKI| Catalytic/Reg 1-301 Rellos et al.,2010 [108]
2WEL CaM bound human CaMKII Catalytic/Reg 1-327 Rellos et al.,2010 [108]
3KL8 C. elegans CaMKIl + CaMKIINtide | Catalytic 1-269 Chao et al., 2010 [109]
1HKX Mouse CaMKII Association 336-478 | Hoelz et al., 2003 [113]
2F86 C. elegans CaMKII Association 340-472 | Rosenberg et al., 2006 [114]
2UX0 Human CaMKI| Association 387-527 | Pending publication
2W2C Human CaMKIl Association 334-475 | Pending publication
3SOA Human CaMKII All 7-444 Chao et al., 2011 [176]

Table 1.1Atomic resolution structures of CaMKII variants
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Although in one structure, the protein crystallizasl a tetradecamer [113], the authors
subsequently determined the assembly is dodecamvbea kinase domains are present
[114]. Thefore, the atomic resolution data is cstesit with the dodecameric assembly
postulated from low resolution EM reconstructiodd3,114]. The interfaces between
protomers of the same ring as well as the interfaeteveen the two rings are largely
characterized by hydrophobic interactions. Thggiare stacked in a symmetric fashion
such that there is no stagger in the orientatiorthef two rings (Figure 1.6B). The
residues located at the two interfaces are highhserved with only minor amino acid
substitutions between isoforms indicating the ifisiegs are similar.

Although the association domain is 15 kDa in siagsembly into the twelve
subunit holoenzyme only requires short sequenceseitdmer end of the domain.
Investigation of assembly by deletion mutants ceteed that residues 344-350 from the
N-terminal region of the association domain as vesllresidues 350-478 from the C-
terminus are necessary for multimerization [16Rjterestingly, the residues required for
oligomerization are also isoform dependent sugggssubtle variation in assembly
contacts. The minimum region for assembly dfomomers was found to differ from

homomers as well as mixed heteromers [177].

Structure of the catalytic domain

CaMKII catalytic domain adopts a similar fold tchet kinases, which contain a
highly conserved core of approximately 300 aminwl€¢178,179,180]. The general
fold for kinases was first established for cAMP-elegeent protein kinase [181,182] and

CaM-dependent kinases have similar bilobate arctiuite with the active site located in
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the cleft between the two lobes [108,109,134,13],1Figure 1.4 illustrates CaMKIlI
catalytic and regulatory domains [108]). ATP bindshe smaller N-lobe which consists
primarily of antiparallel -sheets while the C-lobe is mainlyhelical and contains
residues implicated in substrate recognition. ieresly Goldberg et al. compared the
structure of autoinhibited CaMKI with that of a clRRATP/inhibitor complex and found
differences in the orientation of catalytic lobed34]. While the *“active”
CAPK/ATP/inhibitor complex was found to be in adskd” conformation, the catalytic
lobes of the autoinhibited CaMKI structure wereatetl toward an “open” conformation,
with an 18° separation relavitve to the *“active”’ngmex.  Similarily, “open”
conformations were observed in other low activityimactive kinases including MAP
kinase ERK2 [183], the insulin receptor tyrosinedge [184], twitchin kinase [133], and
nucleotide-free cAPK [185]. These were the fitaictural inferences that catalytic lobes
rotate toward “closed” conformations upon activataf kinases and the inactive “open”

conformation may be stabilized by regulatory domataractions with the N-lobe [134].

Structures of monomeric CaMKII lacking the assaoratiomain

Crystal structures of monomeric CaMKII, consistofgghe kinase and regulatory
domains and lacking the association domain, hawk te conflicting models of
autoinhibition. In an inactiv€. elegangCaMKII structure (PDB 2BDW), the regulatory
domains from two subunits form an antiparallel @ditoil [138] (Figure 1.7A). Although
it partially blocks the substrate binding site, tegulatory domain does not contact the
ATP-binding lobe as postulated from biochemical adat

[110,111,126,127,128,129,130,131,132,135,186,187,Hhd from structures of the

34



homologous and monomeric CaMKI (PDB 1A06) [134]isT&tructure would suggest a
unique mode of activation seemingly inconsisterthvarevious biochemical data. It is
noted that a plausible model was proposed baseteoarystal structure of CaMKII for
the mechanism of resting state inhibition [138JheTauthors present a novel hypothesis
explaining how autoinhibition occurs with an unebsted nucleotide-binding pocket.
The positioning of the regulatory helix is predatte® anchor Glu96, a residue thought to
participate in ATP coordination, away from the matlde-binding pocket thus
preventing ATP coordination and activation [138he regulatory domain coiled coil has
been proposed to pair kinase domains in the holeeazstabilizing CaMKII in an
inactive conformation and to explain cooperativévation by C&*/CaM binding [109].
In this model, the CaM binding segments of regulatitomains are sequestered by the
coiled-coil interaction between adjacent domailighen a C&7/CaM molecule succeeds
in binding one regulatory domain, it facilitateperative binding of a second ¢/€aM
molecule to the freely available CaM binding regminthe partner regulatory domain.
Previous studies support the notion that kinase ajagsnform a dimer within the
holoenzyme [189,190], but there is no direct evadethat dimerization is mediated by
the regulatory domain. Whether the regulatory domaosition and dimerization are
physiologically relevant or are the result of ceyspacking constraints is an open
guestion.

During the progress of the studies presented is doicument, several crystal
structures of monomeric human CaMKII were publish&tiese proteins, which are 77%
identical to the monomeri€ elegansCaMKII, did not show the coiled-coil dimers

(PDBIDs 2VZ6, 3BHH, 2V70, 2VN9) [108]. These sttuies are overlaid in Figure

35



1.7C and illustrate the high conservation of stitetamong the four isoforms of human
CaMKIl. They are monomeric and have catalytic domeonformations that agree
largely with the catalytic monomer subunit of t6e elegansstructure. However, the

discrepancy arises in the conformation of the ratguy domain.

I Catalytic domain
[ Regulatory domain

I Human CaMKlla

[ Human CaMKIIB [l Human CaMKII§

Human isoforms Human vs. C. elegans
Figure 1.7 Comparison of CaMKIl kinase domain structures. TRe C. elegans construct lacking the
association domain crystallized as a dimer, witloided-coil interface between two regulatory donsairfi
adjacent monomer subunits (PDB 2BDW). B) One siilnfrthe structure reveals classic catalytic kanas
architecture and a long regulatory domain lackiogtacts to the catalytic cleft. C) Human isoforofs
CaMKIl alpha (PDB 2VZ6), beta (3BHH), gamma (2V7@)nd delta (2VN9) exhibit similar structures

when compared to each other but the regulatory dowofathe delta protein deviates from that of the
elegansstructure (D, boxed).

In the structure of human CaMKIlIthe regulatory domain resolved through residug 30
appears docked against the catalytic cleft (PDB 2\ Nigure 1.7D illustrates how this
deviates from the regulatory domain of theelegangrotomer. This structure supports

the biochemical evidence for a pseudosubstrateesegublocking the catalytic cleft.
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However, this conformation may also be influencgadntacts between molecules in the
crystal lattice. Furthermore, its mechanistic iroglions are confounded by the presence
of an ATP-binding site inhibitor (not depicted ilg&re 1.7). In all of the other structures
of human CaMKIl, the regulatory domain is not imfhced by crystal contacts but the
structures are only visible to residue 301. Thig tonformation of the regulatory
domain in the basal (apo) state is highly ambiguou&tructures may not be truly
representative of the regulatory domain within aliéoinhibited holoenzyme in solution.
As predicted by the biochemical activation hypstbethe regulatory domain is
expected to undergo conformational changes upon &zMation. The CaM interaction
was previously illustrated by a crystal structufeCaM in complex with a regulatory
domain peptide of CaMKIl (PDB 1CDM) [152] and morecently in a complex of
cd*/CaM with human CaMKIl consisting of only catalytand regulatory domains
(PDB 2WEL) [108]. The CaM structure is more contgle resolved in the latter,
although CaMKIl is cleaved at the end of the cdtalgomain causing it to be disjointed
from the remainder of the structure (Figure 1.8&)gure 1.8 B and C illustrate from the
“side” and “top” views respectively how residue22®15 of the regulatory domain form
a helical conformation, with CaM providing exteresistabilizing contacts on all sides.
Because the CaM molecule surrounds the helix, itihdiry interaction likely necessitates
a disruption of the regulatory and catalytic domsa@s predicted biochemically. In this
case the conformation of the CaM bound regulategian is unambiguous, as it is in
agreement with the CaM-peptide structure (PDB 1CIPMR] as well as a structure of
CaM bound to a CaMKI peptide which shares high Isinty to the CaMKII regulatory

domain (PDB 1MXE) [191]. The structure, while ropides key information on CaM
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binding contacts with the regulatory domain, doesreveal the corresponding catalytic

domain conformation and any involvement it may @ymot have in stabilizing CaM.

[ CaM [l Catalytic domain
[ Ca2* [l Regulatory domain

[ Regulatory domain
residues 292-315

Figure 1.8 Crystal structure of CaM bound to CaMKII. A) Aystal structure illustrates CaM (orange)
bound to CaMKII regulatory domain with the catatytiomain separated by unresolved data (PDB 2WEL).
B) “Side” and C) “top” views of the CaM portion dhe structure reveals how binding to CaMKIlI
regulatory residues 292-315 (red) occurs.

The regulatory domain adopts a vastly differentfoonation in structures of.
elegansCaMKII partially truncated in the regulatory domgPDB 3KK8 and 3KK9)
[109]. The Thr286 autophosphorylation site of gnetein is bound to the active site of

another presumably mimicking a transphosphorylatibermediate.
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[ “Phosphorylating” kinase
I “Substrate” kinase
| Regulatory segment

Figure 1.9 Structure of an enzyme-substrate complex. Imuacttre of a catalytic monomer lacking the
association domain (PDB 3KK8), The R1 regulatognent is presented for phosphorylation at the activ
site of another monomer, presumably illustrating tlansautophosphorylation reaction at Thr 286.

This structure shows the R1 regulatory segment“stibstrate” kinase extended into the
catalytic cleft of a separate “phosphorylating”&se. The proteins in this structure are
positioned in a face-to-back orientation, with timeraction repeated in a chain
throughout the crystal lattice. The electron dgnsiap also indicates that the Thr286
residue implicated in the acquisition of autonomoastivity is unambiguously
phosphorylated. Residues 276-291 of the R1 elemake contacts with the catalytic C-
lobe of the “phosphorylating” kinase in a randonil conformation. This is in contrast
to the helical segment adopted in structures obiahibited CaMKIIl. Thus, the
inference from functional and structural data &t ttegulation of CaMKII activity entails
a complex series of conformational changes iniiaé the regulatory domain and

modulating its interactions with the kinase domain.

39



Outstanding questions and significance of strudturevestigations reported in this
dissertation.

Currently a structural and dynamic framework tk l@aMKII conformation with
activation and conformational memory is not avddat\lthough these initial structural
studies provide valuable information of protein fwwmation, they do not describe the
conformational rearrangements or dynamics of CaRdKénzymatic intermediates in
solution. These are snapshots of individual domafrgibunits outside the context of the
oligomeric assembly and are importantly, subjedtscantroversy. Therefore they
represent only the initial phase of research neeedain a complete picture of
conformational rearrangements. Despite the wedlthochemical information, so many
guestions remain unanswered. The foundation aicanrate activation mechanism relies
on the identification and characterization of tarzyme’s multiple intermediate states.
However, there is no high resolution structure loé tholoenzyme in all of the six
proposed biochemical intermediates outlined in ttisument. Furthermore, there are a
seemingly infinite number of possible intermediateben considering CaMKIl's
growing number of substrates and its role in sddiffigg of multi-protein complexes.

Existing crystal structures of monomeric kinase doms have been extrapolated
to mechanistic models of cooperative *Caensing and catalytic activation of the
holoenzyme [108,109,138]. Experimental testing lnése models in solution in the
absence of constraints imposed by the crystalcéatis essential for an in-depth
understanding of the complex landscape of holoeezgutivation. Motivated by these
conflicting models and the dearth of available infation about conformational changes

associated with activation, this document describaalysis of regulatory domain

40



dynamics in solution using systematic spin labelng electron paramagnetic resonance
(EPR) spectroscopy [192,193] of monomer@ elegans CaMKIl.  Using this
spectroscopic approach, experiments can be desidoeddentify the structural
characteristics of intermediates. The approaah @gtures protein dynamics, a property
unresolved in the confines of a crystal lattice shhmay impose structural distortions on
protein conformation. With limited structural datd, is difficult to decipher these
complex mechanisms of self-regulation and activati®eveloping a dynamic structural
framework for CaMKIl activation by CaM, for acquisin of conformational memory,
and for interactions with protein partners will mifgcantly impact the understanding of
important biological processes and has the potawotiamform new therapeutic strategies.
This body of work describes the secondary structertiary interactions, and backbone
dynamics of the CaMKIl regulatory domain in diseretatalytic intermediates that

currently available data suggest are associatddaetivation.

41



CHAPTER I

ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY

Introduction
Electron Paramagnetic Resonance (EPR) spectrossomy technique which

detects transitions of unpaired electrons betwéstrate energy levels. The criterion for
conducting an experiment is that the molecule Esesea permanent magnetic moment
provided by an unpaired electron. Species thateadily detected by this method are
free radicals and transition metals. However, tf@ study of proteins which do not
contain such species, a paramagnetic probe comgainistable free radical must be
experimentally incorporated. There are a varietypbes of this nature including the
well characterized methanethiosulfonate spin IdMTSSL) [194,195] used in these
studies. The label reacts with the protein viayataine disulfide linkage which is
advantageous for investigations of protein struetince proteins can be engineered to
contain cysteines at any desired position. Spiellaide chains can therefore be placed
in virtually any region of interest throughout tpeotein. These probes can report a
multitude of parameters which describe the localirenment of the side chain and
provide information on protein structure and dynzsniln order to understand how these

parameters are detected and interpreted, firdEH® experiment must be described.

"Denotes figures that were adapted or recreated therBruker Biospin website [177].
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Electron spin orientation in an external magneietd

An electron possesses the intrinsic physical pt@seof charge and spin angular
momentum. Together these properties describeatpetic moment, (, which makes an
electron behave like a magnet in an external magfekd. The energy of the interaction
between the electron and the magnetic fielgl, ¢@n be described by the Hamiltonian

operator, ;

If the magnetic moment term is expanded to reusatomponent parts, the Hamiltonian
can be described in terms of, $he electron spin quantum operator along theig, @x

the electron g factor, and B, the electron Bohr meson.

Together these terms describe the properties onhwthie total energy of the system is
dependent and provide the set of possible outcombs.brief, the g factor is a
dimensionless proportionality constant of known uealdefined by the electronic
configuration of the radical. It relates the obgervnagnetic moment to its corresponding
angular momentum, quantum number, and the apptepyientum unit of magnetism, in
this case the Bohr magnetdd, The magnetic components for the &erator yield
eigenvalues of +% for an electron, giving risewm tsolutions for the Hamiltonian. In
general there will be 2S +1 ways in which the etatiwill interact with the magnetic
field, meaning the electron will adopt one of twoeggy states. The negative lower
energy state is referred to asnd the positive higher energy state .isWhen placed in
an external magnetic field, an electron of lowesrgy -2 gBH will align parallel to the

field while higher energy +% gBHwill align in an antiparallel fashion (Figure 2.1)n
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the absence of a field, there is no preferencef@ntation and all orientations of spins

are of equivalent energy.

Ho Ho

E=-29gBHo E=+"29gBHo

Figure 2.1" Minimum and maximum energy orientations o a magnetic field. The lowest energy
orientation, , will align parallel to the field, 5 while the highest,, will align against the field [196].

Paired electrons occupying the same orbital campusses the same value ofsM
[197,198] as a consequence of the Pauli Exclusiomciple. One electron will have a
positive Ms value and the other a negative value, resulting @ancellation of magnetic
moments. This property makes paired electrons ajmetic and EPR silent, and
illustrates why an unpaired electron is necessarEPR spectroscopy.

In the presence of an external magnetic field ethergy difference between the

parallel and antiparallel spin orientationsE, depends on the strength of the field, H
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antiparallel (B)

Energy (E)

parallel (a)

0 Field (Ho)

Figure 2.2 Separation of spin state energies as a functioappfied magnetic field. The difference in
energy between minimum and maximum spin orientatioiie, diverges linearly as the field strength
increases.

As the field strength increases, the separatiowdsst energy levels increases. Figure
2.2 is a diagram illustrating an isolated electioran external magnetic field where, at
any given value for the field, Jithere will be an energy separatioif;, between parallel

and antiparallel states equal to gBH

An EPR experiment detects energy transitions caweg electrons
Transitions between the low and high energy ori@ra of spins can be induced
by adding energy to the system. An EPR experimedsures the absorption of photon
energy during a transition event. The relationshipescribed by Planck’s law, where
E is the difference in energy levels, h is Plancgistant, and is frequency of

radiation:

According to Planck’s law, if electromagnetic radaia of proper frequency is applied to
an electron, it will absorb the radiation and ugdea transition between energy levels.
The corresponding frequency must match the enexggration, E, between spin states

and its value is in the gigahertz range for EPReerpents at X-band. Since the
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difference in energy can also be described in teshitbe g factor, Bohr magneton, and

the magnetic field, the following relationship da& made:

For the purposes of an EPR experiment, this masdat® important points: (1)
measurements of transitions between energy levale ke place in a magnetic field

and (2) energies of the spin states diverge ligemithe magnetic field increases.

A

Energy (E)

Absorption

Field (Ho)

Figure 2.3 The field for resonance. Absorption of electrometgnradiation will occur when the magnetic
field is tuned so that its energy of radiation rhatcthe energy difference in the two spin states.

The measurement of an electronic transition caoldserved in one of two experimental
methods. In one experiment, the magnetic fielg,itlkept constant while the frequency,
, iIs varied. An absorption of energy, E, will bleserved at the frequency value that
correlates to the separation of energy statds, Alternatively a transition can be
observed in a constant frequency as the field ispswWiFigure 2.3). The latter is the
method of choice due to limitations of microwaveottonics. With values of g = 2.0023

and H = 0.92731x 10%° erg/gauss, the electronic transition will occurthwian
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electromagnetic radiation frequency of 9.5 GHz atagnetic field strength of 0.34 Tesla
(or 3400 Gauss). This frequency, known as X-baadesponds to the microwavegion
(=3 cm wavelength) of the electromagnetic spectrund i the predominant regime

applied in EPR spectroscopy [198].

The signal is dependent on the spin populatiordiffce between energy states

The absorption signal arises from an average ofynraolecules, meaning
ensembles of spins are detected in EPR experimémtbie presence of a magnetic field,
spins will be in both high and low energy orierdas; however the lower energy state

will be slightly more populated as dictated by Bwtzmann distribution (Figure 2.4).

A
\AAARA
m=+%
£ ?’/
P prAREA4A
A X m=-%

S

0" Field (Ho)

Figure 2.4 The Boltzmann distribution in a spin ensembletha absence of a magnetic field, spins will
orient randomly with no difference in energy. Whaligned in a field, the lower energy state will be
slightly more populated than the higher energyestathermal equilibrium.

There is an equal probability of a stimulated etatimoving from to as from to ;

however, only the net excitation of spins will camtite to the absorption signal. As
determined by the Boltzmann distribution, the spopulation difference between the
states is small and most of the spins are not tdetecThe spin population ratio of the

states is temperature dependent and can be dabsbslibe following:
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N values represent the populations of thend states, k is the Boltzmann constant and
T is the absolute temperature [197,198]. If theores calculated for a 293K temperature
and a 1 Tesla magnetic field, the value is ~1.00861ce this ratio is close to 1, the
state will only be slightly more populated. Thislationship also illustrates that
sensitivity can be improved by increasing the méagnield strength or lowering the

temperature.

Hyperfine interactions with neighboring nuclei deténe the splitting of the signal.

The local environment of the unpaired electron \afflect the influence of the
magnetic field. The absorption pattern dependsthlan structure of the molecule
containing the electron. The MTSSL molecule haanb#designed to make its free radical
unusually stable even in the presence of some dgigabreductants (Figure 2.5). The
gem dimethyl groups provide a steric hindranceafgoroaching redox reagents, offering

protection for the N-O bond where the unpairedtebecis localized.

>4=QS/S\CB/ Ca
N

l.
0

Figure 2.5 Diagram of the methanethiosulfonate spin labes sidain. The unpaired electron necessary for
the EPR signal is localized on the nitroxide portid the molecule.

The electrons which give rise to the EPR signalwly of their magnetic moments, will
interact with nearby nuclear spins, resulting irmdiidnal energy states and multi-line

spectra. The electron spin in MTSSL will therefomuple with the nuclear spin of the
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adjacent’N due to their close proximity as illustrated imyie 2.6. The electron J -

% and +%2 energy levels will be split by the nuclkar -1, 0, and +1 spins resulting in
six available energy levels for the nitroxide elent Three allowable electronic transfers
are possible when excited by electromagnetic radiatof three corresponding

frequencies.
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Figure 2.6 Hyperfine interactions between the electron andeus. The local magnetic environment of
the neighboring’N nucleus interacts with the unpaired electrort @iahel), increasing the number of spin
states and allowing for three electronic transgibetween energies (right).

These transitions result in three absorbance linemn EPR spectrum of the nitroxide
label and the field separation between them is midg® on the hyperfine coupling
constant, A Ao indicates the degree of interaction between tlpawed electron and the
perturbing*N nuclei and directly defines the spacing betwgeecsal lines. Hyperfine
coupling is just one factor which influences thedpum. Spectra are also determined by

spin label orientation and dynamics as well asxatlan processes.

The EPR lineshape is dictated by the orientatiothefnitroxide in the magnetic field
In a hypothetical system where the unpaired eladsdocalized in a uniformly

symmetric spherical orbital, the assumption canmagle that all interactions with the
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nucleus are uniform in all directions. In this €dbe hyperfine coupling constanty, A
arises from only these isotropic interactions drelg factor is assumed to be the standard
value given for a free electron. This would reswlthe three equally spaced absorption
lines of equal intensity. In the actual case bkpin labels, the electron is occupying a
non-symmetrical orbital and the value for the g factor angldepend on the orientation
of the spin label in the field. They will have swoiropic contributions as the orbital
angular momentum will experience the external magreld [198]. Therefore the net
magnetic moment arises not only from the spin argmomentum, but from coupling to
the orbital angular momentum as well. The ovdraltl experienced by the electron can
be expressed as

" " usven
where the effective field, §, is dependent on the external magnetic fielg, &hd the
presence of a local magnetic fieldeds, such as th&N nuclear spin. The position of the
field can be defined relative to the electron hsitated in a three dimensional Cartesian

coordinate system (Figure 2.7).

