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Abstract

Calmodulin (CaM) is amall, acidic cytosolicalcium binding protein that respondsroreases in
intracellular C4' concentrations. s proposed to be involved in binditmandregulatingover300
functionally and structurally divergeoteins. It is comprised of an-lnd G terminal lobe separated

by a highly flexible central linker region. Each of these lobes contains two EF hand motifs that are
eachcapable of binding to one &aon. CaM is found to exist primarily in two states: the’Ca

replete form, hol6aM, or the C&-deplete form, apdaM. Both formsof CaMare able to bind to

target proteins. CaM also undergoes post translational modifications that play a role in its regulation
of target proteins.

An important targebf CaM arethenitric oxide synthase (NO®nzymesNOS catalyzes the
conversion of karginine to Lcitrull i ne and ni t hrdeisoforongof NODSargfolrdd) . T
mammaliarcells: endothelial (eNOSheuronal (nNOS)and inducibleiNOS). All three isoforms of
NOS arehomodimeric andomprised of an Nerminal heme domajrcontainingthe active siteard a
C-terminal flavinbinding domain containing FADFMN-, and NADPH binding sites, linked
together by a CaNbinding region. The nNOS and eNOS isoforms are constitutively expressed and
are C&'-CaM-dependent. In contrast, INOS is regulated at the trigtiseral level and is C&
independentNOS is also found to be regulated through the phosphorylation gptabdehorylation
of key residues, specifically Thr 495, which is found in the @anling domainThe exact
mechanism of how CaM activates NOS is futly understood. Studies have shown CaM to act like a
switch that causes a conformational change in NOS to allow for the electron transfer between the

reductase and oxygenase domains through a process that is thought to be highly djisthiesis



is focusedon the structure andynamicsof CaM and CaM mutant constructs bound to the target
peptides of the NOS Caldindingdomain at saturatingnd physiological concentrations ofCa

To investigatghe structural and functional effects that the phosyation ofThr495 of
eNOSmay have orNOS activation by CaMhe ®lution structure of CaM bound to the peptide
comprisingthe eNOS Cahbinding domain phosphorylated at Thr49&s determined. Timvestigate
the C&'-dependency of CaMindingNOS, nuclear magnetic resonance (NMBfudies were
performed at various free €aoncentrations tdetermine the structure and dynamics of ND8
CaM interactions aphysiologicalCa’* concentrationsThe results illustrate that structures of GaM
NOS omplexes detrmined at saturatinga’* concentrations cannot provide a complete picture
because the differences in intramolecular dynamics become visible only at physiologideV€a

Numerousstudies use CaM mutants incapable of binding ®eeither the Nor C-lobe to
mimic apoCaM, with some of these studies reporting functional differences when comparing the
mutant and apo forms of CaWe investigated thstructural consequences of these mutations by
determiningtheresiduespecificchemical shift perturb&ins induced byhesemutations This was
accomplished by determining the full backbone chemicét assignments of three Eadeficient
CaM mutants in the absence and presence &% @ad investigating theinteraction with theNOS
enzyme through detmination of the solution structure @C& *-deficient CaM mutant with iNOS.
The use oNMR spectroscopwllowed for the determination of high resolution structures of these
complexes™N relaxation and H/D exchange experiments also allowed for thegsiaaf the
structural dynamicsccurring in these complexddMR spectroscopy is an efficient method for

studying the dynamics and structures of proefeistein and proteipeptide complexes.
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Chapter 1

Literature Review

1.1 Calmodulin

1.1.1 Calcium Signaling.

Calcium (C&") ions are importarintracellular secondary messersyénat relaynformation within
cells to regulate their activityntracellular C&' concentrations regulate multiple cellular processes
such agell-cell interactionscell proliferation fertilization, muscle contraction, neuron transmission,
and cell deatiiBerridge et al., 1998; Evenas et al., 1998) intracellular Cd concentration ranges
from a resting state of 5000 nM up to 110¢M in an activated cellCarafoli, 1987; Evenas et al.,
1998; Islam, 2012)ntracellular C&" can be deriveétom internal sources by being released from
Cd" stores in the endoplasmic or sarcoplasmic reticubrrfrom external sources outside by passing
through various channels spanning the plasma memliBanedge et al.1998; Evenés et al., 1998;
Islam, 2012) The functioml response to increased calcium levelegulated by a group @a*-
bindingproteins that respond theseincreases in intracellular