\ 4

Figure 2.7 Relative orientation of the nitroxide spin labetamagnetic field. The spin label N-O bond is
placed along the X axis so that theorbital (blue) aligns with the Z axis perpendiclyawith the X-Y
plane (gray). The magnetic fieldyk$ defined by angle from the Z axis and from the X-Y plane.
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Here the orbital containing the unpaired electron is aldneith the z axis of the
coordinate system. The nitrogen-oxygen bond hethe perpendicular x-y plane along
the x axis. The field is represented by a vechar i&és position is conventionally defined
by two spherical polar anglesits angle from the z axis, andits angle to the x-y plane.
Mathematically, both the g factor and gan be represented as symmetric tensors. They
describe the relationships between the magneid Viector and the electron spin vector
as well as between the electron spin vector anchticgear spin vector. For example, g

and A can be divided into their component terms for emdh.

" "

« )

* * o, F "%

« )

In an isotropic system, all component parts wowauivalent.
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In the nitroxide system, we can define these tenanisotropically to include orientation
dependence according tand .
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The EPR spectrum represents the time averagedergation of the spin label ensemble
Only in a crystal lattice is it possible to havelabels in the same orientation with

respect to the magnetic field. In most systemslistl by EPR spectroscopy, each

individual spin is orientated randomly within thelfl and makes its own contribution to

the EPR spectrum. EPR spectra represent the efesefrddl spins, which, summed over
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all molecules, represents many orientations [199he example of randomly orientated
sample is spin labels in a crystalline powder. hailigh the molecules are randomly
orientated, the nitroxide is held motionless. Tdiiges rise to the “rigid limit” no motion
EPR spectrum. For the rigid limit spectrum, thenponents are resolved along all
directions in the magnetic field (Figure 2.8) ahd spectrum can be predicted by adding
up the individual spectra from all random oriergafi. In contrast, spin labels in solution
will be constantly changing their positions duertolecular tumbling in addition to being
randomly oriented. The rapid reorientation introelsl a different level of complexity to

the g and Atensors. In this case thgi@nd Ay are time-averaged.
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The resultant EPR spectrum is classified as thienfiasion limit and illustrates that the
rate of reorientation of spin labels influencessipditting resolution. The spectrum has an
absorption pattern featuring three equally spaesakp separated by the value for the A
tensor (Figure 2.8). Typically, EPR spectra areoregl as the derivative of the

absorption to more easily observe their features.

—

e |
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Figure 2.8 EPR spectra of motional extremes. The rigid liIBERR spectrum of MTSSL resolves all
components along all direction in the magnetiafigéft). The fast motion limit spectrum of MTS&L
time averaged (right).
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The two derivative spectra in Figure 2.8 illustréibe extremes of spin label motion.
They represent the difference between randomiynteeelabels that are static (left panel)
versus randomly orientated labels undergoing mofioght panel). Labels that are
conjugated to proteins will have constrained motsnd their spectra will fall within

these extremes.

Relaxation influences EPR lineshape

As previously stated, the lower energgtate will be slightly more populated than
the higher energy state when a spin ensemble is placed in a madimdtic These spins
can be described by a bulk magnetic moment vedtiorwhich represents all spins
collectively. Since spins have no preference fograation in the absence of a magnetic
field, M will be equal to zero. In the presence affield, M is proportional to the
population difference of spin states. Over timepin ensemble will return to thermal
equilibrium as a function of relaxation which delses how spins “forget” the direction
in which they are oriented. The two principle raon terms, T and T, describe the
physical properties responsible for the relaxatibthe components of M.

T, involves redistribution of the different spin pdgtions in order to achieve the
thermal equilibrium distribution of the spin stateSpontaneous emission is very slow
and contributes a negligible amount to spin distidn. Mainly equilibrium is reached
when spins interact with their surroundings, exdmag energy to equilibrate spin
populations. The surroundings are referred to asldttice and gives rise to the T
pseudonym, spin-lattice relaxation. This transfeenergy from excited spin states to the

lattice is non-radiative and decays exponentiaMgerotime. After the time 1 the
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population of spins will be described by the Bol&am distribution and the net
magnetization vector will align with the directiah the applied magnetic field. The T
value describing how fast M aligns with the fie&flects the degree of coupling between
all electron spins to the surrounding environmenhte process of spin-lattice relaxation
contributes to the magnetic moment vector M asrdest by the Bloch equation.

9 . L=
9< >

Mz is the bulk magnetization along the z-directiortha absence of a magnetic field and
My is the bulk magnetization at thermal equilibriunthe Bloch equation defines the
interdependence between the net magnetizationhendpin-lattice relaxation. Without
T1, the EPR experiment would be impossible. It isioal that the system achieves a
ground energy state following microwave absorptioln the absence of spin-lattice
relaxation, exciting microwave radiation would elig@the population of spin states and
eliminate net polarization. As described previguglis the net polarization of spins that
contribute to the EPR signal. It is essential tet population be able to reach the
Boltzmann equilibrium so that the bulk magnetizatitnes not decay to zero.

Like any vector, M can be defined by its comporestative to the x and y axes,
My and M. But because M originates from the spin ensemblso possesses a bulk
angular momentum resultant from individual electspin angular momenta (Figure 2.9).
The applied magnetic field will exert a torque d toulk spin causing M to precess

about the magnetic field like a gyroscope [197,198].
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Figure 2.9 Precession of electron spin in the presence ddgnetic field. The external field interacts with
the bulk angular momentum to cause precessioneo$pins about the z axis. The precession causes the

and y component s of the bulk angular momentunvesage out to zero, leaving only the z component.
The net magnetization along the z axis results ftmemet population of spins aligning with the diel

The precession results from time-dependent chaimgtse M, and M, components and
its frequency is referred to as the Larmor freqyenthe Bloch equations can be written

to describe these transverse components.
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Here is the electron gyromagnetic ratio, anglig the spin-spin relaxation time., ©
the rate at which W, the transverse component of the magnetizationtowec
exponentially decays towards zero. It does notuhelenergy exchange with the lattice
like T;, but rather describes the relaxation from eithpoldr interactions or collision
with neighboring spins [197,198]. These energydfers reorient or “flip” spins and
alter their magnetic moments.

Both T; and T, relaxation mechanisms contribute to the EPR liapsh In a
continuous wave (CW) EPR experiment, continuowsiation of microwaves is applied

along the axis perpendicular to the magnetic fiélg, This generates a steady state

55



magnetization behavior in the spin ensemble. TlelBequations must also take into
account the perturbing interaction of the oscitigtmicrowave field and the absorption of
the radiation is illustrated by a Lorentzian funati The function is the description of the
spectral lines, which are subject to broadeningeddmg on the interactions with the
frequency. The width of a particular absorptiomlpés dependent on the value for. T
At half height of the peak, the width is inverselpportional to . Therefore, faster T
times lead to broader lineshapes. Theaé€laxation process also contributes to the EPR
signal because it establishes finite lifetimes dacited states and prevents absorption

lines from becoming infinitely narrow.

The EPR lineshape is determined by the mobilith@probe
As mentioned previously, the orientation of thelyjgan a magnetic field will

affect its EPR spectrum. The rate of motion of iiteoxide impacts the anisotropies of
the g and A tensors, and will ultimately determine the lingsha These probe motions
are incorporated into the qualitative EPR parametanobility. Mobility describes the
motion of the probe which is dependent on how tireosinding environment restricts it.
In the context of a labeled protein, the free etetis localized to a MTSSL probe, which
in turn is conjugated to a protein tumbling throwggution. A labeled protein is much
more complex than a free probe and undergoes daypes of additional motion, each
occurring on a different time scale. Thereforee BPR lineshape is reflective of the
available degrees of motional freedom of the attdcépin label as well as the dynamic
properties of the tumbling macromolecule [200]. eTharious types of motion are

summarized in Figure 2.10.
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On a slow timescale the protein is tumbling randothtough solution, the rate of
which is dependent on the size of the protein &edviscosity of the solvent. Typically
for large proteins over 50 kDa, the rate is toawvsto have an effect on the spectrum.
Tumbling rates (10 s or slower) are outside the EPR timescale, whsclin the
nanosecond regime (16— 10° s) [192,194]. Since tumbling offers little infoation on
the structure of a protein, this is not disadvaetas. In fact for smaller soluble proteins,
the viscosity of the solvent is often increasedomder to eliminate any tumbling
contribution to the EPR spectrum.

Proteins are not static molecules but are comprigedlynamic domains which
move relative to each other. It is necessary ihar jorotein to have the capacity to exist in
several conformations so that it may completeutsfion, for example to recognize and
bind its ligand. Domain rearrangements can betanbal, creating interdomain distance
changes of tens of angstroms, or subtle, sucheasvibting of domains where only a few
angstroms change is observed. Either way, the ofteexchange between the
conformations is typically too slow to contribute the mobility of a spectrum §-ms).
This is not to say that conformational rearrangeseannot be observed with EPR
spectroscopy. There is an important distincti@ets of spectra obtained under various
conditions can be used to infer conformational geasn For example, a label in the
active site of a particular protein may show higbabifity in the absence of ligand. In a
separate experiment, ligand is added to the systkith causes immobilization of the
site. The two spectra from these experiments cancdmpared to deduce that a
conformational change has taken place. Howeveg, dbtual transition between

conformations was not observed directly.

57



Within each conformational state, the protein backb can flux between a
multitude of short lived substates, each havinfetght torsional angles in the bonds of
the backbone. The rate of backbone fluctuationmends on the stability of the local
environment, and they exist on the nanosecond-poosl timescale. For example,
stabilized helicies in the center of a protein wéimain relatively static and will not
significantly increase the mobility. In comparisdaop regions where backbones are
flexible and dynamic have faster rates and reawtihtribute to mobility increases.

The isomerization of the label about the chemicalds attaching it to the protein
backbone will also contribute to mobility. Eachnkohas a unique ability to isomerize
which is dependent on steric restriction by neighfgpatoms and the energy barrier for
each rotamer conformation. Although there are s#velnemical bonds between the
backbone of the protein and the free electronadt leen suggested that motion is largely
restricted to rotation about the-C and the GS bonds [194]. Since the disulfide bond
must cross a high energy barrier to rotate and3¥@ bond is restricted by the C
hydrogen, they are unlikely to contribute to prabebility. Any bond may be further
restricted by atoms of the protein backbone orh@mgng amino acid side chains. The
mobility of the probe therefore depends on its fp@siwithin the protein as well. The
EPR lineshape will depend on whether or not tha Ehel side chain is restricted in the

core of a protein or freely rotating as a side ghiacing the solvent.
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Figure 2.10 Types of protein motion. A hypothetical proteirlu@) undergoes various types of motion
including molecule tumbling through solution, domainovements, and backbone fluctuations. The
MTSSL probe also undergoes rotation about the boadgigating it to the protein backbone.

Each of these types of motion will reposition tipgndabel with respect to the magnetic
field but the motion of the spin label side charargely dictated by backbone dynamics
and label isomerization (Figure 2.10). These nmstibave the potential to alter the
spectral lineshape because they occur on the ERRarg timescale. Since the EPR
experiment does not observe just one motional ittans but many transitions of many

molecules, the spectrum will report an averagellofmations. Backbone dynamics and
label isomerization can be distinguished from eatiter with a full simulation of the

EPR lineshape [200,201].

Spin labeled sites can be classified by mobility axtational correlation times

Due to the hyperfine interactions of the free etmttwith the neighboring*N
nucleus, a sweep of the magnetic field under cahstecrowave irradiation will induce
absorption at three resonance positions. Thedespeay according to the anisotropy of
the label allowing for a range of lineshapes. [esample, a site buried in the
hydrophobic core of a protein will have a very difint spectrum from a loop region due
to their contrasting mobilities. However, spedimam one buried site versus another

buried site will produce very similar lineshape#/ithin a range of variability, buried,
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surface, and loop sites all have signature linesthaphich can be used to classify
residues. Additionally a numerical value referteds its rotation correlation time,can

be assigned to spectra to define spin label mygbillthis value represents the rate of spin
label isomerization; a shorter timescale indicatfagter rotation and higher mobility.
Figure 2.11 illustrates simulated spectra of a MIS8obe with preset rotational

correlation times.

Unfolded Loop Surface Buried
100 ps 1ns 10 ns 100 ns
Mobile Immobile =

Figure 2.11Spectral classification and rotational correlatiiomes. Sites can be classified by their spectral
lineshape, which is dependent on the rate of l&wmherization. Slower reorientation rates of thbel
causes broadening of the resonance lines, whigkases the breadth of the EPR spectrum as welfieas t
peak widths. Rotational correlation times indicatgtion rate, with a shorter timescale indicatinfaster
rate. These spectra were simulated for MTSSL adegito predefined correlation times.

For free label or label attached to unfolded prgethe mobility will be highest because
the label is the most unrestricted. Spectra wgllcharacterized by three evenly spaced
sharp, narrow lines with tighto®separation between peaks. A short rotationaktation
timescale (100 ps) classifies these spectra suggesie spin label has a fast rotational
rate. Loop regions are less mobile and are braatliancomparison. They still possess a
high degree of mobility because the label can yresimerize and the protein backbone
is flexible. They are classified by correlation éson the order of 1 ns. As the
correlation time increases, lines become broa@anrrelation times on the order of 10 ns
describe surface sites which have stable, ordessbiones but freely rotating side

chains. The most buried sites have the longeseledion timescale and show the most
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spectral broadening. A 100 ns correlation time lvdae typical for a label placed in the
hydrophobic core of a protein or at a protein-proteterface. In this case mobility is the
lowest because the label is completely restrainéichus the EPR lineshape is the
interpretation of the spin label motion which camused to characterize sites in loops,
surface regions, or buried protein interiors. Thfsrmational is invaluable for structural
studies.

Experimental spectra can be computationally siredland rotational correlation
times can be estimated with a microscopic ordegraszopic disorder method (MOMD)
[202]. In this method, a set of simulation paraenetand fitting procedures are
incorporated to produce a hypothetical spectrumclwhias features similar to the
experimental target. The correlation time descriltee rotational nitroxide angles
relative to its direction of motion. Variable pareters are used in this method to
describe the motion of the nitroxide, which wilctiite the resulting spectral lineshape.
These parameters optimize the magnetic tensoejaoal diffusion rates, coefficient of
the ordering potential, and diffusion tilt angle$ypically, standard nitroxide values are
input for g-tensors and A-tensors which have beeavipusly measured [203].
Otherwise parameters can be obtained from a simnlaf a rigid limit, frozen solution
spectrum. In general, fast isotropic motion ismeated by assuming the movement in the
X, Y, and z directions are equal to each otherem@stricted anisotropic rotation assumes
these are not equivalent. Anisotropic motions megan ordering potential which serves
to constrain the spatial extent of the motion. sTteirm defines the orientation of the label
by describing the potential of its movement, i&fimng the space in which the spin label

motion is occurring. The strength of this orderipgtential is determined by its
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coefficient which is user-defined. Diffusion tensealues are additionally varied to
establish the diffusion rate as are diffusion asghich express the rotation of the
diffusion. Spectral line broadening can also ldereged by defining either a Gaussian or
Lorentzian function. For fitting of experimental egpra, starting values for these
variables are chosen using a Monte Carlo algoritfime appropriate simulated spectrum
is reached when the parameters produce a simuldahah converges with the
experimental spectrum. The rotational correlatiome, , for the motion is obtained

from the resulting diffusion coefficient, R.
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While any specific simulation may converge to fitetexperimental spectrum, the
solution is not unique. However, correlation tim@dl not vary greatly from one

simulation to another.

Dipolar coupling is distance dependent

In addition to side chain mobility, the distancevieen two paramagnetic probes
can be measured by various EPR methods. The infamnabtained can define the
spatial relationship between structural elementghvlyields information on the global
organization of the molecule. When two spin lalksie in close proximity, spin-spin
interactions between the two electrons are maeifest the CW-EPR spectrum through
broadening of lines which are a function of inteole distance. The spin Hamiltonian
can be modified to include these interactions.
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Here ,is the Larmor frequency of the nitrogen nucleuss the electron gyromagnetic
ratio, D is the dipolar coupling tensor, J is teetiopic spin-spin exchange factor, and
number superscripts designate electron 1 and ete@r[198]. There are two types of
exchange interactions; those that occur though ©and those that occur through space.
Scalar J coupling describes through-bond interastand is facilitated in orbital overlap
or though chemical bonds. It decreases exponbntwth increasing interspecies
distance, contributing little beyond ~8 A. In thase of MTSSL, the nitroxide of the spin
label is separated from the protein backbone bycqmately 7A. For these reasons, J
coupling is generally disregarded in spin labeledtgin systems. Even in a system
where spin labels are within 7A, the dipolar intti@n will be stronger than J coupling.
The dipolar interaction term therefore represepis soupling between probes which can
be measured from 8-70 A.

In the absence of dipolar and J coupling, the Hamikn reduces to represent the
sum of two non-interacting spins. In the conditmindipolar interaction, the energy is
inversely proportional to the cube of the distaaod is dependent on the orientation in
the external magnetic field. It can be definedoading to the angle between the field

and an interspecies vector[198,204,205] (Figure 2.12).

Figure 2.12 The interaction between two dipolar spins. Theraction between two magnetic dipoles is
dependent on the distance between them, r, arahtlfle of the magnetic field,
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The dipolar coupling, 44, can also be written in terms of the distance andle. The
corresponding energy of interaction between elestrde, can be approximated with
point dipoles, , and is described as follows.
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The angular dependence of the dipolar couplingest ldlustrated in the Pake pattern.
This type of spectrum specifically illustrates tipolar frequency pattern averaged over
all angles with respect to the magnetic field. Pake pattern in Figure 2.13 exhibits two
prominent peaks separated by(r,90°). The frequency of separation betweentice

peaks of the Pake pattern is inversely proportiem#the distance at= 90°.
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Figure 2.13 The Pake pattern for two dipoles. The blue tistemws two transitions with a splitting of
(r,90°).

The Pake splitting can be related to the inter erdistance by the following equation

where the constants are approximately correct fotraxide.
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These relationships are the theoretical basis @tadce measurements in EPR
spectroscopy. At distances shorter than 20 Adipelar interaction is sufficiently strong
to influence the CW EPR lineshape. The lines Wwdcome broadened in a distance
dependent manor, shorter distances leading to exdemsive broadening. The distance
can be extrapolated by a convolution/deconvoluaoalysis [206,207] of the spectral
lineshape (Figure 2.14). This requires spectrthefsingly labeled systems as well as the
doubly labeled system. The spectra from the sitgheled systems are averaged to
create a new spectrum referred to as the sum glesin A Pake broadening function with
variable distance values is applied to this spettuntil it converges to fit the
experimental spectrum of the doubly labeled syq@06,208]. The results are reported
as distances with Gaussian distributions accortiin¢heir relative probabilities. The
distribution of distances arises from the rangehef nitroxide flexibility as well as any

protein conformational heterogeneity.
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Pake Function Distance Distribution (A)
Figure 2.14 lllustration of the convolution/deconvolution meth A) The experimental spectrum of a
doubly labeled protein (black) is broadened retativ the sum of singles spectrum (blue). The fittfe

convolution.deconvolution method is shown in réthe Pake broadening function (B) used to obtain the
fit produces the distance distribution shown inglab.

For distances greater than 20 A, the EPR spectsimot broadened enough to be
resolved in CW EPR. The values fqi become very small at long distances and the

inhomogeneous linewidth of the spectrum masks tipelal interaction. Therefore,
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conventional CW EPR spectroscopy can be used tsuneanter-probe distances only in

the range of 5-20 A.

Time domain pulsed methods detect dipolar cougirignger distances

A time domain EPR method called double electrowteda resonance (DEER) is
used to measure dipolar interactions which aresmiwved in CW spectra. This pulse
technique can detect dipolar coupling up to 70 A86[209]. In CW experiments, the
field is swept slowly under constant frequency amy resonances are detected by
absorption of energy. In contrast, short and sgemicrowaves are applied to the system
in a pulsed experiment and all the multiple reseeancoming from the sample are
collected in the time domain. After Fourier trasrshation, the various resonances are
resolved and the spectrum can be reported in gggiéncy domain.

As previously described, the bulk magnetization, ddn be represented by a
vector in a Cartesian coordinate system. It psE®at its Larmor frequency about the z
axis, which is aligned with the external magneiildf (refer to Figure 2.9). This
particular perspective is referred to as the lam&. For description of the DEER
experiment, it is helpful to redefine the coordealstem to rotate about the z axis so
that the precessing magnetic component appearsomess. This is designated the
rotating frame. The result is a stationary magmagiton vector, M, aligned along the
field.

The microwave resonator on the pulse instrumentlasigned to produce a
microwave magnetic field perpendicular to the agplinagnetic field. Since this dictates

observation of M occurs in the x-y plane, DEER expents must use pulses of radiation
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to tip M into the x-y plane for detection. Pulsa® labeled by their tip angle which
depends on the strength of the field and lengtthefpulse. A /2 pulse rotates M 90°
into the x-y plane while a pulse, referred to as an inversion pulse, wip the vector

180° along the z axis (Figure 2.15).
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Figure 2.15 Tipped orientation of the bulk magnetization anthgmpulation. At thermal equilibrium M
is aligned with the z axis and the spin populatorepresented by the Boltzmann distribution. Aqatlon
of a /2 pulse equalizes the distribution and tips thgmesization into the x-y plane. Apulse will flip M
onto the negative z axis and invert the spin pdjora

Over time, a tipped system will return to equilibri and realign with the z axis. The
magnitude of M in the x-y plane will therefore dgcaver time according to the
relaxation properties of the system. The spinelattelaxation time, 1 describes how
quickly the magnetization returns to align with #aeternal magnetic field along the z
axis. The spin-spin relaxation time, or transverslaxation time, 7, describes how
quickly the magnetization in the x-y plane decaf®r example, a/2 pulse tips M into
the x-y plane. The system is no longer in theregpiilibrium because the magnetization
along the z axis goes to zero. Since this net etagation represents the difference in
spin state populations, the spin population diffieeeis therefore zero. Interactions with

its surroundings through spin-lattice relaxatiofl w@use the system to return to thermal

67



equilibrium and adopt Boltzmann distribution ofrsgitates. In the case of gulse, M
will rotate in an antiparallel fashion to align tithe negative z axis. Here the spin
population is inverted and will likewise return eéguilibrium by spin lattice relaxation
interactions described by. T

The detected signal characterizes the total effeatlarge number of spin packets
that make up the bulk magnetization, M. The trarsyeelaxation time, 4 influences
the breadth of the signal either through homogesiemuinhomogeneous broadening
(Figure 2.16). Homogeneous broadening describeeffiect of many broad lines added
together, each with the same Larmor frequency andwidth. Inhomogeneous
broadening occurs when several narrow lines oh#lligvaried frequencies add together

to appear as one broadened peak.

A B

Homogeneous Inhomogeneous

Figure 2.16 Homogeneous and inhomogeneous broadening of ERhipes. A) Homogeneous
broadening determined by relaxation processes $sim of many lines with the same frequency and
linewidth. B) Inhomogeneous broadening is causgdnbny narrow lines, each with a slightly different
frequency.

Individually each spin packet experiences a shgttfferent magnetic field and has its
own precession frequency due to spin-spin inteyasti These interactions cause a
fanning out of the spin packets throughout the pdlane. Dephased components spread
out in opposite directions to cancel each otherlaad to decay of the signal in the x-y

plane over time, & Figure 2.17 illustrates how the signal is demencbn the decay.
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After the /2 pulse, the signal is the strongest. As the gaiokets precess at their
individual Larmor frequencies, they spread out tigto the x-y plane causing the net

magnetization in the x-y plane to eventually becasm®.
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Figure 2.17 Dephasing of the transverse magnetization. Afté2aulse, the spins will be tipped into the

x-y plane and fan out according to their individlarmor frequencies. The spreading causes the net
magnetization in the x-y plane to decay over timea &unction of .

DEER experiments employ a refocused echo methottadsof observing the free
induction decay (FID) of the/2 pulse. The spectrometer cannot measure diratity

the high power microwave pulse as the FID signalldide overwhelmed. Since most of
the signal will decay in the instrument dead tiraestandard four-pulse experiment is

used to refocus and detect the signal after acserfii time.

The DEER pulse sequence permits detection of theused echo

The pulse protocol begins with & pulse which tips spins into the x-y plane for
detection (Figure 2.18). The spins will begin iphéise and produce the initial FID.
After a time, 1, a pulse is applied to refocus the echo. This Mijl the spins 180° in
the x-y plane effectively causing them to precesshe opposite direction. Spins that

were separating are now converging toward the spos#tion causing the refocused
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signal. Finally an additional pulse is applied to refocus the echo in the opeosi

direction. This is the observed echo and it isasaed from the pulse by ».
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Figure 2.18 Four pulse protocol for a DEER experiment. The netigation behavior is altered by &
pulse, followed by a pulse which refocuses the echo, and an additiopallse which reorients the phase
of the echo. At a separate pump frequencypalse is applied to measure dipolar coupling betwspins
of pump frequency and spins of the observe frequenc

For the DEER experiment, it is necessary to apply microwave frequencies to the
sample, one to observe and one to pump. This g@btaill allow for the detection of
dipolar interactions between spins at the pumpukeqgy and spins at the observe
frequency. After the observepulse, a pulse at the pump frequency is applied (Figure
2.18). This indicates that while the observe fesguy spins are being refocused, the
spins at the pump frequency are being flipped. nGka in the magnetization of these
spins perturb the spins at the observe frequenlyyibthey are dipolar coupled. Any of
these pump frequency dependent changes in theveldsénrequency contribute to the
EPR signal. Additionally, the start of the pumppulse is varied by time t as the
refocused echo is detected. By varying this ptitgeugh time, the influence of the

coupling on the final signal can be determined.
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The oscillation of the refocused echo intensitytaots the information describing
the dipolar coupling. The echo will decay with,the phase memory time, meaning that
as the distance becomes larger oscillations becbomeer. Ty is primarily a function of
T, relaxation and must be extended significantlydmplete an actual experiment. This
is accomplished by conducting the experiment attienvperatures around ~80 K. Since
the samples are frozen at this temperature, thdtires data is a static representation of
isotropically averaged spins [206,210]. The ampk of the observe spin echo is plotted
as a function of t and the periodicity of osciltais is related to the distance. The rate of

signal decay to the baseline determines the widtth® distance distribution (Figure

2.19).
A B 2v44 (90°) <
>
1/v4q (90°)
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time —> frequency —> distance —>

Figure 2.19Relationship between the DEER modulation and tetadce dependent dipolar coupling. A)
The oscillation frequency of the DEER signal isatell to the distance between paramagnetic speBigs.
Conversion between the time domain DEER signalfeegliency domain Pake pattern can be completed
with Fourier transformation. C) Distance deterrimacan be obtained by Tikhonov regularization &nd
reported as distance distribution as a functioprobability.

Distance information can be extracted by Fouriengforming (FFT) the signal into the
frequency domain to obtain the Pake spectrum. ridiievely fitting routines like a

parameterized Gaussian model or Tikhonov regulioizacan be used to analyze the
DEER signal [210]. Tikhonov regularization simegtthe time domain data to fit the
experimental data and balances fit uniqueness thi¢h smoothness of the resulting

distance distribution.
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Distance distributions obtained from DEER analyadlitate interpretation of the
protein conformation as well as the direction amdpktude of any conformational
changes. Combined with the methods of CW EPRethsshniques provide a wealth of
information on the environment, position, and motiaf spin labeled side chains. In
scanning experiments where spin labels are intedlsequentially along the protein
sequence, the information from these parameterslsarresult in a structure of medium
resolution at the level of backbone fold [211,21dJhese methods are tried and true, as
changes in the EPR parameters and distances hare df®wn to reflect domain
movements and  conformational changes in  many  proteisystems
[194,207,212,213,214,215,216]. Obtaining this tgpstructural information on proteins
is so important because the forms and dynamicsatéins govern their functions. Since
proteins of any living system are the driving farce® all biological processes, this

information is essential for deciphering molecutachanisms.

The site directed spin labeling method has experiai@dvantages and limitations

For the study of proteins by EPR spectroscopy, disSL probe can provide the
necessary unpaired electron. In this labeling riegle, a probe is conjugated to a
cysteine residue by disulfide linkage. Any natoysteines must be replaced with non-
cysteine residues, then a cysteine at the sitdv@te must be introduced. Any site can
be mutated to cysteine and reacted with a spif labeg the site directed spin labeling

(SDSL) method (Figure 2.20).
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Figure 2.20Site directed spin labeling method. A) A desiresidue, in this case a phenylalanine is
mutated to a cysteine by standard mutagenesisitp@®s B) The sulfur in the cysteine residue eadth
the spin label. C) The resulting spin labeled sid&in is linked through a disulfide bond.

Mutatlon

Through standard mutagenesis techniques, the dodandesired residue is changed to a
cysteine codon so the expressed protein will caritee cysteine replacement. The sulfur
moiety reacts with the MTSSL to produce the spipelad side chain. The physical
properties of some side chains are essential tieipriold and the spin label may perturb
interactions with surrounding atoms. However, avestigation of T4 lysozyme found
that only core residues are affected by labeling)that the thermodynamic perturbations
were at the level of those found for natural amamad substitutions [194]. Spin label
side chains are generally well tolerated and tts¢ najority of sites can be labeled with
this method. Because of their local environmessne sites label more efficiently than
others and the labeling efficiency affects the expent. Since the EPR spectrum
reflects the total spin population, poor labelingl vesult in a low signal to noise ratio.
In the circumstance of poor labeling, it can algodificult to remove excess unbound
label from the sample which will contribute to tH&PR lineshape. For DEER
measurements, excess free spin label is too ditlube problematic, as the signal arises

only from dipolar coupled spins.
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Typically numerous sites on a protein need tonestigated to obtain a complete
picture of protein conformation. Since each sitevestigated with SDSL-EPR
necessitates a new protein mutant, the method resgexpression and purification of
many proteins. This is potentially a serious latign for proteins which do not express
in adequate yield or require extensive purificawatocols. It is necessary to be able to
produce purified proteins in a high throughput namnThat taken into consideration,
EPR experiments only require a small amount ofganogas little as 100 pmol) compared
to other structural techniques. These experimalsts have the advantage of observing
proteins in solution. Although the data would lomsidered low resolution compared to
an X-ray structure, the more native-like environtnaifows for investigation of protein
dynamics. Proteins are not static figures, thagtar multiple conformations and their
movements define their molecular mechanisms. AghoEPR experiments to measure
interprobe distances are comparable with a FREMoonotransfer FRET method, EPR
has the advantage of reporting multiple distancesb their distance distributions while
FRET reports a single distance that assumes amgeatipole orientation of the two
probes [217]. EPR also possesses advantages thvar @ynamic methods such as
nuclear magnetic resonance (NMR) because there system size limitation. However
EPR is synergistic with other structural method€aose having a high resolution
structure of the protein fundamentally expeditegegxnental design and interpretation.
EPR data is unique in its ability to fill the gaptiween structural snapshots and dynamic
behavior of proteins. Many model systems have heeestigated with this method
[194,207,212,213,214,215,216] and it is now widesed to study systems including

channels, transporters, and receptors as well lablsroteins [213,214,216]. SDSL-
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EPR is ideal for CaMKIl investigation because oé throfound changes in backbone

structure and inter-domain distances associatdditgimechanism of activity.
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CHAPTER 1lI

METHODS AND BIOCHEMICAL CHARACTERIZATION

Introduction

For SDSL-EPR, it is essential to find protein egzion and purifications systems
which are of high yield, speed, and quality. Siada@gh throughput CaMKII system had
not previously been developed, it was necessargptomize the expression cell line,
vector, and gene as well as the purification precadany of the seemingly endless list
of possibilities for these variables were invesegaand eventually boiled down into one
straightforward protocol. The final protocol is eorsolution for expression and
purification and is certainly not unique. Althoudktermining what will work is a trial
and error method, it is the physical propertiethef DNA, the translated protein, and the
cellular environment which dictate success. A wealf information was obtained in
decoding the details of what worked as well as wdhdh’'t work. These details are
described in this chapter. Beyond this, the rati®fior mutagenesis and other alterations
of the optimized protein are presented. Finallyaditom biochemical analyses are
described to demonstrate that protein function atrdcture is preserved under the

indicated modifications.

The mouse CaMKIllisoform is unstable during bacterial expression

The optimization of CaMKII expression began wittmause CaMKIl isoform.

This isoform is highly expressed in the brain arad lbeen well characterized by the

76



Colbran laboratory [31,218]. If at all possiblejd preferred to work with mammalian
proteins, since their physiology is the most simita human proteins. This particular
protein is extremely highly conserved, with 99.8%nmwlogy to human CaMKIL
Previously the expression was performed in Sf9 dnseell cultures by way of
baculovirus infection. Although these culturedgisufficient amounts of active protein,
they take weeks to prepare. Therefore, the ficgtl gvas to express the protein in a
bacterial cell line, in which expression takes mieoairs. The protein was cloned into
two pET system vectors, pET28b+, which containsosdor an N-terminal six histidine
affinity tag, and a tagless pET2l1a. These vect@ewhosen because of their superior
T7 promoter system. The T7 promoter tightly regegdatoreign protein production and
prevents any toxicity from uninduced expressionhef protein during basal cell growth.
Induction by IPTG then turns on expression when dbkure is at a desired density.
These vectors were expressed in several cells ypeéghe growth and induction were
varied in attempt to find the best expression comas. Many conditions were tried, and
all resulted in substantial protein degradationirduexpression. Figure 3.1 illustrates the

protein cleavage for just two representative exgosstrials for mouse CaMKIl
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Figure 3.1 Western blot of mouse CaMKllexpression. This figure illustrates western blofstwo
separate expressions, one in BL21(DE3) cells gaftel) and the other in Rosetta 2 cells (rightle Emnes
feature time points taken after a 1 mM IPTG indutti Numbers on the left side of the blots indicate
positioning for molecular weight markers. The 33akCaMKII control is purified protein expresseddf9
cells.

Full length CaMKII protein will be observed at a Icular weight of 55 kDa on a
protein gel. When comparing the expression in BDE3) cells to the 55 kDa control
lane, virtually none of the expressed protein icleamved (Figure 3.1, left panel).
Although Rosetta 2 cells, which are deficientan andompTproteases, had significantly
more full length protein than BL21(DE3), the vyieldhs still too low for SDSL-EPR
(right panel). For a complete list of CaMKIl expson trials of all tried cell types and
vector varients, see Appendix A.

Proteins can be truncated because of a naturaldaboe of a compatible
protease, the efficiency of which can be increagddere is also a toxic effect of the
expressed protein, instability of the protein, azaanbination thereof. Several cell lines
with reduced proteases were tried and proteaseiiols were even added to the
expression media. These measures seemed to heseseential indicating protease

activity could not be controlled. To reduce sus$itdgy to cleavage, we addressed
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possible toxicity toward nativeE. coli proteins by this promiscuous enzyme’s
phosphorylation potential. The previously usednhtegue of knocking out catalytic
activity with a D135N mutation was employed [138jpwever truncation was not
reduced. This indicated any toxicity was not red@\by inactivating the enzyme. Finally
several truncated variants were engineered to tiotedly omit the C-terminal
association domain and its connecting flexiblednkvhere a large portion of proteolysis
was believed to be occurring. The expectationtivasCaMKIl would not be recognized
by proteases without this unfolded portion. Onaesof this domain also simplifies the
system to a monomer protein instead of the oligoheéoenzyme. The advantages for
completing EPR experiments in this system will besatibed later in this chapter.
During expression of this monomer protein, the ddgtion was somewhat decreased but
the activity was poor. Activity was determined tyg protein’s ability to incorporate a
radioactive gamma phosphate frog¥P] ATP onto either syntide-2, a synthetic peptide
based on the glycogen synthase phosphorylationaiteutocamtide-2 (AC-2), a peptide
based on the regulatory domain (see Appendix Bfperimental method details). Since
the protein was not easily purified, assays werapteted on lysed bacterial expression
culture. The activity values obtained were indigtiishable from blank samples which
contained buffer instead of cellular lysate. Estea truncation and lack of activity
indicated there may have been structural inst@slivithin the protein and we speculate
that the protein was not able to fold properly acterial expression cells. The cellular
response to such a problem would likely be degradadf the unfolded proteins to

prevent protein aggregation.
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10 histidine C. elegans CaMKIl is the most effitiexpression construct

Since the truncate€. elegansCaMKIl homolog consisting of catalytic and
regulatory domains was crystallized, it was a goaddidate for stability. The catalytic
and regulatory domains of this protein are 78% tidahto human CaMKII, meaning its
structure is highly conserved. In attempt to egpran uncleaved protein, te elegans
gene representing these domains was inserted etgoGEX vector which contains
codons for an N-terminal glutathione S transfe&S®T) tag. The high solubility of this
tag was expected to make CaMKII a less attractivget for degradation. Simultaneously
a 6 histidine-GST tagged construct was also cretagive multiple options for protein
purification. Paradoxically SDS-PAGE (sodium dodesylfate polyacrylamide gel
electrophoresis) analysis of this system suggéststhe tag itself gets cleaved from the
protein during expression, rendering it completaBeless. On the other hand, the
expression of GST-CaMKII was very high and the @rotwas uncleaved, however the
tag removal proved to be an impractical catch twénwb. EPR experiments necessitate
the removal of this tag, as it contains severalvaatysteines which will label and
contribute to EPR signals. Removal of the tag ireguemperatures non-permissive for
retention of CaMKII activity. Lowering temperatgréo retain protein folding prevented
thrombin cleavage of the GST tag. This avenue quaskly abandoned, and a histidine
tagged CaMKIl expression was investigated. The geas cloned into pET28b+ and
expression was carried out similarly as descrild&®8B] except for a modified 16 hour
induction. Expression was high and truncation weduced, showing only minor
cleavage products in addition to the proper lengtbtein. For this protein it is not

necessary to remove the histidine tag because rielaively small and contains no
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labeling sites. Ni affinity was used to carry ubtein purification in combination with
gel filtration chromatography. This straightfondarmprotocol requires only two

chromatography steps and allows for labeling imveen (Figure 3.2).

Ni Affinity Gel Filtration

o,00 0,00

00  yTsSL )

_,o::.o?._, 0808g§§°° % g°§°°
CaMKIl Labeled Purified
CaMKlI Labeled
oo CaMKIlI
Impurities o
Impurities & Free Label

Figure 3.2 Protein purification method. For purification bistidine taggedC. elegansCaMKI|, culture
lysis is first applied to a Ni affinity column. €heluted proteins can be labeled with MTSSL anthéur
purified by gel filtration. For complete details the protocol, refer to experimental methods.

While this protocol yielded reasonably pure proteansharp mobile component was
present in several EPR spectra which was feardx ta labeled impurity. To increase
selectivity, a 10 histidine (10His) tag was introdd to the N-terminus of the CaMKIlI
gene by a Quik change protocol. This was succkessincreasing protein purity (Figure

3.3)

6His
10His

=

6His  10His

Figure 3.3Comparison of protein purity of 6His and 10His CaMproteins. A) Proteins for the 307 EPR

mutant were cloned into constructs containing eithéHis or 10His N-terminal tag. SDS-PAGE analysi
of protein purification shows cleavage of CaMKlldaextra impurities in the 6His purification. B)

Overlaid spectra from show only minor changes e Ishape indicating the presence of extra imparitie
has little effect on the EPR signal.
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SDS PAGE and western analysis of the 6- and 10thggedC. elegansproteins
revealed two CaMKII bands, one at the appropriete sf 42 kDa and a slightly smaller
cleavage product. The purification of the 6Histpho also resulted in the copurification
of a small impurity which was not observed in 10plistein purification. With the initial
concern that impurities were causing the sharp lmoportion of the spectrum, we
compared the EPR spectra of 6 and 10His protéie.found that the impurity actually
contributes very little to the spectrum. Spectva & and 10His proteins are overlaid
showing that only very minor differences betweeairthineshapes exist (Figure 3.3B).
This indicated that the mobile portion of the spatt is contributed by CaMKIIl and not
the impurity. Nevertheless, the 10His protein wesferred over the 6His because of its

superior performance during purification.

Protein cleaved during expression is not easilyasated by purification techniques
Although the 10His proteins are more easily pedfithey do undergo cleavage
during expression at a site near the C-terminuster@inal truncation of CaMKII has
been established previously iE. coli expression [219] and analysis by mass
spectrometry reveals cleavage is occurring atcértie regulatory domain near residue

318 (Figure 3.4, see Appendix B for method details)
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Figure 3.4 SDS-PAGE and mass spectrometry of analysis offipdriC. elegansCaMKIl. A) A
Coomassie stained gel of purified C. elegans CaMiétalytic and regulatory domains shows a minor
truncated product copurifies with the appropriateiBed 1-340 protein. B) Sequence of CaMKII 1-340.
The red fragments were recovered from mass speetrgranalysis of the truncated band excised froen th
gel while the underlined peptides were recover@infimass spectrometry analysis of the major band
corresponding to CaMKII 1-340.

The detected peptide fragment corresponding tartbst C-terminal sequence from the
truncated protein band ended at residue 318. Bectne crystal structure of this same
protein is not resolved beyond residue 318 [13Bis region is likely unstructured
making it difficult to solve and prone to proteab/s Additional analysis of these two
purification products was completed using lightteaang. During gel filtration, the
truncated product peak overlaps significantly wvtitd 1-340 peak but is slightly shifted to
a longer retention time because of its smaller.si¥ée intentionally selected for the
truncated peak by collecting accordingly, and ot#di a sample with a significant
amount of truncated product relative to the 340dpob. Analysis by light scattering
revealed the two overlapping peaks with experimemi@ecular weights of 41010 and
34440 Da. These correspond well to weights caledldor residues 1-340 and 1-318

respectively.
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Figure 3.5 Light scattering analysis of CaMKII truncation.&truncated CaMKII protein and the
appropriately sized protein are revealed as twolapping peaks in gel filtration (black line). Theatter
plots represent the average particle size as ditednby light scattering for the 1-340 protein (pé&& and
the truncated protein (peak 2). The average mtaeeeight was determined and compared to the
calculated weight for each protein (right).

Instead of trying to prevent cleavage, efforts wereed toward finding a method
to separate the cleavage products. In order éongtt to obtain a purified protein without
cleavage products, a His tag was introduced oredCtterminus. The principle behind
this idea was that the cleavage site was closketcCtterminus. The Ni affinity would
therefore select for the uncleaved desired pro&sinwell as the extremely short C-
terminal cleavage product. Since the differencesige of these two polypeptides is
substantial, they should be easily separated vizihngs chromatography. Unfortunately
not all good ideas come to fruition, as the dynamof the C-terminal region were
influenced by the tag. EPR spectra for site 2% slown in Figure 3.6 for N- and C-
terminal His tagged proteins. Comparison of lirsgsds reveals subtle differences in the
probe dynamics of these two labeled proteins. R#gss, this protein was not suitable

for EPR studies due to its low expression.
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Figure 3.6 Comparison of N- and C-terminal histidine tagsed?R spectra at site 296. Constructs of EPR
mutant 296 were created with either an N-termi@ghikstidine affinity tag or a C-terminal 6 histigitag in
attempt to purify protein from its cleavage produdihe proteins were expressed, purified, labeled a
analyzed with EPR. The differences seen in spantti@ate the C-terminal tag (red) influences pirote
dynamics at this site.

For many protein systems, additional chromatogyagibps can be performed in
attempt to separate unwanted products from theretkgirotein. Unfortunately, other
chromatography techniques such as ion exchangel cmil be considered in this case
because of the almost identical biochemical progeidf the 1-340 and 1-318 proteins.
At last the fact that cleavage could not be presgmturing expression and could not be
separated with standard ionic exchange or sizimgnshtography was accepted. Figure
3.7 summarizes all of the constructs made for fiterozation of protein expression and

purification.
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Figure 3.7 CaMKIl construct diagram. Expression optimizaticequired the investigation of many
different constructs to yield abundant high quatitgtein. The most successful waselegandl0 histidine
CaMKiIl, residues 1-340.

Truncation of CaMKII during expression does noealrotein dynamics
Efforts were returned to the N-terminal 10His tag§. elegangrotein as it was

the best for expression and purification. Assesgrméthe consequences of having the
truncation in our experimental system began. Weedesl that the degree of cleavage
varied between mutants from virtually none up to%15The truncated residues (~319-
340) make up a variable linker region connectingulatory and association domains.
Although the truncation products retained the entggulatory domain, we sought out to
determine whether or not truncation would changguies observed in our EPR spectra.
In particular, we wanted to determine that the ¢ation was not causative for highly

mobile components observed in all of our spectrasites 302-309. Using engineered

8

(0]



constructs consisting of residues 1-318, we vetiffeat the truncation does not affect the

EPR lineshapes at representative sites along ¢hutatery domain (Figure 3.8).

340 +truncation

318
296 )‘ / 300 J‘ ’~ 1 304 /\J\ } 1 307

Figure 3.8 EPR spectra of representative sites introducesdthe 1-340 and the 1-318 backgrounds. The
superimposable lineshapes demonstrate that theattion does not affect the dynamics of the spiellab

Spectra were nearly identical for sites 296, 30@4,3and 307 indicating cleavage of
residues 319-340 does not alter the environmentthefprobes. At this junction of
optimization, it was not reasonable to adopt th&l&-construct as the basis for EPR
studies because it did not express as well as-8#Xonstruct. Therefore we completed
studies with the 1-340 construct and we deemednitecessary to purify the 318-

truncated protein from the 340 desired protein.

An inactive monomer protein system was necessaBHB experiments
The studies presented here focus onG@heslegansCaMKIl kinase monomer,

consisting of the catalytic and regulatory domdmesidues 1-340), the structure of which
was determined previously (PDB 2BDW) [138]. Thenomer system is not just a
consequence of expression system complexities iamthations, but it is a necessary
starting point for EPR studies. In addition to #mvantage of having high resolution
crystal structures for comparison [109,138], thenoroer provides a simpler model from
a spectroscopic perspective because it omits thplexities of holoenzyme intersubunit
interactions. For example, each singly labeledisitbn the twelve subunit holoenzyme

has the potential for dipolar coupling with othabéls. Since the positioning of the
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domains was unknown, experiments could not have loesigned to avoid spin-spin
coupling. Spin label mobility will be masked by espral broadening making it
impractical to determine dynamics. Furthermoresnmtetations of complex distance
extrapolations may be problematic as it would biicdit to decipher which of the
twelve subunits are interacting. These complexiiee eliminated by using the monomer
system which has no potential for intersubunit riatéons. Without the association
domain, monomer protein has been shown to be mestizatly relevant. It successfully
undergoes autophosphorylation and binds and phogples substrates [31]. Since it can
undergo the conformational changes associatedagtiliation and can be expressed in a
high throughput manner, the monomer system isdéal istarting point.

To enable site specific incorporation of spin labaingle cysteine mutants were
introduced in a cysteine-less CaMKII backgroundebhéer referred to as WT*. Native
cysteines were replaced with residues found in hogsoor with alanine; C30A, C64L,
C115A, C126l, C199A, C272A, and C289A. We investitgl the effects of this
mutagenesis by measuring protein activity. WT* cfpe activity, measured by
phosphorylation of peptide substrates AC-2 andigg, is similar to WT monomer and
is comparable to that of WT mouse CaMKIl holoenzyarel monomer (Table 3.1).
Therefore the cysteine substitutions do not compgenthe structural and functional

integrity of the enzyme.
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Activity (umol/min/ug)
Protein Syntide-2 Autocamtide-2
mouse CaMKIl holoenzyme WT 5.62 £0.15 5.23+0.12
mouse CaMKIl 1-380 WT 7.13+0.16 7.85+0.07
C.elegans 1-340 WT 6.04 £0.76 4.86 +2.80
C.elegans 1-340 WT* 4.59 + 0.05 4.29 +0.10
C.elegans 1-340 D135N* None detected None detected

Table 3.1. Activities of CaMKII variants. Activities of CaMHlvariants determined by incorporation of
radio labeled phosphate fron?{P]JATP onto the peptide substrates autocamtide-2sgntde-2 (n = 2).
The variations in specific activities between thédfedent CaMKIl are within values observed
previously[220]. For D135N* the levels of radioaittes were similar to control samples without add
enzymes.

Furthermore, structural parameters deduced fromafa near-UV circular dichroism
(CD) analysis and analysis of the melting tempeeatare consistent with retention of
secondary and tertiary structures. At far UV wawnegths, the peptide bond is detected
which gives an indication of the collective secandstructure of CaMKII (Figure 3.9 A).
The negative bands at 222 and 208 nm, typicallyl @sean indicator of alpha helical
structure, are unchanged when comparing WT (black) WT* proteins (dark gray).
Additionally near UV wavelengths excite the arommathromophores in a protein and
give an overall indication of its tertiary structumNear UV spectra for these proteins are
also nearly identical. Finally, melting experimemtere conducted by observing the CD
signal at 222 nm under increasing temperature®sd hesults indicate that the stabilities
of the proteins are comparable with melting tempees around 65°C. We conclude that
these proteins are properly folded and the natygetnes are non essential for protein

function.
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Figure 3.9 CD analysis of CaMKIl mutagenesis. A) Far- UV aidnear-UV circular dichroism analysis
for the wild type and cysteine-less CaMKIl (WT*oal with their D135N inactivated counterparts. The
spectra are almost superimposable confirming ttle ¢d substantial structural changes due to théeoys
substitutions. C) Stability curves demonstrating tlick of substantial effects on melting temperatoy
the cysteine substitutions.

Among CaMKII's impressive abilities to regulatediisis the autophosphorylation
capability. Autophosphorylation causes additiomefjative charges and bulk at specific
Thr residues, many which have been characterizetl saimme that have only been
proposed. These reactions only require the presefidi” and ATP to alter the
conformation of the protein. Since the goal ofstproject is to decipher individual
intermediate conformations, any heterogeneity ticed by varying states of
autophosphorylation must be avoided. Since autggtarylation has been shown to
occur during bacterial expression at site 286 [1089¢ wanted to avoid possible
phosphorylation at site 286 and/or other autophogpétion sites such as 253, 305, and
306. To circumvent heterogeneous phosphorylai@adopted the strategy of replacing
the highly conserved D135 in the catalytic loop JR@ith asparagine. This mutation
inactivates WT* [138] creating a protein hereatfteferred to as D135N*. Analysis by
mass spectrometry confirmed the absence of detecpdimsphorylation in the D135N
background. Peptides spanning the regions of tak kmown Thr286, Thr305, and
Thr306 autophosphorylation sites were abundantjyresented in the analysis. No

phosphorylation was observed in these peptide$ anwaother sites protein wide. This
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analysis indicates that the D135N mutation prevaatsphosphorylation and also reveals
that CaMKIl is not phosphorylated by a native baatekinase during expression. The
D135N substitution does not change the CD signatafehe CaMKIl monomer (Figure
3.9A,B) or the half-maximal temperature of the nmglt curve but increases the
cooperativity of unfolding (Figure 3.9C). We speatel that the apparent non-cooperative
WT unfolding reflects heterogeneous autophosphtioylaleading to multiple protein

populations, each with a different melting temperat

D135N* and T286E* stably bind calmodulin

CaM binding is a requirement for substrate phosghation by CaMKII. Active
WT and WT* proteins were able to phosphorylate #sabss (see Table 3.1), meaning
that they are to first bind CaM for activation. n& this type of activity cannot be
observed for the D135N* inactivated protein, a dosentation assay was used to test
the protein’s ability to stably bind CaM. For thassay, purified D135N* protein was
incubated with an excess of CaM-agarose resin ajuilil@ated in the presence of
saturating C&. Resin was washed to remove any unbound proteinaaalyzed with
SDS-PAGE. Figure 3.10A shows a Coomassie staiakdfghe experiment. In lanes 1,
2, and 3 are the D135N* purified protein loadedaasontrol, the CaM-agarose pellet
after incubation with D135N* and washing, and thgeynatant from the incubation
respectively. Lane 2 shows the presence of thesNi3rotein indicating that it was
able to stably bind the CaM-agarose. Lane 3 shmmn3135N* protein indicating that all

of it was depleted from the supernatant duringlimeling incubation and that complete

91



binding was achieved. In parallel, the same comistwere used with active wild-type

mouse CaMKIl as an assay control. Lanes 4 through 6 showagitiihding results.
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Figure 3.10 Cosedimentation assays for D135N* and T286E* ezwyiad proteins. A) Lane 1 contains
purified protein used for the cosedimentation adeagst CaMKIl binding to CaM-agarose resin. L&ne
illustrates that D135N* protein is associated witle CaM-agarose after incubating and washing in the
presence of Ca2+. Depletion of the protein from slupernatant in lane 3 suggests complete binding.
Lanes 4,5, and 6 show results with control mous&Kla full length wild type protein. B) The
experiment in panel A was repeated with proteint&ioimg the T286E phosphorylation mimic.

To investigate the conformational changes induce@iy286 phosphorylation, it
was required to introduce in a phosphomimic T286GEamt on the D135N* background.
The nomenclature used for this mutant is T286EMis Thimicry approach is necessitated
by the expected heterogeneous autophosphorylatibn322] in the WT* enzyme which
would complicate interpretation of the EPR datahisTapproach allowed us to evade
autophosphorylation at any undesired residues bisb &o avoid incomplete
autophosphorylation of the desired site. With TR86E mutation, all proteins will have
a charge at site 286 resulting in a completely hggneous system. However, it should
be noted that introduction of negative charge leyTtB86E mutation does not fully mimic
the effects of a phosphate group, and local enmeont of the T286E* protein may be
somewhat different from the Thr286-phosphorylatedage. Cosedimentation assays

were completed on T286E* to assess its CaM-bindbitities (Figure 3.10B). Similarily
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to the D135N* protein, T286E* was able to stablydicalmodulin. These assays
demonstrate that mutagenesis of native cysteinagoduction of the T286E
phosphorylation mimic, and/or truncation of thetpne do not significantly impair the

protein’s ability to stably bind CaM.
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CHAPTER IV

CaMKIl CONFORMATIONS OF ACTIVATION

Rationale for EPR studies

Within the deceptively short 40 amino acid streticht makes up the regulatory
domain, there is a structural basis for the reguatcapacities of CaMKII.
Biochemically it is known to be involved in autoibhion interactions with the catalytic
domain and also contains a self-recognized substrsgéquence which when
autophosphorylated confers autonomous activity.is Bequence is not phosphorylated
within its own subunit, but rather by a neighboriegbunit within the oligomeric
holoenzyme assembly [157]. How is it that thisussge fits into the active site of a
neighboring catalytic domain but not within the atgtic cleft of its own subunit?
Furthermore autophosphorylation of the CaM-bindiegion abrogates binding and is
known to occur within a single subunit. This ingglian opposite effect where the CaM
binding region of the regulatory domain is not iguaed by a neighboring subunit.
These studies raise the concept that the reguldtmain is highly promiscuous, able to
interact with the catalytic domains in multiple émmations correlating to several
discrete intermediates.

Even with several crystal structures of individudbmains, there is no
unambiguous agreement on the conformation of theirdubited, apo intermediate.
Biochemical analysis and structures of human kimgseains consisting of catalytic and

regulatory domains predict the regulatory domaintacts the catalytic cleft. In contrast

*The majority of the text and figures describechiis thapter are published in Hoffman et al., 2@23].
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the crystal structure of th€. eleganskinase domain depicts regulatory domains of
adjacent monomers are involved in a coiled coilatiminterface (refer to Chapter | for a
detailed description of this model). Existing ¢aysstructures of monomeric kinase
domains have also been extrapolated to mechanistitels of cooperative €asensing
and catalytic activation of the holoenzyme [108,188]. Experimental testing of these
models in solution in the absence of constraintsosed by the crystal lattice is essential
for an in-depth understanding of the complex langeoof holoenzyme activation.
Motivated by these conflicting models and the deat available information
about conformational changes associated with daivawe completed the first analysis
of regulatory domain dynamics in solution usingteggatic spin labeling and EPR
spectroscopy [192,193] of monomefic elegansCaMKIl [223]. The first task was to
define the backbone conformation of the autoinkiitegulatory domain to confirm or
refute the controversial coiled coil hypothesis addscribe the mechanism of
autoinhibition. This work was designed to addréss and other mechanistic questions
of the biochemically proposed activation pathwdyhat is the amplitude and nature of
the conformational changes that occur upon CaMibg®tiWhat changes take place in
catalytic domain induced by the release of the ledgty domain during activation? What
conformational changes are required for the on$eTto286 mediated autonomous
activity? Do the Thr305/Thr306 phosphorylation e necessary to prevent CaM
binding also cause structural changes in the régyladomain? We monitored
conformational changes of the regulatory domairoughout putative biochemical
intermediates; CaM bound, Thr286 phosphorylated,M Caound and Thr286

phosphorylated, and Thr305/Thr306 phosphorylated atliress these outstanding
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mechanistic questions. Additionally, initial stadiof the conformational rearrangements
of the catalytic domain were initiated, giving pn@hary evidence for the regulatory
effects on the catalytic domain.

For these experiments several Cys mutants weredinted into the regulatory
domain of the inactivated D135N* monomer proteipinSabeled CaMKIlI mutants were
analyzed by EPR spectroscopy under conditions dedigo stabilize the specific
intermediates on the activation pathway. Conforomati changes underlying the
transitions between these intermediates were delduom analysis of spin label mobility
and proximities in spin label pairs. The mobilitiyaospin label refers to dynamic modes
on the nanosecond timescale that average the apsotensors of the spin labels. These
include rotation around bonds that tether the labehe backbone and large amplitude
motion of the backbone [194,201,212,224] (refeCtmapter Il for details). The overall
tumbling of the 40 kDa CaMKIl monomer has a miminzantribution to the EPR
lineshape. This chapter describes the secondaugtste, tertiary interactions, and
backbone dynamics of the regulatory domain in éitgcrcatalytic intermediates. Our
results reveal the structural and dynamic changdsrlying activation by Gd/CaM and
Thr286 autophosphorylation and suggest a model a¥iKll holoenzyme activation

which is described in Chapter V.

Dynamic equilibrium of the regulatory domain in #yeo intermediate
Although the C. elegans autoinhibited non-phosphorylated kinase domain
(referred to hereafter as the apo intermediatejtaltizes as a dimer, dimers could not be

detected in solution using various analytical mdthsuch as gel filtration and analytical
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ultracentrifugation, even at moderate concentratifit09,138]. However, Rellos et al
reported the detection of dimeric human CaMKII @aifs in solution at 4°C, with
dissociation constants in the 200-600 pM rangeoalyh the interface of this dimer does
not seem to involve the regulatory domain [108]n€lstent with this observation, we
found no spectroscopic evidence of regulatory dondanerization at room temperature.
Spin labels predicted to be within close proxiniigrigure 4.1A) at the crystallographic
coiled coil interface did not show evidence of sgn coupling. Site 302 of the
regulatory domain directly faces its dimer coundetpgn the structure with an inter-
residue G-C distance 5 A while site 307 faces outward, perjuerar to the plane of the

page with a 13 A distance.

A B 30 pM
50 uM
75 uM

302 307

Figure 4.1 CaMKIl regulatory domain is not at a dimer intedac Crystal structure of th€. elegans
CaMKIl kinase domain where two regulatory domaieach belonging to a different monomer, form a
coiled coil (PDB 2BDW). Sites 302 and 307 are a thimer interface separated by 5 and 13 A
respectively. The EPR spectra for CaMKIl labele@ath site are shown for concentrations up to 200
The absence of concentration-dependent broademiligaites that this dimer is not stable in solution.

Short range distances lead to extensive dipolaploay between the spin labels and
broadening of the CW EPR spectrum [207,214]. Nohssapectral broadening was
observed for these sites up to concentrations & @@, above which the protein

aggregated nonspecifically to form an insoluble cjmi¢éate. Thus, the coiled coill
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regulatory domain dimer is not stable in solutidnr@om temperature, although we
cannot exclude the possibility that higher effeetigubunit concentrations in the
holoenzyme (estimated at 3 mM) allow for this iatg#ion [138]. However, consistent
with our data, the coiled coil dimer was not obsérnin the multiple crystals of human
CaMKIl isoforms [108]. Thus, multiple lines of ewdce using different experimental
approaches suggest that the regulatory domain dinmeterface is an artifact of the
crystallization ofC. elegangaMKIl.

In contrast to the rigid regulatory domain struetur the crystal, EPR lineshape
analysis for a set of spin labeled mutants in tomain reveals evidence of multiple
conformational states. In the R2 and R3 segmerttseafegulatory domain (residues 292-
297 and 298-314 respectively defined previously 9J10Figure 1.4B), multiple

populations of spin labels with vastly distinct nibies are detected (Figure 4.2).
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Figure 4.2 Apo stateEPR spectra along the R2 and R3 segments of reguldomain. A) and B) The
lineshapes in the R2 and R3 segments show digtiidénce of at least two populations of spin laléth
vastly different mobilities. A mobile population nkad by the blue arrow reflects spin labels undigrgo
large amplitude/fast motion. Another population keal by the red circle reflects spin labels in iettd
environments.

Sharp components in these spectra (indicated hywarin Figure 4.2A) reflect spin
labels undergoing fast and large amplitude motidth wl ns effective correlation times
(Table 4.1). This type of motion is indicative of ainstructured backbone and is
inconsistent with an orderedhelical backbone. Another spectral component ¢aigid
by circles) arises from spin labels undergoing glowotion indicative of a sterically
restricted environment. This spin label populatt@mnot arise from the putative coiled

coil since there is no evidence of spin-spin coup(iFigure 4.1).
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Site Correlation Time (ns) Classification Prediction

278 0.97 loop

279 0.91 loop

282 1.52 loop Loop
284 0.73 loop

285 1.59 surface

286 7.05 buried

287 7.38 buried

289 1.48 surface Helix
290 6.55 buried

291 1.17 surface

293 9.02 buried

——
Correlation Time (ns)

Site 1 (Slow Component) » (Fast Component) | % slow/fast
296 5.59 1.15 89/11
298 6.14 0.47 86/14
299 1.88 1.11 30/70
300 4.50 1.02 64/36
301 2.77 1.05 40/60
302 15.23 0.78 68/32
303 4.96 0.71 66/34
304 7.30 0.56 72/28
305 4.42 0.86 71/29
306 12.66 0.74 83/17
307 34.55 0.55 88/12
310 6.52 0.53 82/18
312 3.82 0.48 76/24
315 4.67 0.47 52/48

Table 4.1 Correlations times calculated from MOMD simulasdispectral fits not shown) as described in
the methods section. For sites involved in thekahmgundocking equilibrium correlation times areosim

for the fast mobile and slow immobile populatiorssveell as the relative percentage of each. Fos gite
the R1 segment, the correlation time describegtédominant motional component in the spectrum.
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Rather, we interpret these results as evidenceno&auilibrium between an
undocked dynamic conformation (leading to fast dpimel motion) and a structured
conformation (leading to restricted motion), witletR2 and R3 segments docked to the
catalytic domain presumably near the ATP bindirtg.siThe EPR spectra capture two
extremes of this equilibrium revealing that the emging conformational change is slow
on the EPR timescale, on the order of 100 ns. dJsonlinear least-squares analysis (see
Appendix B for method details), we determined tlherage rotational correlation time
[202] and fraction of spin labels in each of theotpopulations (Table 4.1). For this
analysis, the spectra were assumed to consistoottmponents, an undocked population
correlating to spin labels undergoing fast isottopiotion and a docked population
corresponding to labels with restricted anisotra@itation. Simulated spectra of each
component were created by varying mathematical npatexrs used to describe the
internal rotational motion of the nitroxide. The@paopriate simulated spectrum is
reached when the parameters produce a simulat@rcdmverges with the features of the
experimental spectrum. For each experimental gpact“fast” and “slow” motion
component spectra were summed in varying ratidg the EPR spectra for sites 302-
307. Figure 4.3A illustrates the “fast” (green)dafslow” (orange) motion simulated
spectra corresponding to the undocked and dockpdlamons respectively. The final
simulated spectra (dotted gray line, Figure 4.3f) made up of various percentages of
each and are overlaid with the experimental spdtiieeck). Simulating the spectra in
this manner allowed us to determine the relativegreage of the docked and undocked
population for each site. We interpret these tesial indicate that on average, the R3

region of the regulatory domain is docked ~80% @f tiime. There are differences in
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percentage docked between sites which may be B cd<8DSL substitutions for natural

amino acids causing slight alterations in tertiatgractions.
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Figure 4.3 MOMD analysis of R3 docking-undocking equilibriumThe EPR linesahpes in the CaM
binding region were analyzed assuming two poputatiof spin labels with distinct motional parameters
Non-linear least squares fits of the experimenpalcgra yielded two component spectra at each Fite.
relative fraction of each component is shown in Bi¢C.

Lineshapes for spin labels in the R1 segment (wesi®?78-291) consist of single
predominant components (Figure 4.4) demonstratingtsiral decoupling between R1
and the rest of the regulatory domain. In particulze spin label environment at residues
286, 287 and 293 is restricted with lineshapes laimto those observed in protein
hydrophobic cores (Table 4.1). The ordered backlamesolvent inaccessibility indicate
that these residues are buried by contacts witltalteytic domain consistent with their

local environments in the crystal structure (Figd4C).
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Figure 4.4 EPR spectra and correlation times of the R1 régulasegment. A) and B) EPR lineshapes in
the R1 segment seem to arise from a predominantlgign of spin labels. The minor sharp component
has contribution from unreacted labels. In the 288-segment, the mobility varies with periodicity
indicative of an -helix. Uniformly mobile lineshapes in the 278-28dgment are indicative of a loop
structure. C) The local environment of R1 residireshe crystal structure (PDB 2BDW) is shown to
highlight the agreement with the EPR data. D) Iegecorrelation times (%) for sites in the R1 region
plotted versus residue number. The correlation tivae determined from non-linear least squares aigaly
of the EPR spectra. The superimposed sinusoid fit¢ data has a 3.7 period. Thus, residues osuiffi@ce
(glreen) (e.g. 289) have a largéwhile those at the interface with the catalytic @m(orange) have small
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Secondary structure of the regulatory domain

In segments of secondary structure, spin label ltyphiaries as a function of
residue number [194]. Quantitative analysis of dpivel dynamics along the 284-293
stretch of residues (R1 helix) reveals a periogidgtrongly indicating an -helical
backbone (Figure 4.4A and Table 4.1). The phagheohelix is in concordance with the
crystal structure (PDB 2BDW) [138], where the hdixface encompassing 286 and 287
is docked against the catalytic domain (Figure #.4&lditionally, inverse rotational

correlation times, ™

, were plotted as a function of residue number fiteld with a
sinusoidal function with 3.7 periodicity (Figure4d). The spin labels are uniformly
mobile in the preceding 278-284 (R1 loop) segmeartsistent with a local loop structure
(Table 4.1 and Figure 4.4B). Analysis of spin labwbility from residue 296 through
residue 307 is complicated by the multicomponenhtnesof the EPR spectrum. However,
sharp and narrow spectral components for sites3249¢Figure 4.2B) indicate a loop
structure (Table 4.1).

The presence of helical secondary structures cao &k deduced from
proximities betwee, andi+4 residues in consecutive helical turns. The etgue5.5 A
separation between the spin labels should resutxtensive broadening of the EPR
lineshape due to strong dipolar coupling and diatrlap of the unpaired electron
wavefunctions [207,225]. In contrast, flexible unstured segments are characterized by
average distances greater than 13 A and broadndestdistributions. Short range
coupling was evident in the spectrum of spin |gdzets introduced 4 residues apart in the

285-293 region (Figure 4.5A) with a correspondiagrow distance distribution centered

at 8 A (Figure 4.5B). In contrasti, (+4) spin label pairs in the calmodulin binding
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segment have a multimodal distance distributionstent with a significant fraction of
unstructured backbone with soménelical characteristics (Figure 4.5C). The amafnt
spectral broadening can be visualized by compaisgm of singles spectrum, which is
an average of spectra from each individually latbeddge (Figure 4.5A, red), to the
experimental spectra (black). Gaussian distansgildlitions were extrapolated from a
deconvolution method with the spectral fits showrdotted gray lines. Taken together,
our EPR data is consistent with a solution strigctawhich the R1 helix is stably docked
to the C-terminal lobe of the catalytic domain ahd R3 segment is in equilibrium
between docked and undocked conformations, therebipiting the kinase in the

absence of CaM binding.
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Figure 4.5 (i, i+4) distances in the regulatory domain. A) EPRcspeof (, i+4) spin label pairs (black)
along with the corresponding sum of singles (redhe R1 and R3 segments. The sum of singles spectr
was obtained from a digital sum of the single sigpsctra which do not contain contributions frora th
distance-dependent dipolar interaction. Each doohi&ant spectrum was fit (dashed line) as described
the methods section to a distance distribution betwthe two spin labels shown for the R1 (B) and®3
portions of the regulatory domain.

The CaM binding segment of the regulatory domansasge ATP binding.

Since CaMKIl activation is associated with increhs#finity for ATP (see
Chapter 1), we hypothesize that the R3 dynamic ldgwim facilitates active site
exposure for binding of both nucleotide and substrdhus, we predict ATP binding
would shift the R3 equilibrium towards the undockaopulation. Indeed, while the
addition of ATP does not change the EPR lineshapése R1 segment, it increases the
fraction of spin labels that are in the undockedfeomation in the R3 segment. Figure
4.6A compares spectra in the presence (purple) absknce (black) of ATP and

illustrates an increase in the sharp mobile pea#icative of the undocked population.
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Spectra for ATP-bound protein were simulated wittOMD to reveal the relative
percentages of docked and undocked populationsifgy6B). When comparing to apo
protein, the undocked population increases to cm®pr50% (Figure 4.6C) in the
presence of ATP. This allosteric modulation by ASiggests that the R3 segment
interacts with the nucleotide-binding lobe. Furthere, it suggests that the R3
equilibrium is not an artifact arising from theraation of the association domain. Rather

it represents a mechanism to modulate ATP affinity.

Figure 4.6 ATP modulation of the CaM binding region. A) EPpestra of sites in the R3 segment in the
presence of ATP (purple) overlaid with their copmsding apo spectra (black). B) The ATP-bound
lineshapes were analyzed using the two-populatiodai The fast mobile component (green) and the slo

immobile component (orange) for the ATP-bound spedatare summed (gray dotted) to fit the

experimental spectra (purple). C) Percentagesefahkt and slow components for the apo CaMKIl state
(black bars) and the ATP-bound state (purple Hfargepresentative residues in the R3 segment
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From these mobility data, we hypothesize that tBeCRM-binding region of the
regulatory domain is in a conformational equililbbnubetween two states. In one
conformation, this region is docked against thealgdt domain presumably making
contacts to the catalytic cleft. In the other, doenain is undocked and largely disordered
making it accessible to solvent. We measured riist® between catalytic and regulatory
domains to gain insight on the position of the tagury domain in the docked state and
the amplitude of motion in the undocked state. esasurement between site 125 of the
catalytic domain and site 307 of the R3 regionhaf tegulatory domain resulted in two
distances; a short distance of 25 A with narrowritiistion and a longer distance of 42 A
with a broad distribution (Figure 4.7, all raw DEERta is in Appendix A). This is in
concordance with our equilibrium hypothesis. Wegas] that the short, narrow distance
correlates with the docked conformation since 3@ would theoretically be positioned
closely and tightly to the catalytic cleft. Undoagiwould place this residue farther away
from the catalytic domain and result in a longestaiice. The distribution of the longer
42 A distance is almost 30 A indicating this regisnquite flexible in the undocked
conformation.

Additionally, DEER data indicates that ATP bindiebifts the relative docked
and undocked populations to favor the undockee statthe apo state the short distance
comprises 60% of the signal and in the ATP bouatkst is reduced to 20% indicating a
large reduction in the docked population. Percesdagalculated from MOMD
simulations on CW data, which were averaged oveltipiel residues, show the same

general trend, but differ in absolute value (Tabl2). The average percentage of the
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docked population was estimated at 80% comparegD% from the DEER data. The

ATP-bound state was estimated at 50% compared%ofBin DEER.

Apo ATP

%Docked %Undocked | %Docked %Undocked

125/307 DEER

60 40 20 80
MOMD Ave (302,204,206,307) 80 0 50 50
MOMD 307 90 10 70 30

Table 4.2Percentage of docked and undocked population8of R

In contrast, control distance measurements betwatatytic site 125 and regulatory site
287 of the R1 segment show one major distance & @hich does not change in the
presence of ATP (Figure 4.7B). This is consisterth wnobility data implying each

residue resides in one conformational state wtsctot modified in the presence of ATP.
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Figure 4.7 Distance measurements between catalytic and teguldomains. A) Sites used for DEER
distance measurements are highlighted in greeheirctystal structure of human CaMKI(PDB 2VN9).

B) Distance measurements between catalytic sitealZbthe R1 region of the regulatory domain from
DEER experiments show little difference between &plack) and ATP bound (purple) protein. C)
Distances measurements between 125 and 307 ofdRSaie a population shift toward a longer broader
distance in the presence of ATP. D) Across R1 RBdregulatory segments, two major distances are
detected and their ratio is modulated by ATP bigdin

Since we predict that the R1 segment of the regujiadomain is stably docked
while the R3 region is undergoing a docking/undogktonformational equilibrium, we
wondered if we could capture changes in distaneésden R1 and R3. From mobility
data we expect the undocked state to be in a feex#mdom coil conformation, however
we do not know the conformation in the docked st@er mobility data from the R3
region is confounded by the presence of the undbakebile population making

secondary structure predictions for the docked @omdition difficult (spectra in Figure

110



4.2A). For the doubly labeled 287/307 protein, mplgt distances were observed in the
apo state (black); the two major peaks at 28 and 8Bigure 4.7D). The peak at 28 A
correlates well with the distance in the crystalsture, calculated from @ to be 29 A.
What is resolved of the R3 segment in the crydtaicure of human CaMKIl (PDB
2VN9) is docked in a random coil conformation. Tféfere, if we attribute the shorter
distance to the docked conformation, the crystaffaonation may be feasible for our
solution protein. We speculate the longer distam@gy correlate with the undocked
conformation because the domain presumably haslfgy to “stretch out” linearly
since it is not restricted by tertiary interactionsdditionally, this longer distance may be
more heavily populated in the ATP bound state (cemhisistent with the notion that ATP
binding enhances the undocked population. Althotigé interpretation is somewhat
speculative from the distance distribution, the Gp¥éctra clearly indicate an increase in
mobility (Figure 4.7D, inlaid spectra). Overdillese results from DEER measurements
serve to validate our model built from mobility dat

To confirm that the shift in equilibrium arisesincATP binding, spin labels were
introduced at representative sites along the régyladomains in a D135N*/K42M
background. The Lys to Met substitution, which xpected to abolish ATP binding,
eliminates the changes in the mobile componentenR3 segment. In the apo form, the
mutation shifts the equilibrium towards the dockeaformation (Figure 4.8). Thus, it is
likely that the shift in the R3 equilibrium resuftem ATP competing this segment away

from the nucleotide-binding lobe.
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Figure 4.8 K42M control experiments. Spectra for protein tegming the K42M mutation predicted to

prevent ATP coordination are overlaid in the abse(idack) and presence of ATP (purple). The ATP
induced spectral changes are eliminated if the iglonserved Lys42 in the ATP-binding cleft is

substituted by a methionine.

Ca’*/CaM binding stabilizes an ordered helical confotioa in the R3 segment.

The CaM binding region, which is in equilibrium teen unstructured and
docked conformations in the apo state, undergoedoguational transitions upon
cd*/CaM binding. For thei( i+4) doubly labeled 300/304 mutant, binding induces
spectral broadening relative to the apo state datifiom comparison of the lineshape

and intensity (Figure 4.9).
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Figure 4.9 A) EPR spectra ofi(i+4) spin label pairs revealing opposite changedistance in the R1
(286/290) and R3 (300/304) segments. Both the @onritant spectrum and that of the corresponding sum
of singles are shown for the apo and CaM-boundrimdiates. B) Spin label mobility changes in the R3
region (red) and C) in the R1 region uporf @@aM binding.

The corresponding distance distribution shiftshorter distance indicating stabilization

of -helical structure (Figure 4.10B). €&CaM binding also leads to a reduction in the
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mobile fraction of spin labels suggesting that mR8tresidues are in tertiary contacts
with CaM (Figure 4.9B). These changes are condistath the crystal structure of
Cc&*/CaM bound to the corresponding CaMKII peptideittess 293-310) (PDB 1CDM)

[152] and a recent structure of the CaMKII/CaM céemgPDB 2WEL) [108].

Figure 4.10Consequences of CaM binding to the regulatory domBRepresentative distance distributions
between i i+4) spin label pairs in the R1; 286/290 (A) and B30/304 (B) segments. The distributions,
consisting of the probability of given a distande) Pwere obtained from fits to the EPR spectrdetsiled

in the methods and shown in Figures S5 and S7A!/CaM binding to R3 induces conformational
changes along the entire regulatory segment evidehy changes in average distance and breadtheof th
distribution (a, red trace) and increased dynamfabie R1 segment illustrated by sharper EPR liapeh

at sites 287 and 282 (C) and increases in thesaveorrelation times (D).

Ca’*/CaM mediated activation induces unfolding of tHehlix.
Concomitant with the ordering of the R3 helix, sf@bels at a number of sites in

the R1 segment (274-291) report substantial bueredivie increases in mobility upon
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c&*/CaM binding (Figure 4.9C). This is illustrated fgsidue 287 which in the apo state
is buried at the interface with the catalytic doméee above). Binding of €4&CaM
leads to a 10-fold decrease in rotational corretatime (Figure 4.10C, red trace). This
loss of tertiary contacts with the catalytic dom&naccompanied by unfolding of the
helix, as evidenced by increased distance betweienlabels ati( i+4) residues (Figure
4.10A). In addition, representative site 282 whglsurface-exposed in the neighboring
R1 loop reports a 3-fold increase in mobility iratiag an increase in the dynamics of the
backbone upon CaM binding (Figure 4.10C). The iaseein backbone flexibility and
loss of tertiary contacts create an expanded |lpaprang residues 278-291 surrounding
the Thr286 phosphorylation site (Figure 4.10D).

Unfolding in the R1 region is consistent with aaetccrystal structure of CaMKI|
bound to C&/CaM (PDB 2WEL) [108], in which the R1 segment &xked at the active
site of an adjacent kinase monomer in the crystahsngly positioning Thr286 for trans-
phosphorylation. Evidence of this interaction ocitwy in solution were also obtained
from analytical ultracentrifugation at@ revealing a rather moderate I§f 50-100 uM
[108]. However, the mobile EPR lineshapes in thesBdment are inconsistent with the
formation of C&'/CaM/CaMKII dimers in solution. It is possible thétese dimers are
not stable at the concentrations used in the ERferarents (50-100 puM) at 25. In
addition to the mobile EPR lineshapes, we failedobserve such dimers using light

scattering (Figure 4.11) in disagreement with daferted previously [109].
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Figure 4.11 Light Scattering on CaM-bound CaMKII. Light Scaitgy analysis of WT* protein was
analyzed in the presence of Ca&hd 6-fold excess CaM. One major peak was obderegesponding to
an experimental molecular weight of 52400 Da. Hxpected molecular weight for the WT*/CaM
complex is 58005.2 Da indicating close agreement.

DEER measurements made between the catalytic doaminthe R1 segment
indicate an increase in interprobe distance anthradie distribution in the presence of
CaM. Protein labeled at 93/287 shows two shodrdts distances of narrow distribution
in the apo state which are less than 30 A (Figut®,4black trace). In the presence of
CaM, the major distance component is centered &k #4th a broad 20 A distribution
(red trace). This is consistent with mobility seslwhich indicate an undocking and
unfolding of this region upon CaM binding, a prarsife for T286 autophosphorylation

and activation.

Figure 4.12Distance measurement in the presence of CaM. Eg®distance measurements were taken
between site 93 of the catalytic domain and sife @&he R1 regulatory segment. B) Distance diatidns
reveal an increase in distance length and breadtieipresence of CaM centered at 45 A.
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T286E phosphorylation mimic undergoes CaM-trapghgnomenon
Autophosphorylation of CaMKII at Thr286 increases @CaM affinity by more
than a 1000 fold [147,151], and it has been estabtl that the origin of this effect
involves the transition of CaMKII-bound CaM to ayhiaffinity “trapped” conformation
[151]. Therefore, we assessed the mimicking gbibf the T286E mutation by
completing CaM binding and dissociation curves upddition of EGTA chelator (see
Appendix B for method details). Previous studigggest that the on-rate for CaM is not
significantly varied under trapping conditions atiht the difference in binding
equilibrium is almost exclusively due to changesoiffi rates [151]. We therefore
expected to see little change in CaM binding betwpmteins with and without the
T286E phosphorylation mimic. For these experimepi®tein was not titrated to
complete a binding reaction over time. Insteadtgmno samples with varying
concentrations of CaM were prepared in the preseficgaturating C& and an EPR
spectrum was collected for each condition at dguilm (Figure 4.11). While overall
changes in lineshapes are a reliable qualitatisesssnent, their peak heights can be used
as a quantitative measure of spectral change. nidtele portion of the highfield peak
was monitored in these experiments (Figure 4.1&;koarrow). Here the overlaid spectra
for the 287 binding experiment are shown to illasgrthat the CaM binding dependent
changes in EPR spectra occur in a dose-dependemema The peak heights were
plotted as a function of the CaM to CaMKIl molatiscaand were best fitted with a
sigmodial dose response function when comparihgafies of various functions. Peak
height data was normalized to span 0 to 1. Ilimigdrtant to note that the mobilities for

the investigated sites 287 and 300 change in ofgasiys; site 287 increases in mobility
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with increasing concentrations of CaM as site 3@6relases in mobility. Therefore their

binding curves project in opposite directions.

Figure 4.13CaM-CaMKII association curves. A) The lowfield nilebpeak of EPR spectra representing
various concentrations of CaM was observed. Thenalized height of the peak was plotted as a foncti
of [CaM]/[CaMKII] ratio for proteins with and witha the T286E phosphorylation mimic. Sites 287 (B)
and 300 (C) were investigated for CaM associati®aturation for binding occurs at ~3 molar ratio.

Data for proteins labeled at site 287 indicate 8aM binding saturation occurs at a
lower CaM concentration with the T286E phosphomitmian without (Figure 4.13B).
Although we expected the curves to be very similagse data indicate that the protein
containing the phosphomimic has a higher appar#ittity for CaM. However we
cannot rule out the possibility that the presenicthe label immediately adjacent to the
mimic may influence binding kinetics. Any appareffinity effect was not as prevalent
in proteins labeled at site 300. These experimevege not repeated. Only one
expression and purification was prepared for eaottepn and validation of these
experiments awaits further investigations. Newddbs, the binding experiments show
binding saturation at ~3 [CaM]/[CaMKII] for all cue¢ indicating that saturating steady
state measurements can be made above this conimantrBPR experiments for CaMKII

in the presence of CaM were carried out well altoistthreshold, at 6 [CaM]/[CaMKII].
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To investigate dissociation, CaM was added to @aMKII proteins in the
presence of Ca for complete binding. Then samples were prepawiéiti varying
amounts of EGTA chelator which competes with Cam @af* binding. It has been
suggested that binding of CaM to CaMKII requiresesal C&" sites to be occupied
[152] so stripping away of even one’Céon can theoretically cause CaM to dissociate
from CaMKII. This would indicate that €adoes not need to be fully chelated to have
complete CaM-CaMKII dissociation. The results &3 EA dependent dissociation are

illustrated in Figure 4.14.

Figure 4.14 CaM-CaMKII dissociation curves. Dissociation cd from CaMKIl was observed through
changes in the low field mobile peak of EPR spetetken under various concentrations of EGTA chelato
Peak heights are plotted as a function of [EGTAJPE] concentration for sites 287 (A) and 300 (B) with
and without the T286E phosphorylation mimic.

For the proteins not containing the phosphomimisjgmodial dose response function
was best able to fit the dissociation curves. €hmsves saturate at low [EGTA]/[Cal’l

ratios, at approximately 0.3. The addition of thieosphomimic causes a dramatic
increase in required chelator to reach the sameagein. Experimental fits for data from
T286E* proteins were of exponential type. These plhase functions may indicate that
CaM dissociation is occurring by a different medeam with the phosphomimic than

without. While it is difficult to speculate whateohanism is taking place, we can

conclude that our mimic is indeed able to decraheseapparent dissociation of CaM.
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With confirmation of CaM trapping ability, we comcded that the T286E mutation was

appropriate for mimicking phosphorylation.

Autophosphorylation induces unfolding of the Rixhel

Transition of CaMKII to the autonomously activednhediate is mediated by
autophosphorylation at Thr286 which in the apoestat in a solvent inaccessible
environment. To investigate the conformational d®n induced by Thr286
phosphorylation, we carried out mobility analysié spin labels introduced in a
phosphomimic T286E mutant on the D135N* backgrouRidis mimicry approach is
necessitated by the expected heterogeneous auppmgkation at Thr253, Thr305 and
Thr306 [127,222] in the WT* enzyme which would cdrogte interpretation of the EPR
data. Spin labels report that the R1 helix surfamgéed by interactions with the catalytic
domain in the autoinhibited apo D135N* monomer. (residues 286, 287) becomes
exposed in the T286E/D135N* mutant, with EPR liregsks characteristic of an

unstructured backbone (Figure 4.15A and FigureA).16
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Figure 4.15Effects of the T286E mutation on the dynamics @f tégulatory domain. A) Comparison of
EPR lineshapes in the T286E mutant (green) to tiel-Bound intermediate (red) in R1. B) Binding of
CaM to the T286E mutant leads to EPR lineshapakdnR1 segment consisting primarily of a highly
mobile component. C) EPR lineshapes in the CaMibmdegion. The spectrum of site 299 is consistent
with increased contact between the spin label aid C

Local unfolding of the helix is also manifestedibgreased distance between spin labels
introduced ati( i+4) residues (Figure 4.16B). Presumably, disruptibcontacts between
the R1 helix and the catalytic domain accountstf@ lower melting temperature of

CaMKIl T286E/D135N* (Figure 4.16C). The similarigf the EPR parameters of the
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T286E mutant to those observed in thé @@aM-bound conformation is consistent with
the notion that Thr286 autophosphorylation preveloisking of the 287-289 segment to
the catalytic domain thereby blocking reinstatemet autoinhibition after CaM
dissociates. One notable difference is that thespihorylation-mimicking mutation

leaves the conformational equilibrium of the CaMding R3 region intact.

Figure 4.16 Conformational changes of T286 phosphorylatiormémicked by the T286E mutation. A)
Comparison of the inverse rotational correlationetiof spin labels in three CaMKII intermediatesvgimg

the increase in dynamics of the R1 and R2 segnietite presence of €4CaM and in the T286E mutant.
B) The phosphorylation-mimicking mutation T286E tdxlizes the R1 helix leading to an increase m th
width of the distance distribution betweeni{4) spin label pairs. C) R1 helix unfolding is nfasied by a
shift in the melting temperature of T286E. D) Reyartative EPR lineshapes highlighting the increased
dynamics of the regulatory domain in the CaM-boli@86E mutant.

Phosphorylation of CaM-bound CaMKI| further increasthe flexibility of the R1 region.

Autophosphorylation of CaMKII at Thr286 increases@CaM affinity by more
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than a 1000 fold [147,151]. While it has been ds&hbd that the origin of this effect
involves the transition of CaMKII-bound CaM to ahiaffinity “trapped” conformation
[151], corresponding changes in CaMKII structurgehget to be defined. We observed
distinct changes in backbone order upon bindingdf/CaM to the T286E/D135N*
mutant. EPR spectra in the R1 segment become shagmssistent with increased
flexibility of the backbone (Figure 4.16D). Whilea® binding alone induces an
expanded loop conformation in the Thr286 regiorgitawh of the phosphomimicking
mutation causes further increases in mobility kstilated by the spectral lineshape for
site 289 (Figure 4.16D). With €4CaM bound to the T286E mutant, the spectra as site
278-291 (Figure 4.15B) are similar to those of wrdtred peptides or intrinsically
disordered proteins [226]. Thus we conclude the &lix experiences complete
unfolding in the CaM-trapped intermediate (i.e. GBbund and Thr286 phosphorylated).
Structural changes are also observed in the regpasisting of residues 291-294
that has been linked to E&aM trapping [151]. Although CaM binding has no
substantial effect on EPR lineshape at residuei@gd3135N*, CaM induces a distinct
increase in mobility of residues 293 in T286E/D135Nigure 4.16D) suggesting that
disruption of the tertiary contacts with the catiglyflomain are involved in the trapping
phenomenon. Significant changes in the immobile pmmments are also observed at sites
299 and 303 in the CaM-binding region (Figure 4.)1%0ggesting that the T286E

mutation affects the interactions between CaM ah@89D* CaMKII.

Phosphorylation of Thr305 and Thr306 does not $icautly alter the R3 equilibrium

Phosphorylation at T305 and T306 is known to preveaM binding, causing
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insensitivity to calcium. While there is no speciévidence for duel phosphorylation in
the cell, it is not clear if autophosphorylationTdir305 or T306 is more physiologically
relevant. To simplify the number of proteins whiebuld need to be investigated and
reduce the experiment effort, we chose to invesidaoth sites to determine the
consequences of phosphorylation of these residuBgpresentative sites along the
regulatory domain were therefore investigated iotgan containing a T305E/T306E
double phosphorylation mimic. Specifically we weohtto understand how the addition
of negative charges may alter the docking/undockaagilibrium observed for this
portion of the regulatory domain. Spectra for 88 report no significant changes in the
relative population of each conformation (Figurd7f). However, there is a small
broadening of the spectrum over all, which indisatee label is experiencing a slightly
different environment. Site 302 also reports aaanequilibrium with changes in tertiary
contacts although the mobile and immobile poputetibecome less discrete in this case.
Site 287 of the R1 segment was also investigateldwas not significantly affected by
the phosphorylation mimics as expected. Lastly 883, which is implicated in CaM
trapping, shows changes in tertiary contacts butres largely docked as in apo protein.
The T305E/T306E phosphorylation mimic does notutisthe R3 docking/undocking

equilibrium but causes minor changes in dockingraation.
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Figure 4.17 Effects of the T305E/T306E phosphomimics. A) Speéor representative sites throughout
the regulatory domain collected for apo proteina¢hk), protein containing the T305E/T306E
phosphomimics (magenta) and B) protein containiigT305E/T306E phosphomimics in the presence of
ATP (navy).

Since ATP binding alters the docking/undocking élquum of the R3 regulatory
segment in protein lacking any phosphorylation,imeestigated whether or not protein
containing the T305E/T306E mimic would behave samyl. Figure 4.17B illustrates
spectra from protein containing T305E/T306E in ginesence (navy blue) and absence
(magenta) of ATP. Similarly to nonphosphorylatedtein, ATP binding did not alter
the spectra for representative sites 287 and 29BanR1 and R2 regulatory regions
respectively while sites 302 and 307 of the R3aegeported increases in the undocked
population. In the presence of ATP, protein conte the T305E/T306E yielded spectra
nearly identical to their nonphosphorylated coyraer proteins (data not shown). Thus
we predict that phosphorylation at Thr305 and TBr3fbes not cause significant
conformational changes in the regulatory domaim,do®s it enhance or reduce the effect
of ATP binding. Because the docking/undocking eftim is maintained under these

conditions, we predict it to be critical for protectivity.
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The position of the catalytic N-lobe may be flexibklative to the C-lobe and
conformational changes may be modulated by nudedtinding.

When comparing structures of active and inactiveage homologs, differences in
positioning of the catalytic N- and C-lobes vargd<hapter 1 for details). Therefore the
conformational changes associated with activatreraéso thought to be accompanied by
an 18 shift of catalytic lobes toward each oth&B4,181,182]. To investigate this
possibility, we labeled sites in the catalytic damand made distance measurements to
anchoring site 287 using DEER. We found that tistéadce between 287 and 125 in the
catalytic C-lobe had predominately one distanceelatively tight distance distribution in
agreement with the crystal structure (shown preshipin Figure 4.7B). In contrast, a
distance measurement between site 17, which isddda a strand of the N-lobe, and
site 287 reports an almost 40 A heterogeneousilison from 2 to 6 nm (Figure
4.15B). This broad distribution may reflect sideaichmobility and/or potential N-lobe
movement relative to the C-lobe. Interestingly, ttistance distribution for 93/287
reports two narrow, discrete distances at 22 and ZFigure 4.18C). Because site 93
resides between the N- and C-lobes of the catagtimain, this data suggests a
conformational equilibrium may exist in this hingsgion between lobes. These results
raise the question of whether the conformationaihges in the N-lobe and hinge region
are coupled, the hinge-like movement in the catalgteft propagating to create larger
motions in the N-lobe. Additionally, ATP binding the 93/287 protein causes a change
in population of the two distances, now favoring #horter distance. ATP also causes a
shortening of the distance and tightening of thstagice distribution of the 17/287

mutant, although it is still quite heterogeneoulse Thange in populations illustrate that
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ATP binding modulates these conformational charagesbegs the question of whether
or not the R3 regulatory domain docking/undockiogikbrium is coincident with the

proposed catalytic equilibrium.

Figure 4.18ATP effect on positioning of catalytic N-lobe. Sjtes used for DEER distance measurements
are highlighted in green in the crystal structurfe homan CaMKIl (PDB 2VN9). B) Distance
measurements between site 17 on the catalytic Bl-#4ofal anchor site 287 of the regulatory domairhén t
apo (black) and ATP bound (purple) intermediat€?). Distance measurements between site 93 of the
catalytic cleft and 287 reveal two discrete disenwhich invert populations in the presence of ATP.

To test the idea that the N-lobe is undergoing @onétional changes relative to
the C-lobe in the apo state, a series of doublemsitwere created that connect site 20 of
the N-lobe, 134 of the catalytic cleft, and 11Gled C-lobe (Figure 4.19A). The rationale
for deciding on these sites originated from a camspa of crystal structures of active
PKA and inactive CaMKIl. The sites chosen wereicgmdted to undergo large
conformational changes. A 20/110 mutant measurog the N- to C-lobe reported one
narrow distance of 32 A which does not imply confational heterogeneity of the N-
lobe. Measurement between 110 and 134 of the tiatalgft also reports one distance of
40 A. Interestingly, the 20/134 mutant reportedatises of 22 and 45 A which were
much broader in distribution. If we think of thedeee sites as corners of a triangle,
sides connected to site 110 do not change lengile Wte length of the side between 20

and 134 can vary. If we interpret this data in¢batext of a model involving rotation of
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catalytic lobes, C-lobe site 110 would be consideas anchor point since both sets of
data containing site 110 show discrete, singlead distributions and the helix this
residue resides on is expected to remain largahcstin this case, it is unlikely that site
134 in the catalytic cleft is part of the proposedalytic equilibrium like site 93. Since
there is only one predominant distance, site 134 beastatically associated with the C-
lobe. In this case any rearrangement of lobedteesuthe same distance between sites

110 and 20 which is a bit difficult to reconcile.

Figure 4.19 Distance measurements between catalytic lobes. Si#gs used for DEER distance
measurements are highlighted in green in the drgstacture of human CaMKII(PDB 2VN9) with site

20 in the catalytic N-lobe, 110 in the C-lobe, a4 in the catalytic cleft. B) Measurements across
catalytic lobes between sites 20 and 110 resuwnim distance unaffected by ATP. C) Measurememn fro
the N-lobe to the catalytic cleft resulted in twméd distances while D) measurement from the C-tobe
the catalytic cleft resulted in one narrow distadigtribution, neither of which were influenced time
presence of ATP.
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Interestingly ATP did not modulate any of thesdahses as hypothesized. These
results are inconsistent with data measured frofh t88the N-lobe and to the hinge
region which show conformational changes upon ATRlihg. Since neighboring site
135 is catalytically important, SDSL of site 134ymahibit ATP binding. Overall these
results do not serve to verify catalytic domain ements, but rather introduce
mechanistic questions about lobe rotation and dymasquilibria in the apo state.
Resolution of catalytic conformational changes esded with ATP binding awaits
further investigation.

While delineation of the catalytic domain confotrmoaal changes awaits future
investigation, the conformational changes of tlgulatory domain have been built into a
model describing the structural basis for eachrinégliate. Additionally, the structural
implications from the data reported here are unieth hypotheses and data from
previous biochemical research to describe a nowalainof CaMKIl structure-function

relationships. This model is described in the rodepter.
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CHAPTER V

MODEL OF CaMKIl ACTIVATION?

CaMKIl mechanism of activation; a summary of EPRutes

Our results present a novel perspective on CaMi€gutatory mechanisms
revealing the link between dynamics and interastiohthe regulatory domain and the
activation state of the enzyme. This work wasglesil to investigate how this enzyme is
regulated by a ~40 amino acid domain especiallyeduid adopt several conformations.
We found that the most important feature which vaio multiple and discrete
intermediates is its backbone flexibility and dynamature. We predict that the entire
domain has helical propensity, but is unstable ghosuch that it exists in equilibria
between structured and intrinsically disorderedesta It is this exchange between order
and disorder that endows the regulatory domain &itbonformational plasticity and
makes it exceptionally sensitive to modificatiohhe structural plasticity of this domain
manifested by the conformational equilibrium ddsed here is a central element in
autoregulation, serving to modulate substrate andentide access and affinity for
cd*/CaM, as well as to regulate intersubunit interawi with neighboring catalytic
domains. Destabilizing phosphorylation chargestabilizing tertiary contacts are able
to shift the equilibrium, consequently producing e thvarious conformations.
Conformational changes are even coupled under saowditions, allowing a
modification in one segment of the domain to comitate changes to another. From

investigation of these dynamics, we have built adehcof activation describing the

*A portion of text and figures described in this jptea are published in Hoffman et al., 2011 [223].
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conformational rearrangements that take place &s d@hzyme cycles from one
intermediate to the next. Our findings are sumeeati here to illustrate how
conformational changes of the regulatory domain igmanultiple interactions with the
kinase domain underlie transitions between CaMhtkimediates.

The cartoon illustrated in Figure 5.1 depicts owdel of intermediates for one
catalytic subunit. In the basal state, the R3 ssgmontaining the CaM-binding region
partitions between an undocked, dynamic conformasind one where it interacts with
the catalytic domain reducing affinity for nucletds and presumably substrate access to
the active site (Figure 5.1A). The docked conforamats consistent with the structure of
the human CaMKIl isozyme (PDB 2VN9) placing Thr306 at the catalytleft. The
equilibrium predicts that a population of residaes undocked approximately 20% of the
time, leaving the catalytic cleft open for ATP asubstrate binding and the CaM binding
region disordered and freely accessible. This iespmechanistic relevance for both
nucleotide coordination and CaM recognition. Fitls¢ equilibrium facilitates ATP
binding by repeatedly exposing the active sitellmmaATP access without a prior CaM-
binding requirement. Additionally, we predict thedocked and unstructured state to

facilitate CaM recognition.
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Figure 5.1 Model of the mechanism of autoinhibition and aation of CaMKIIl. The CaMKII monomer is
represented with N- and C- lobes of the catalytendin in blue and the regulatory domain in red. The
ATP binding and Thr286 docking sites are indicatedray with letters “A” and “T” respectively. Anl
the basal, apo intermediate, the R3 segment afetipdlatory domain is in a dynamic equilibrium begwe
docked and undocked, flexible (indicated by pares#ls) conformations. B) ATP binding shifts the
equilibrium toward the undocked conformation fdaling exposure of the catalytic cleft. C) CaM
(yellow) binding releases autoinhibition and printbe regulatory domain for phosphorylation at resid
286. D) Autophosphorylation at Thr286 causes furflexibility of the regulatory domain and exposste
293 which is implicated in CaM trapping. E) Whileal& dissociation allows for reinstatement of the R3
equilibrium, the R1 helix remains predominantly iastured.

We found that saturating concentrations of ATP cedibut do not eliminate,
binding of R3 at or near the active site (FigureBj. Thus in the docked conformation
Thr306 remains proximal to the active site when A$Pbound, allowing slow basal
intrasubunit autophosphorylation [122]. The eveafjuires that nucleotide bind the
autoinhibited kinase and that residue 306 fit itite active site of their own catalytic
domain within the same subunit simultaneously. c&ir50% of the regulatory domain
population remains catalytically docked upon ATRding, residue 306 can occupy the
active site concurrently with ATP. Maintaining theguilibrium in this manner is
essential to retain the possibility for 306 autoggterylation. This interaction also

explains in a structural context previous biochehicesults demonstrating that
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regulatory domain peptides compete not only withssates but also with ATP binding
[110,111,132,135] and that regulatory domain p&gtidrotect reactive arginine residues
in the nucleotide-binding site from covalent mochtions that inactivate CaMKII
[135,186]. Because cellular concentrations of AT® waell above the K of binding to
CaMKIl, a substantial fraction of R3 is presumaiblyhe undocked state, physiologically
primed for C&'/CaM binding.

Stable docking of the R1 helix to the catalytic gmmburies Thr286, ensuring a
stringent dependence on %afor activation. Our data supporting this proposed
conformation cannot be reconciled with that of eeleganscrystal structure (PDB
2BDW), which features a dimeric interface showiéounstable in solution [138], but is
consistent with structures of human kinase dom#@ri3BIDs 2VZ6, 3BHH, 2V70,
2VN9) [108].

Although CaM binding does not require initial AT®ocdination, our model
predicts ATP binding aids in the sequestering d¥i®g pushing the equilibrium to favor
the undocked conformation. We predict the intardisorder of this state may facilitate
CaM binding by decreasing theqK As shown in a structure of CaM bound to a
regulatory domain peptide (PDB 1CDM) [152] and eerd structure of CaM bound to
CaMKIl regulatory domain (PDB 1MXE) [191], CaM cotetely surrounds the R3
portion of the regulatory domain, stabilizing ibfin all sides [152]. Because its contact is
so extensive, we theorize it would require lese femergy for CaM to bind a freely
accessible domain versus one that is catalyticatigked and must dissociate from
catalytic contacts. This also sheds light on presiwork which showed nucleotide

binding was able to stabilize the CaM-CaMKII compénd that ATP increased the CaM
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affinity for CaMKIl [122,123,143,227]. We predi&TP binding serves to lower the
regulatory domain affinity for catalytic dockingawusing an increased preference for
CaM. In addition, CaMKIl-bound CaM has been shotenadopt a more compact
conformation in the presence of a non-hydrolyza®lEeP analog [143], presumably
making more extensive contacts with the regulattomnain. The increased exposure of
regulatory residues might explain this change enabnformation of bound CaM.
Preliminary evidence also suggests that catalyticaNd C-lobes undergo a
conformational equilibrium in the apo state. Weapate this involves a twisting motion
relative to one another as predicted by the 18&itiat of catalytic lobes in active and
inactive structures of kinase homologs [134,181].182 the apo state, the catalytic lobes
are predicted to be in an “open” conformation wikdrger inter-lobe distance
predominantly. According to the equilibrium, thanor population is in a “closed”
conformation with a smaller inter-lobe distance.ntetestingly this equilibrium is
modulated by ATP binding which may suggest the moa is concurrent with the R3
regulatory docking/undocking equilibrium (Figure2p. This model predicts that ATP
binding serves to switch the populations to faher ‘tclosed” catalytic lobe conformation

and the undocked R3 regulatory segment.

Figure 5.2 Catalytic equilibrium hypothesis. The N- and @ds are predicted to undergo an 18° twisting
motion relative to one another. In the apo sthdft)(the domains are predominantly held in ané€iap
conformation with the R3 regulatory segment dock&tie minor population is predicted to be in a etbs
conformation (dotted lines). ATP binding shift thopulations to favor a “closed” catalytic confation
with undocked R3 segment (right).

134



Our data directly demonstrates that binding of @aM to the R3 segment
induces significant changes in the backbone strectand interaction of the
regulatory/catalytic domains that cause activatibine R3 equilibrium is shifted to the
undocked conformation fully releasing the catalyieft for nucleotide binding (Figure
5.1C). The CaM-binding region is stabilized in did¢ed conformation consistent with
crystal structures of G4CaM bound to the R3 regulatory segment (PDB 1CRWEL)
[108,152]. This conformational change propagateth&oR1 regulatory helix (residues
285-293) exposing Thr286 to the solvent. We prethiig separation of regulatory and
catalytic domains abolishes autoinhibition, whismecessary for the enzyme to become
active. Our results are consistent with previoais dlustrating that deletion or mutation
of certain residues in the extended R1 loop prosluaonstitutive activity
[126,130,144,228]. The regulatory-catalytic sepamapresumably exposes the active
site as well as the T-site on the catalytic domaihich has been identified as the site
where Thr286 docks against the catalytic domaie T-site is also a binding site for
several substrates including the NR2B subunit efNIMDA receptor. Interestingly this
substrate can only bind the active enzyme [169)Vimch the T-site is expected to be
accessible. The fact that the stabilization of @eM-binding region coupled to the
destabilization of the T286 phosphorylation reg®mechanistically important; i.e. CaM
binding exposes the catalytic domain for substoatding.

The catalytic separation is preparatory for T28@®ppliosphorylation as well. It
has been shown that T286 autophosphorylation isinggrsubunit reaction in the
holoenzyme and that CaM must be bound to both stswimultaneously for

autophosphorylation to occur [157,229,230,231]. isTrequires that the regulatory
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domain of the “substrate” subunit must enter thevacsite of the neighboring “kinase”
domain [109]. The unfolding of the R1 helix efigely expands the length of the R1
region, presumably enabling the binding of Thr28Ghe active site of a neighboring
subunit in the holoenzyme, a prerequisite for tiaimgsphorylation and transition to the
autonomously active intermediate. It also expobes‘kinase” active site for “substrate”
regulatory domain binding. It is important to nébat intersubunit catalytic-regulatory
binding for T286 phosphorylation is structurallystinct from intrasubunit binding for
autoinhibition. For autophosphorylation, the T286idue must be in the active site of its
neighboring subunit (as shown in a recent strudtL®8]), ready to accept the phosphate
transfer. In contrast, T286 is catalytically dodke the T-site, away from the active site
in the autoinhibited conformation. The promiscumadure of the regulatory domain
must allow it to adopt both conformations, and vpecsilate the disorder created by
CaM-binding is necessary to change its affinity piefer intersubunit binding over
intrasubunit autoinhibition.  In addition, undocginof the R1 segment disrupts
interactions with helix D which was proposed tdodlize an inactive conformation of the
catalytic domain [138]. In the CaMKIUCaM structure, the orientation of the highly
conserved E97 is altered to coordinate the sugaetynof ATP, as seen in glycogen
phosphorylase kinase [232]. In combination, thesgctiral changes likely mediate the
10-fold increase in nucleotide affinity followingtivation by C&"/CaM [122,187,188].
Thr286 phosphorylation is thought to generate t®raomously-active form by
blocking reinstatement of autoinhibition upon disiation of C&‘/CaM [121,153].
Indeed, we find that the phosphomimic T286E maim#dihe R1 helix in a predominantly

unfolded and undocked conformation (Figure 5.1Elthdugh the T286 region is
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unstructured, it is flexible to a lesser degreentaM-bound CaMKII because the R1
loop region is shorter. The T-site may conseqydmdl exposed to a lesser degree. The
other significant difference is that in this intexdmate, the T286 region is not coupled to
the CaM-binding region. However, in contrast te tbaM-bound intermediate, the R3
conformational equilibrium is restored allowing tacts with the catalytic cleft.
Therefore the active site is occluded 80% of tmeetidespite the availability of the
catalytic T-site. For enzymatic phosphorylationbstrates must either enter the active
site while the equilibrium is undocked or altermaly bind the T-site and sterically
induce undocking at the active site. This implieat the energy barrier for substrate
phosphorylation is higher in the T286 autophosplabed intermediate than in the CaM-
bound intermediate. This may explain the lowetivaty of autophosphorylated
CaMKIl, which is 30-70% that of fully activated Cabbund CaMKII [230]. The relative
autonomous activity of CaMKIl holenzymes can beréased by using higher
concentrations of ATP and peptide substrates [186pporting the restoration of a
competitive R3 interaction with the nucleotide-bimgl site. However, binding of
cd*/CaM to the autonomously active Thr286 phosphoegaform fully activates
CaMKIl. In support of this conclusion, we found tliae R1 segment is most strongly
disordered in Cd/CaM-bound/T286E CaMKII, indicative of essentialomplete
disruption of interactions between regulatory aathkytic domains (Figure 5.1D). Both
the active site and T-site are predicted to be detmly available indicating that
substrates can bind more easily. This suggests iBedirect correlation between the
catalytic exposure resultant for regulatory dondisorder and enzymatic activity. The

region between residues 291 and 294 previously icaield in the CaM-trapping
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phenomenon [147,151] also shows conformational gésuainique to this intermediate. It
has been shown that these residues, although oetrkto have significant CaM contact
[152], aid in establishing electrostatic contadtsesidues 296-298 [151]. Interestingly
sites 291 and 293 do not experience conformaticimahges with CaM binding alone, but
become accessible when T286 is phosphorylated.

The R3 equilibrium is also maintained in proteinntzoning T305E/T306E
phosphomimics. We conclude the function of thebarges is merely to prevent
cd*/CaM binding without changing affinity for ATP oiisslupting regulatory-catalytic
interactions. However, introduction of negativaide by the T286E, T305E, or T306E
mutations do not fully mimic the effects of a phleafe group, and details of the local

dynamics may be somewhat different in phosphorgllaiease.

CaMKIl activation model in the context of the halegme

Assembly and interaction of the CaMKII subunitholoenzymes allow for trans-
phosphorylation of one subunit by a neighboring anel mediates cooperative CaM
binding and substrate phosphorylation. A model praposed on the basis of the crystal
structure of the autoinhibited kinase domain andersive analysis of cooperative
substrate phosphorylation in the holoenzyme [189tentral element in this model is
dimerization of the auto-regulatory domain whicltde the enzyme in an inactive
conformation. Binding of C&/CaM disrupts the dimer simultaneously activatihg t
kinase domain of one subunit and releasing the Galding region of the other subunit.
However, we found no evidence for regulatory domaimerization, and this model

cannot rationalize cooperative CaMKII activationxpEnation for the experimental Hill
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coefficient of 3 to 4 as estimated previously [10&juires the postulation of additional
interactions between kinase domains. Moreovercthied-coil motif was not detected in
a recent structure of human CaMKIl kinase domaiaand to ATP inhibitors (PDB
2VN9) [108]. In this structure, part of the R3 semh of the regulatory domain was
folded back onto the catalytic cleft consistentwatr data.

The results presented here can be extrapolatecbpmge an alternative model of
autoinhibition and activation of the CaMKII hologmze. Rather than forming the coiled-
coil, the R3 segment is in an equilibrium that ilwes interactions with the catalytic
domain partially blocking the nucleotide bindingyian. Although the dynamics of the
R3 segment are likely to be modified by its linkagethe association domain in the
holoenzyme, the effects of ATP on the R3 equilibtridemonstrate its role in activation.
Binding of CaM disrupts the autoregulatory/catalydomain interactions at the R3 and
R1 segments through concomitant but opposite straicchanges of the backbone. Our
model is also consistent with previous work showtimgt C4"/CaM binding to CaMKI|
holenzymes enhances affinities for nucleotides [122,188].

How is cooperativity achieved in the context osthodel? We propose that upon
unfolding, the R1 segment becomes available fodibon at the active site of a
neighboring kinase domain effectively competingmnthe R3 segment and displacing it.
The shift in equilibrium would increase the apparaffinity to C&£/CaM hence
accounting for the positive cooperativity with respto C&"/CaM binding. Figure 5.3
illustrates the hypothesis starting in the apormeiate, where autoinhibition is instated.
When C4&'/CaM binds to one subunit, autoinhibition is rekhsinducing unfolding of

the R1 regulatory segment. This unfolding causesRl segment to have higher affinity
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for its neighboring subunits active site (Figur8E. The increased affinity allows it to
compete with the neighbor's own R3 element whichuisdergoing docking and
undocking. Once the R1 segment is bound to thghber's catalytic cleft, the
neighbor's R3 segment is pushed to the undocketbouoation, effectively increasing

it's affinity for Caf*/CaM (Figure 5.3C).

Figure 5.3 Holoenzyme model of cooperative activation. Clikiding to one subunit causes undocking
and unfolding of R1. The released R1 can displaeeR3 segment of a neighboring kinase subunit from
the catalytic cleft. This R3 is undocked and pdnfer CaM association.

Experimental testing of the holoenzyme model

To experimentally test this model, we monitored & equilibrium in the
presence of a peptide corresponding to the auttaegy domain, referred to as
autocamtide-2 (AC-2). AC-2 mimics the unfolded aftekible R1 segment in the
Cd*/CaM-bound state which contains the T286 autophmypdtion region. According
to our model this sequence can extend over toghhering kinase domain and compete
with its R3 segment of the regulatory domain fondang to the catalytic cleft.
Consequently, we expect displacement of the R3 seyjmmow having a preference for
the undocked conformation. Consistent with the eliedprediction, peptide binding

shifts the equilibrium towards the undocked stafected by the sharp population in the
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EPR spectrum. Figure 5.4 shows data collectedifer307 in the R3 regulatory segment
in the apo state (black) and under the conditidnE286E phosphomimic (green) and in
the presence of AC-2 (gold). Titrations using @as concentrations of AC-2 were
carried out; however only two representative daiets for each protein are shown in
this figure for the sake of simplicity. For thengplete data set of the titrations, refer to
Supplementary Figure 3 (Appendix A). In the preseaf AC-2, there is an increase in
the mobile population of the spectrum which cotedato the undocked conformation.
When added to apo protein, 64-fold excess peptidse added to achieve a ~3 fold
increase in the mobility. The high concentratiarispeptide required in the case of
monomeric kinase suggest a low binding affinity.wewer, this interaction will be

potentiated in the holoenzyme which concentratdsugits to an unusual extent. In
contrast, a 10-fold peptide excess correlated tel.& fold increase in mobility when

added to protein containing the phosphomimic. @fuee the AC-2 concentration

threshold for undocking R3 is reduced in the T28®Htant consistent with higher

affinity for substrate in this intermediate.
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Figure 5.4 Shifts in the R3 equilibrium induced by bindingaftocamtide-2 (AC-2). EPR spectra for site
307 show that the level of the mobile spectral congmt arising from undocked conformation of the R3
segment increases in the presence of AC-2. The H286tation increases the apparent affinity of this
interaction as evidenced by the lower molar rafigpeptide to CaMKIl (x-axis) required to increases t
mobile spin label fraction.

Thus, although autophosphorylation does not pettuglR3 equilibrium, phosphorylated
kinase domains are more likely to capture the weilR1 segment of a neighboring
subunit allowing the propagation of autophosphdigfa These results are in line with
recent studies demonstrating that addition of actiaated kinase monomer lacking the
regulatory domain (“decoy” kinase) leads to appbaceoperativity in the activation of an

intact kinase monomer with respect to?@@aM [109]. The interpretation of Figure 5.4
is consistent with a previous suggestion that CahMiibg releases and unfolds the R1

segment to act as a “molecular grappling hook” ttemd be captured by the decoy
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enzyme [109].

Inhibition of CaMKIlI

Similar conformational changes in the regulatoryndm could be induced using
a peptide based on the CaMKIIN sequence, a natoingditor of CaMKII [233,234].
Structural evidence, as highlighted in the struadtatignment in Figure 5.5, predicts this
to be the case. The trans-autophoshorylated kidaseain (green) features the R1
regulatory segment of a separate kinase domain frednd to its catalytic cleft (PDB
3KK8) [109]. Since these R1 residues are homolsgouhe AC-2 peptide, we assume
AC-2 would bind in an analogous fashion. A crystalucture of the kinase domain
(blue) bound to CaMKIIN inhibitor (magenta) is olad to demonstrate how binding of

CaMKIIN is similar the R1 segment correspondind\®-2 (PDB 3KL8) [109].

Figure 5.5 Structural alignment of trans-autophosphorylatese with CaMKIIN-bound kinase. Crystal
structures reveal that CaMKIIN inhibitor binds dlianly to the R1 regulatory segment.

The structures were interpreted to suggest CaMKiiN block the capture of adjacent
subunits’ R1 elements to inhibit activity [109].hi§ notion is consistent with previous

evidence demonstrating that CaMKIIN competes withtoeamtide binding [235].

143



Additionally CaMKIIN contains a potential pseudostrate sequence, RVVIED, where
the lle position in CaMKII substrates is a phosptatable Ser or Thr residue. This
peptide is poorly phosphorylated when lle is mutdte Ser [234]. However, CaMKIIN
has been shown to block Thr305 phosphorylation,naittrans-autophsophorylation at
Thr286 [235]. This raises the conceptual questimin how Thr286 becomes
phosphorylated in the presence of CaMKIIN. Peritbpaunphosphorylated R1 segment,
by proximity and affinity is a better competitor rfdhe catalytic cleft. Once
phosphorylated the R1 segment has lower affinitd @ released, increasing the
probability of inhibitor binding. Since CaMKIIN wgafound to inhibit autonomous
activity but not Thr286 phosphorylation [236], iagnoccupy the catalytic cleft only after
Thr286 phosphorylation is complete. Once boundadts as a nonphosphorylatable
pseudosubstrate to prevent other substrates frading. This hypothesis is consistent
with our results revealing a higher apparent CaNiKaiffinity for protein containing the
T286E phosphomimic (Figure 5.4).

Interestingly, our results demonstrate that in thbsence of Thr286
phosphorylation, AC-2 and CaMKIIN are able to diqd the R1 elements at low
concentrations, presumably competing for T-sitalivig (Figure 5.6A). At only five fold
molar excess of peptide to protein without the phosnimic, sites in the R1 region show
increases in mobility consistent with undocking,iletthe R3 equilibrium is maintained
(Figure 5.6B). However, when CaMKIIN is added tmtpin containing the T286E
phosphomimic, 5-fold excess peptide is sufficientntduce a significant increase in the

undocked population of R3 (Figure 5.6B)
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Figure 5.6 Concentration effects of CaMKIIN inhibitor on RhdaR3 regulatory elements. A) Five fold
excess CaMKIIN peptide is sufficient to displacsignificant portion of the R1 regulatory segmeioinfr
association with the catalytic domain. B) Low centations of peptide are not sufficient to displalee
R3 regulatory element in the absence of the T28&isphorylation mimic.

These results suggest that high peptide concemsabr autophosphorylation at Thr286
are necessary for AC-2 or CaMKIIN competition witie R3 regulatory segment for
catalytic cleft occupation. There may be mechanistlevance for concentration
dependent binding. For example, CaMKIIN has bdsmws to inhibit NR2B binding
which requires T-site occupation [169,235,237]. efHfiore at low concentrations the
inhibitor may selectively inhibit phosphorylatior gpecific substrates which require T-
site binding. The inhibitor has also been demastt to trap CaM [235], suggesting its
binding releases the 291-295 trapping residuedadt the CaMKIIN isoform, but not
CaMKIIN , requires continuous presence of CaM to bind CdMK236]. This may
suggest that CaM induced undocking of R3 is requifer efficient CaMKIIN
inhibition.

While grounded in analysis of solution dynamics emaell defined biochemical
conditions, the ultimate test of the veracity of moodel awaits structural and dynamic
analyses of the holoenzyme. This will be especiglgrtinent because crystals of
monomeric human CaMKII bound to inhibitors (PDB 28/ZBBHH, 2V70, 2VN9) [108]
suggest an interface between kinase domains difféehan the one originally observed

(PDB 2BDW) [138]. Intersubunit communications pdd by cooperative CaM binding
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and autophosphorylation have been observed by FRH@ies of catalytic domain
“pairs” which separate upon activation [190]. Giwee strong amino acid
sequence identity between catalytic/regulatory domaf theC. elegangrotein studied
here and the four mammalian CaMKIl isoforms [96], saems likely that
the conformational dynamics defined here will reperd core regulatory properties of all
CaMKIl isoforms. However, variable linker domainbat couple catalytic/regulatory
domains to the central “hub” of the dodecameriobokyme likely modify these
dynamics in unique ways. For example, activatioopprties of CaMKIl holoenzymes
are modulated by the length and sequence of thieerlifl107,116]. Elucidating
the conformational dynamics associated with adgtwadf various CaMKII holoenzymes

is the next frontier in understanding CaMKII actiea.
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CHAPTER VI

FIELD PERSPECTIVES AND FUTURE DIRECTIONS

Introduction

CaMKIl has been studied for decades and over thesytbe work of many groups
has significantly contributed to the understandofgthis enzyme. Historically, the
contributions have been mainly biochemical in natwevealing its role in complex
functions but only deriving predictions of what teieuctural architecture might be. In
the past few years however, the structural exptmabf the protein has begun
[108,109,112,138,155,156] and now the ground wosk been laid for determining
structure-function relationships. Fortuitously,e tldynamic nature of CaMKIl, its
flexibility and large amplitude domain movementskas it ideal for EPR studies. The
effort summarized here represents the first phddeP®R studies of CaMKII structural
dynamics. This work reveals significant insightoirthe activation mechanism and
importantly, rationalizes a wealth of biochemicagearch. While this work advances the
understanding of CaMKIl activation mechanism, theme still many unanswered

guestions that can be investigated with EPR.

Continuing studies of conformational changes in tagalytic lobes in the monomer
kinase domain
From the studies presented here, we suggest thgt@aN- and C-lobes may be

undergoing a rotational twisting motion that codes with the R3 docking-undocking
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equilibrium. This hypothesis needs to be testeddeétermine what conformational
changes are taking place. Although the sites chtigethe initial investigation, sites 20,
110, and 134, were believed to undergo the largasiormational changes based on the
structures of active and inactive kinases, they dmt unambiguously detect a
conformational equilibrium in the apo state (reierigure 4.16). As suggested in the
previous chapter, ATP binding may be inhibited lygteine mutation and/or spin label
attachment at site 134 in the conserved catalgtip Imaking it inappropriate for these
experiments. Therefore, an alternative set oEsiay be better suited. It may be more
productive to triangulate sites 17, 93, and llkesisites 17 and 93 experience the

equilibrium and site 111 is largely static (Figui6

Figure 6.1 Labeling sites for DEER analysis of the catalgi@main. The CaMKIl isoform is illustrated
with catalytic domain in blue, regulatory domainried and labeling sites in green. The inter-residu
distances are plotted in black.

Additionally, spin labels at sites 17 and 93 repmyhformational changes upon ATP
binding, which has been shown to modulate the s@ekindocking equilibrium of the R3

regulatory segment. Depending on the results edelexperiments, there will likely be
some trial and error in choosing additional siesdmplete a set of data that confirms

the twisting model.
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Determining where the R3 segment is docking taaaytic domain
Since the R3 regulatory segment is undergoing rdocmational equilibrium

between an undocked unstructured state and a dst&ts] it is unlikely that a crystal
structure will capture the position of the reguigtdomain. Therefore other types of
experiments must be completed to determine theatbcknformation. When designing
initial experiments for DEER studies, the regulgtdomain in its docked conformation
was hypothesized to be positioned similarly to CdMKkrom sequence and structural
comparisons of CaMKI with CaMKIl, site 93 was exfegtto be in ~5 A close proximity
to site 307 of the R3 regulatory segment. Howewgrectral broadening in CW
experiments of this double mutant was not deteatelDEER analysis revealed a broad
inter-probe distance centered at ~32 A. Thereftite, regulatory domain is likely
positioned somewhat differently in CaMKIIl. Thisalees open the question of where the
regulatory domain is docking. In order to decipther position, several other sites should
be investigated throughout the catalytic cleft distances determined. An ensemble of

data will be necessary to position the regulatamdin.

Conformational changes upon substrate binding

While EPR studies so far have been focused onaggu and activation of the
enzyme, it is also of interest to understand th&amational changes that occur upon
substrate binding.  Studies of AC-2 give insighttointhe regulatory domain
conformational changes when a substrate enteradiiee site of the protein. AC-2 is
able to displace the R1 or R3 regulatory segmeepeniding on its concentration and

whether or not the phosphorylation mimic at sité 28 present (refer to Figure 5.4).

149



However, it is unknown whether or not other sulisg@mploy the same mechanism. It
would be interesting to investigate NR2B for exampVhich was shown to require T-site
binding [238]. Therefore, we hypothesize the Rdutatory segment must be released
for NR2B binding. It is likely that this inducesfiolding of the R1 segment, similar to
AC-2 binding or Thr286 phosphorylation. Studiesdénahown that dephosphorylation of
T286 is attenuated when NR2B is bound [239] andlibopof CaMKII to NR2B enables
it to remain autonomously active [169]. These enitks support the notion that R1 has
an extended conformation upon NR2B binding, alfaya rapid 286 phosphorylation by
a neighboring subunit. Since NR2B is a substiaitapust also contact the catalytic cleft
for phospho transfer and may consequently causedkimy of the R3 regulatory
segment as well. Interestingly, when NR2B bind€&MKII, the affinity for the ATP
analogue ATPS increases by 11-fold [239] suggesting that thelifioation of the R3
equilibrium enables binding at the catalytic cleftdditionally, NR2B has been shown to
competitively inhibit CaMKIl phosphorylation of A@; suggesting NR2B and AC-2
bind to CaMKIl in a similar manner [220]. CaMKIINas also been shown to compete
with NR2B and AC-2, and our results show CaMKIINdaAC-2 induce similar
conformational changes in the regulatory domaine Woéuld therefore expect similar
EPR results for NR2B. To investigate these polsés, the monomer system would be
best to insure saturated binding as NR2B bindinglitsubunits in the holoenzyme may
not be sterically favored. Sites representativéhefR1 and R3 segments, for example
287 and 307, would be ideal for monitoring undogkivith mobility studies.

Syntide-2, a peptide substrate based on the giyceynthase phosphorylation

site, has not been shown to require T-site bindingerestingly CaMKIl phosphorylation
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of this substrate is non-competitively inhibited RR2B [220]. We hypothesized that
syntide-2 would bind to the catalytic cleft and e undocking of R3; however,

preliminary EPR studies of syntide-2 binding didt sbow changes in the regulatory
domain conformation, even under established phagfaimn conditions where the

sample is incubated at 37 C for 10 minutes [12R]is currently unclear whether 1) this
substrate is able to bind the D138NeleganCaMKII protein, 2) if syntide-2 has a high
enough affinity to effectively compete with R3 fiie catalytic cleft at the concentrations
used (up to 40-fold excess), or 3) if binding oftsye-2 does not induce conformational
changes in the regulatory domain. Because we raditaa negative result for several
sites, the studies were abandoned but may wamahef investigation. Binding must be
established first, and then conformational changieshe regulatory and/or catalytic
domains can be investigated to determine the satb&reffect on the R3 equilibrium.

Additionally, there are approximately 40 known dudies and counting as well as

scaffolding partners, any of which could be invgstied with mobility studies.

Comments on modeling of the R3 equilibrium

The ultimate goal of deciphering all the conforroatil changes of CaMKIl is to
have an atomic resolution model of each intermedidtis is inherently challenging due
to difficulties in resolving flexible segments offiet protein by crystallography and
capturing the enzyme in all of its states. Althoudpe cartoons of conformational
changes depicted here are descriptive, they laekdbolution needed for future goals,
such as rational drug design. While developmentahputational modeling with

incorporation of EPR restraints is underway for &t [211,240], there is an intrinsic
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problem with modeling flexibility. Rosetta rotamseare based largely on fragments from
high resolution crystal structures in which unstuwed regions are not resolved.
Therefore unfolded and flexible conformations ao¢ sampled. The sampling can be
skewed to select for random coil conformationswetfound that because the R3 region
has helical propensity, the resulting models raeglgpt an unstructured conformation.
However, models of the structured docked conforomathay be useful for generating
hypotheses about where the regulatory domain i&etbéo the catalytic domain. It is
possible in theory to model the flexibility and Bange between docked and undocked
conformations with molecular dynamics simulationeywever, the exchange is slow on
the EPR timescale, on the order of 100 ns. Thislldvaequire a considerable
computational resource, but is possible for a marostudy. While currently it is
difficult to model CaMKIl's intermediates becausé tbeir disorder and slow scale
dyanmics, these challenges present an opportumitfuture programming development

that can accommodate flexible proteins.

Validating mobility in the context of the holoenzym

In the work presented here, monomer protein was &g avoid the complexities
of studying the twelve subunit holoenzyme. Asdstbeen shown previously, the kinase
does not require the association domain or linkgran to recognize and phosphorylate
substrates [31]. Therefore we speculate that tifoomational changes and dynamics
observed in the monomer system will translate ® hioloenzyme where association
domains are intact. However, the monomer modgdgsed here has yet to be validated

in the context of the holoenzyme. This is an esaslenext step. While preparing this
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document, a new structure featuring the human CaMHKligomeric holoenzyme was
determined (PDB 3SOA) [176]. This is the firstlnég resolution (4.0 A) structure of the
intact protein, although an inhibitor was bound ttee catalytic cleft and some
modifications were made (Figure 6.2). The enzyrmas mutated to be inactive by K42M
and D135N substitutions and also the Thr306 autsptharylation site was converted to a
valine. Additionally this construct has a shor@neker, which can be up to 50
additional amino acids in other isoforms. The taliged protein was a hybrid

consisting of the human alpha protein where thieelimegion is replaced with7 linker.

Figure 6.2 Crystal structure of the human CaMKIlholoenzyme. The structure is illustrated from the
“top” (A) and “side” (B) views with expected dodeuaric assembly (PDB 3SOA). Interacting pairs of
domains, one from each ring, are colored similarly.

This structure will facilitate EPR studies in theldenzyme by providing the spatial
relationship between domains. Labeling sites aam be designed to account for spin-
spin coupling between labels conjugated to differrbunits. Additionally, with the

advent of a bacterial holoenzyme expression sal|ti@6], studies of the intact oligomer

are potentially more straightforward assuming thethod produces a sufficient protein
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yield. For validation of the model, several sitesially investigated in monomer studies
will have to be reexamined in the holoenzyme. Glmggpthe most informative sites to be
representative is key. For example sites 287, 288,306, are good representatives for
probing the R1 regulatory segment, the CaM trappragion, and the dynamic

equilibrium of the R3 region.

Figure 6.3 Crystal structure of isolated CaMKldomain. A) The structure of one domain (ribbotiine)
is highlighted in the context of adjacent domaigsay). B) The regulatory domain (red) adopts axhel
loop helix conformation, making contacts with ties@eciation domain (green).

Interestingly, this structure reveals a novel comi@ion for the modeled regulatory
domain, with the R3 segment in a loop conformabahtnot in contact with the catalytic
domain as predicted by our model (Figure 6.3). EMav the conformation of the R3
segment may be confounded by the presence of ttiee agite inhibitor, bosutinib

[241,242]. One unexpected feature of this particalanstruct of CaMKIl is the R3

regulatory domain contact with the association domarhe isoform crystallized lacks
the extended linker region which is variable insatce between various isoforms of
CaMKIl and can be as long as 50 additional amindsa¢see Figure 1.3 for isoform

diversity). The linker is the predominant diffecenbetween isoforms, as the kinase
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domains share 95% sequence identity and associdbomains share 80% identity.
Specifically, theC. elegangrotein used in the studies presented here hasi@@ional
amino acids in the linker than the crystallizedteio. This raises the question of how the
presence of the linker region will affect the i@tetion between the regulatory and
association domains. The authors speculate the¢ she region where the linker would
be inserted is located on the surface of the prptéie linker could be readily
accommodated without disrupting the interaction R8 residues 304-308 with the
association domain. It is difficult to conceptaaliwhere and how the linker would be
positioned without affecting this interaction obsat in the crystal. In this aspect, the
structure is not consistent with our model whichcels the R3 element in a dynamic
equilibrium docking and undocking with the catatytieft. Since the association domain
was not present in our studies, an R3-associatbonath interaction cannot account for
the tertiary interactions evidenced by the immakii component in the EPR lineshape
observed for regulatory sites 304-308 (refer tauFegd.2). Furthermore the regulatory-
catalytic interactions are modulated by ATP bindingour model. This is difficult to
reconcile with the R3 positioning in the structuvejere it is not in contact with the
catalytic cleft. It is unknown if this interactioexists in solution and whether or not
crystallization and or inhibition of this construeive imposed this interaction. Therefore
it is essential to confirm the R3 equilibrium egigh the context of the holoenzyme with
mobility studies.  Additionally, CW distance measments on residues at the
crystallographic R3-association domain interfaceldéde measured to determine if this

interface is stable in solution.
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For mobility studies, the possibility of spin-spaoupling between labels on
neighboring subunits must be considered. Althoogimy interprobe distances will be
outside of the detectable range for CW EPR, sitesecto the ring-ring interface may
have spectra which exhibit dipolar coupling. Feample, site 309 of the regulatory
domain is predicted to have an inter-residue distaof just 5 Abetween neighboring
subunits on adjacent rings. A 5 A interprobe distawould result in extensive spectral
broadening and would impede interpretation of heshape for mobility comparison
with monomer data. Site 307, which is a good regméative of the R3 regulatory
segment, is predicted to be 18 A and may or may shmw spectral broadening
depending on the orientation of the probes and Bowilar the solution structure is
compared to the crystal structure. These sites thasefore be chosen with care. Other
regulatory sites will be well beyond the ~20 A CWRERange for detection of dipolar
coupling, evading this issue. Figure 6.4 showsxample of inter-residue distances for a

hypothetical experiment with labels at site 293.

Figure 6.4 Inter-domain distances of CaMKII holoenzyme. T&MKIl holoenzyme structure is
depicted with five individual domains highlightedgold, navy blue, cyan, purple, and green. The
remaining adjacent domains are colored in graystnadvn by surface representation. Site 293 is
highlighted in red with inter-residue distancesvinite.
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Five domains are colored individually to illustrakeir positioning from the “side” view
of the holoenzyme. In white are the inter-residistances which are well beyond the
dipolar coupling range for CW EPR (up to ~20 A). eféfore, mobility for site 293 will

not be masked by spectal broadening caused byadipoupling.

Conformational equilibrium between compact and reaéel holoenzyme states

Previous structural studies of CaMKIl holoenzymeedd two conformations; one
cylindrical with catalytic domains protruding outilaabove and below the plane of the
association domains and the other in a disk likefamation with catalytic and
association domains residing in the same plane,[BB2155,156]. The difference in
height is on the order of 150 A and it has beerptiygsized that the cylindrical and disk
structures represent active and inactive confoonatiof CaMKIl respectively. The
disruption of contacts between regulatory and gatadomains we observe combined
with the lengthening of the regulatory domain magkm this type of conformational
change possible. The recent publication featutiegcrystal structure of the holoenzyme
predicts a dynamic equilibrium between a compaofaronation of 100 A height and an
extended state with height of 150 A in the apo iahibited state [176]. This implies at
least a 50 A change in height. The authors carded SAXS analysis of various
holoenzymes and argue that because the dimensfotiee anolecules agree with the
crystal structure dimensions, the crystal struclikely represents a solution structure.
When the length of the linker was varied, SAXS wsial resulted in observation of an

extended conformation. From a kinetics computationodel for CaMKIl, the authors

157



purposed a dynamic equilibrium between compactextdnded forms, the equilibrium
of which is tunable by isoform.

This raises the question of whether or not theappsed equilibrium is concurrent
with the docking-undocking R3 equilibrium we obsanAlthough there is no discussion
of this concept in the manuscript perhaps due ¢of#ict that the R3 region does not
contact the catalytic domain in the structure,einains a plausible hypothesis. One
interesting aspect of their model is that the edé¢ehconformation of the protein is
proposed to retain autoinhibitory interactions. thfe proposed compact-extended
equilibrium is a consequence of the R3 equilibriwe observe, then retention of
autoinhibition is in line with our data where R1net is not perturbed in the apo state.
Additionally, the compacted and extended equilibrishould be modified by the
addition of ATP. Our model also predicts the ratpply domain will have increased
flexibility when activated by CaM. We could theset possibly observe a more extended
conformation under this condition. It is not clemnat conformational changes would
occur following Thr286 phosphorylation. Since onorodel predicts that Thr286
phosphorylation does not affect the R3 equilibriutmwyould be interesting to determine
whether or not the compact-extended equilibriummiedified. Additionally, since
Thr305 and Thr306 autophosphorylation sites areligied to be in contact with the
association domain even with an extended linkesgme in their model, it would be
necessary to confirm that phosphorylation of thetes does not perturb the equilibrium.
In our monomer system, phosphomimics at these sligistly alter tertiary interactions,
but do not significantly affect the R3 equilibriufainally their analysis also discovered

that various isoforms may have preferences foreeitthe compact or extended
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conformations. If these equilibria are indeed ablée observed with EPR, it would be
interesting to compare isoform differences and rdatee if there is any correlation to
activity.

Initially, it is not clear if the predicted confoational exchange will be easily
observed with EPR studies. When considering uSiPB to monitor this kind of change,
the sites must be chosen with care as the limDBER distance measurements is ~70 A.
Additionally since there are twelve subunits thavér the potential for interprobe spin-
spin coupling, multiple distances correspondingbtath the compact and extended
conformations will be detected. Holoenzyme domairangement is symmetric and
domains are large enough that a label will likelgvé detectable dipolar coupling
potential only with two adjacent neighbors resugjtin three interprobe distances. To
explain the complexities of these experiments lelpful to consider specific examples.

Several sites in the regulatory domain are in ingd8t close proximity with
interdomain residue distances around 30-60 A, dilsealetectable range for DEER
experiments. Site 293 for instance, illustrated-igure 6.4, exhibits detectable inter-
residue distances of 54 A between subunits of #meesring and 40 and 60 A between
rings. Distances between other subunits are todofdoe detected by DEER. If the
structure indeed represents the compact conformat® would expect to detect these
three distances in a DEER experiment of apo protiidistances distributions are broad,
resolution may be an issue. The extended confawmdiowever is unknown. It may
also produce multiple distances confounding obgienvaof the compact conformation.
Alternatively, the extended conformation may pléaeels outside the detectable spin-

spin coupling range and which would diminish the HBE signals. This expected
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negative result, while it does indicate lack ofnsppin coupling, is hardly an ideal
observable. It is also unknown if the spatial tiefaship between subunits within the
same ring changes in the extended conformation.

Shorter distances between probes near the ringfaoee may be more
straightforward to monitor with EPR. For exampite 220 of the catalytic domain is
predicted to have an inter-residue distance of ~20 the compact state (Figure 6.5A).
The extended state will hypothetically produce i@da interprobe distance which can

likely be monitored with DEER experiments.

Figure 6.5 Position of residues in the holoenzyme. A) Sité 22predicted to be ~20 A from its nearest
neighbor while B) site 309 is ~5 A, well within thenge for CW EPR.

Sites less than 20 A, such as site 309, can alstb&erved with CW spectral broadening
(Figure 6.5B show proximity of sites). In this e&§ the extended state is above 20 A,
the resultant spectrum will consist of a broadempegulation and an unbroadened
population which reflects the sum of singles. Mmstmanner, it may be possible to
delineate what percentage is in each conformatibrATP increases the population of
the extended conformation, it may be possible sigasspecific distances to the extended

and compact states.
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To understand the proposed conformational exchérgeeen compact and
extended forms, a bit of trial and error will bequeed to find the residues that best
describe conformational changes. Distances mustwbk resolved and undergo
conformational changes within a detectable rang®hile the holoenzyme structure
provides a spatial understanding of the positionesfdues, subtle differences may exist
in solution and between isoforms. Studies of tiature will provide insight on the apo
state equilibrium as well as what conformation timdoenzyme adopts under activated
conditions. Additionally, differences between mwhs that underlie the mechanism by
which frequency is decoded may provide evidenceslate structure to function. There
is still much to understand about how the holoerewtnucture facilitates the function of
CaMKIl. Investigation of the oligomer structureasthe forefront of the next frontier in
CaMKIl exploration.

An important aspect of defining the structures dgdamics of the biochemical
intermediates is to aid in the rational drug desgrinhibitors as inhibition has been
shown to be a promising therapeutic strategy feeases such as cardiac disease [75].
However, since CaMKIl is implicated in many physigical processes, it is
advantageous to selectively inhibit particular fermf CaMKIl at specific times and
places for precise regulation. The goal is thweefto rationally design CaMKII
inhibitors which specifically inhibit particular t@rmediates associated with various
states of activation, specific substrates, as aslubcellular localization. For example,
the CaMKIIN inhibitor has been shown to interferehamany regulatory mechanisms
involving specific intermediates including transdtion, localization, and

autophosphorylation [161,171]. Because it compeiigis NR2B binding [235,243] and
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activity [233,234,235,243] as well as Thr305/Thr3@&tophosphorylation [235],
scientists are currently working toward increastihg selectivity of this inhibitor [244].
With a complete picture of each intermediate, iitbils, via their amino acid
composition and their localization, can be modifiexd have increased affinity for
particular intermediates and particular isoformishibitor design relies on the available
structural knowledge of the target and the worksenéed in this document has
contributed to an understanding of the dynamicsiaddntified equilibria for several of
CaMKII which were not previously known. These fimgs have allowed us to form a
more accurate and complete understand of CaMKiIiviactand have also laid the
groundwork for further exploration of additionaltenmediates, intermediates in the
context of the holoenzyme supramolecular structaned interactions with protein

binding partners.
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APPENDIX A

Growth Induction
Protein Vector Cell Type | Temp | Speed | OD Type Time | Temp Speed Result
1 I(;ig"t*;” Full | oeTogbs (E|33L|5231) 37 250 | 08 | 1mMIPTG 5hr | 37 250 | Truncated
N I‘gi’g"t';” Full | seTogbe (‘|33L|5231) 37 250 | 08 | 1mMIPTG anr | 32 200 | Truncated
3 I‘gﬁg"tﬁ” Full | beT28b+ (BD'-Ezsl) 37 250 | 0.8 | 1mMIPTG 5 18 250 | Truncated
4 I(éig/ltlgll Full PET28b+ (‘IBDLEle) 37 250 1 1 mM IPTG 12 hr 18 200 Truncated
5 I(éigltilf” Full pET28b+ (lIBDLEZSl) 32 250 N/A Autoinduction 4 hr 32 200 Truncated
6 I(;ig"tﬁ” Full | oeTosbs (E|33L|5231) 18 250 | N/A | Autoinduction | 18 18 250 | Truncated
7 féig"t'lf” Ful | bETogb+ | Rosetta2 | 37 250 | 08 | 1mMIPTG | 4hr | 37 250 | Truncated
8 Eﬁg"t';” Ful | bETogb+ | Rosetta2 | 37 250 | 08 | 1mMIPTG | 4hr | 32 250 | Truncated
9 Eﬁg"t';” Ful | beTogb+ | Rosetta2 | 37 250 | 08 | 04mMIPTG | 4hr | 32 200 | Truncated
10 Eﬁg"t';” Ful | oeT28b+ | Rosetta2 | 37 250 | 0.8 | 1mMIPTG 5hr | 18 250 | Truncated
11 I(;igltilf” Full pET28b+ Rosetta 2 32 250 N/A Autoinduction 4 hr 32 200 Truncated
12 I‘;ﬁg"t';” Ful | bET28b+ | Rosetta2 | 18 250 | N/A | Autoinduction | 18 18 250 | Truncated
13 I‘;ﬁg"t';” Ful 1 bET21a (EI;LEZ?% 37 250 | 08 | 1mMIPTG ane | 32 200 | Truncated
14 Eﬁg"t';” Ful | beT21a ('?D"él) 32 250 | N/A | Autoinduction | 4hr | 32 200 | Truncated
15 I((;;g/ltléll Full pET21a (||33LI5231) 37 250 0.8 1 mM IPTG 5 18 250 Truncated
16 iﬁg"t*;” Ful | SeT21a 53L|5231) 18 250 | N/A | Autoinduction | 18 18 250 | Truncated
17 Eﬁg"tﬁ” Ful | bET21a | Rosetta2 | 37 250 | 0.8 | 04mMIPTG | 4hr | 32 200 | Truncated
18 Eigﬂtﬁ” Ful pET21a Rosetta 2 32 250 N/A Autoinduction 4 hr 32 200 Truncated
19 gig"sf\'l' 316 | pET21a | Rosetta2 | 37 250 | 08 | 1mMIPTG | 4hr | 37 250 | Truncated
20 gigﬂsﬂl 316 pET2la Rosetta 2 32 250 N/A Autoinduction 18 32 330 Truncated
21 gigASKl\lll 340 | bET21a | Rosetta2 | 37 250 | 08 | 1mMIPTG | 4hr | 37 250 | Truncated
22 gig"s'(,\'l' 340 | bET21a | Rosetta2 | 32 250 | N/A | Autoinduction | 18 32 330 | Truncated
23 | CaMR1 340 | pETaghe | PR1031 | 32 | 250 | N/A | Autoinducton | 18 | 32 330 Expr’\égsi on
24 | CaMR 340 | pETagbe | UTS600 | 32 | 250 | N/A | Autoinduction | 18 32 330 Expr’:gsion
25 | CaMRl 340 | pETagbe | Ks1000 | 32 | 250 | N/A | Autoinduction | 18 32 330 Expggsion
26 | oMKW 340 | pET21a | PR1031 | 32 | 250 | N/A | Autoinduction | 18 | 32 330 Expr':g <ion
a7 | CAMKW 340 | pET21a | UTse00 | 32 | 250 | N/A | Autoinduction | 18 32 330 Expggsion
28 | COMKW 340 | pET21a | Ks1000 | 32 | 250 | N/A | Autoinduction | 18 | 32 330 Expr’:gsi on
29 gi‘g"s'(’\'l' 380 | bET21a | Rosetta2 | 37 250 | 0.8 | 1mMIPTG | 4hr | 37 250 | Truncated
30 gi‘g"s",\'l' 380 | bET21a | Rosetta2 | 32 250 | N/A | Autoinduction | 18 32 330 | Truncated
31 gi‘g"s",\'l' 420 | bET21a | Rosetta2 | 37 250 | 08 | 1mMIPTG | 4hr | 37 250 | Truncated
32 gigﬂsﬂl 420 pET21a Rosetta 2 32 250 N/A Autoinduction 18 32 330 Truncated

Supplementary Table 1Mouse CaMKIl expression trials
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Supplementary Figure 1Raw DEER data.
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Supplementary Figure 2Raw DEER data continued.

Supplementary Figure 3 Titrations of AC-2. Spectra for site 307 in theesence of varying
concentrations of AC-2 are overlaid for the A) agped B) T286E phosphomimicked proteins. C) The
normalized high field peak height is plotted asiaction of [AC-2)/[CaMKII] to illustrate that the ZB6E
protein (green) has a higher apparent affinity4@r-2 than the apo protein (black).
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APPENDIX B

SUPPLEMENTARY METHODS

CaMKIl expression, purification, and labeling

C. eleganaMKII (unc-43) cDNA derived from the splice vartaK11E8.d with
codons representing residues 1-340 and an N-terrhinhistidine sequence was cloned
into the pET28b vector controlled by the T7 promotell mutants were introduced
using a modified Quikchange protocol and verifiedhwDNA sequencing. A D135N
inactivating mutant was introduced to prevent legeneous autophosphorylation during
expression [138]. Native cysteines were replacét vesidues found in homologs or
with alanine; C30A, C64L, C115A, C126l, C199A, C272and C289A. Protein
expression was carried outhn coli BL21(DE3) as described previously except for a 16
hour induction protocol [138]. Harvested cell pedlewere resuspended in buffer
containing 50 mM HEPES, 150 mM NaCl, 10 mM imidazol mM DTT, 0.1 mM
PMSF, 10% (vol/vol) glycerol, pH8 and lysed by smation. CaMKIl was purified from
the lysate supernatant by’Naffinity chromatography (Qiagen) by washing with M
imidazole then eluting with 250 mM imidazole. Upehution, a 20-fold excess of (1-
oxyl-2,2,5,5-tetramethylpyrrolinyl-3-methyl)-methethiosulfonate spin label (MTSSL;
Toronto Research Chemicals, Inc) was added anohitktere incubated on ice for at least
15 hours. Labeled CaMKIl was further purified bgesexclusion chromatography on a
Superdex 75 column (GE Healthcare) in 50 mM HEPE®, mM NaCl, 2.5 mM EDTA,
0.02% azide, pH 7.5. For these studies, the NiteiniHis tag was not cleaved. Spin

labeled CaMKII mutants were washed 3 times immetlidtefore experiments with the
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same buffer to remove residual free spin labelotddn concentration was determined
using a calculated extinction coefficient of 1.085 cmi* at 280 nm.

The WT holenzyme and monomeric 1-380 truncationamiubf mouse CaMKII
were expressed in Sf9 cells and purified in theb@uol laboratory as described previously

[163].

SDS-PAGE and western blot analysis

SDS-PAGE was carried out for protein expressiash purity assessment as well
as for cosedimentation assays. All proteins weréeth and loaded onto a 12% SDS
polyacrylamide gel with bromphenyl blue loading feuf Gels were run at 70 volts for
10 minutes through stacking and at 170 volts faodr through the separating gel. Gels
not undergoing western blot analysis were staingd e@aomassie blue stain.

For western blots, gels were transferred onto @getlulose at 25 volts for 25
minutes in a BioRad Semi Dry Transfer Apparatusramsfer buffer (1 part 10X Tris-
glycine, 4 parts methanol, 5 parts®). Membranes were rinsed in deionized water then
stained with ponceau until protein bands were iasibr an analysis of total protein. For
immunoblotting, membranes were blocked in TTBS @&@ufb0 mM Tris-HCI pH 7.5,
0.1% (v/v) Tween-20, 150 mM NaCl) containing 5% knmgowder (Carnation nonfat
milk) for 1 hour. Then membranes were incubateth \yoat anti-CaMKII polyclonal
primary antibody (purified in Colbran laboratoryi)uled into TTBS with 5% milk for 2
hours at room temperature. After 5 washes with $;TlBembranes were incubated for 1
hour at room temperature with rabbit anti-goat seeoy antibody conjugated to alkaline

phosphatases (Jackson ImmunoResearch). Followmmogher 5 washes in TTBS,
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membranes were developed in development buffer Wigart BCIP and 2 parts NBT.
The reaction was stopped by washing with 1X TTB# @noteins were imaged by

chemiluminescence on a BioRad Gel Doc EZ apparatus.

Calmodulin expression and purification

Calmodulin was cloned into pET3a containing a Tahpoter and expressed
coli BL21(DE3) cells. Protein expression was inducethWwi4 mM IPTG and incubated
at 30° and 250 rpm for 3 hours. Harvested cellepelivere resuspended in 50 mM
MOPS, 100 mM KCI, 1 mM EDTA, 1 mM DTT, 0.1 mM PMSpH 7.5 and lysed by
sonication. 5 mM CaGlwas added to lysis supernatant and loaded on h MHigp
Phenyl HP column (GE Healthcare) with 50 mM Tris{HC mM CaC}, pH 7.5. The
protein was washed with 50 mM Tris-HCI, 1 mM Cg@.5 M NaCl, pH7.5 and eluted
with 10 mM Tris-HCI, 10 mM EDTA, pH7.5. Purifiedq@ein was then desalted into 50

mM HEPES, 100 mM NaCl, 2.5 mM EDTA, 0.02% azide, pB.

Activity assays

Specific kinase activities were determined as ipresty described[122] except for
the buffer conditions which matched those of th&EmRalysis. Activity was determined
by the protein’s ability to incorporate a radiogetigamma phosphate frorg*JPJATP
onto either syntide-2 (PLARTLSVAGLPGKK), a syntlepeptide based on a glycogen
synthase phosphorylation site, or autocamtide-2AKRRQETVDAL), a peptide based
on the CaMKIl regulatory domain. Assays were eatriout under the following

conditions: 50 mM HEPES, 100 mM NaCl, 0.4 mi’P]JATP, 10 mM Mg(Ac), 1 uM
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CaM, 0.5 mM CaGl 20 pM syntide-2 or 10 pM autocamtide-2, 1 mM DTTmg/mL
BSA. The level of radioactive gamma phosphate wasnalized relative to control

samples where buffer was added instead of CaMKII.

Circular dichroism

Spectra were collected on a Jasco J-810 Specammpeker in 20 mM phosphate
buffer, pH 7.1. Near UV spectra (330-250 nm) was&ained using a 0.5 mg/mL protein
solution at room temperature. Far UV spectra (288-nm) were collected at room
temperature using a 0.1 mg/mL protein solution.tMglcurves were obtained using 0.15
mg/mL protein solution by monitoring ellipticity @22 nm in a temperature range

between 5-95°C at a temperature slope of 60°C/hour.

Light Scattering

Molecular weight was determined by MultiAngle Lateght Scattering (Dawn
Heleos 8, Wyatt Tech) at 658 nm wavelength in tamdeith size exclusion
chromatography on a Superdex 75 column (GE Biose®nequilibrated in buffer (50
mM HEPES, 100 mM NaCl, 2.5 mM EDTA, 0.02% azide, pH). Data was analyzed
by Astra software package (Wyatt Tech.) and ingegietein mass was estimated from
refractive index detector (Agilent) assuming dnfddoe constant 0.19. The instrument

was calibrated for BSA (Sigma).
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Mass Spec Analysis

Coomassie stained bands for SDS-PAGE were exeisddcut into 1mm cubes
and incubated in 100 mM Amic for 15 minutes. Rentucand alkylation took place by
first incubating in 10 mM Amic and 100 mM DTT for51minutes at 50°C. To
carbamidomethylate cysteines, 30 mM iodoacetamids added to the solution and
incubated at RT for 15 mins in the dark. Dehydrativas completed by removing the
liquid and adding a 1:1 mixture of ACN and Ambiaancubating until coomassie was
removed. Then the gel was incubated with 100% AQNLO mins and desiccated in a
speed vac. Proteins were digested with 0.01 mgtrghsin in 25 mM ammonium
bicarbonate for 2 hours at 37°C. Peptides wereaetad slices with 15-25L of
ACN:H20 (60:40) with 0.1% formic acid then dried amnspeed vac. Samples were
reconstituted in in 50L of 2% ACN in O with 0.1% formic acid and analyzed with

LC-MS for sequence coverage and phosphorylationifination.

CaM Association and Dissociation Titrations

For binding experiments, the concentration of Callks varied while CaMKII
concentration was kept constant. The titratiorktptace in 125-fold excess saturating
CaCb. EPR spectra were obtained, normalized, and pefts were determined for the
mobile component of the lowfield spectral peak.e3dheights were then plotted against
the [CaM]/[CaMKII] ratio. Dissociation experimentgere completed in saturating CaM
(6X) and CaCl (25X) while EGTA concentration was varied. Peadkghts were
similarly determined and plotted against the [EGT@&CL] ratio. All plots were fitted

using Prism software (GraphPad v. 4.0b).
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Cosedimentation Assays

Binding reactions were carried out for 2 hours4atfC with the following
reagents; 10 mM Tris HCI, 200 nM CaMKIl, 5 mM CaQ@r 5 mM EGTA, 2 mM
Mg(CH3COQO), 200 mM NaCl, a 50/50 slurry of CaM-equilibratedaeose, pH 7.5.
After incubation, resin was separated by centrifiogaand supernatant was removed.
Resin was then washed 5 times with buffer contgirtimee same reagents except for
CaMKIl and resin. Protein complexes bound to rasere denatured by boiling and

were then run on a 12% SDS gel and analyzed witlhnessie staining.

EPR spectroscopy

EPR spectra were collected at room temperatura Bruker EMX spectrometer
(X-band) at an incident power of 10 mW and 1.6 gausdulation amplitude. Samples
contained 50 uM CaMKII unless otherwise stated alhtinding molecules were added
in excess; 300 uM CaM/10 mM CaGind/or 10 mM ATP/10 mM Mg(C¥COOQO). All
proteins and reagents were prepared in the sanferhuged for EPR experiments: 50

mM HEPES, 100 mM NaCl, 2.5 mM EDTA, 0.02% azide, pB.

CW Distance determinations

Dipolar coupling between spin labels was analyzgdsing a modification of the
deconvolution method [206]. This approach requiveth the dipolar broadened spectra
and unbroadened reference spectra. The unbroadeeetium is obtained by measuring
the spectrum for each mutant individually followkd digital sum of the two spectra,

termed the sum of singles. The sum of singles spéstconvoluted with a broadening
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function, which is a sum of Pake patterns weightgda distribution of the distance
between the two spin labels. The distribution isdeied as a sum of gaussians and the
number of gaussians, up to 5, is chosen basedstatistical improvement in the fit of the

broadened spectra with the experimental spectiiaeafiouble mutant [245].

DEER Distance determinations

Distance measurements were carried out on a Brd@&9 pulsed EPR
spectrometer operating at either X-band or Q-baeduency using double electron
electron resonance (DEER) with a standard foureppi®tocol. Glycerol was added to
30% (w/w) to all samples before freezing to 83knhdFiprotein concentrations were in the
range of 75-150 uM. DEER signals were analyzdueeiby Tikhonov regularization or

multiple Gaussian peak picking to yield the disadustributions.

Simulations for spectral lineshape analysis

Spectra were fit using the microscopic order/ mscopic disorder (MOMD)
model [202]. For the two component fits, the motal one component was assumed to
be effectively isotropic (R= R, = R;). The motion of the second component is assumed
to undergo anisotropic rotation(R Ry, R;) within an ordering potential. The rotational
correlation time, , for the motion is obtained from the R's= 1/(6 (Ri+ R, + R,) ). The
uncertainty in the correlation time of the isotopomponent is around 15% [201]. While
the uncertainty is somewhat larger for the restdctomponent correlation time, the
differences in the spectral lineshape demonstrétaes difference between the two

correlation times are outside the uncertainty waks. The restriction in motion is
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described by an order parameter, S, calculated thentoefficient, &, used to describe
the ordering potential. In addition to the orderpaential, the axis of the nitroxide was

allowed not to be co-linear with respect to thdudifon axis and this tilt is given by the

angles (p, p).
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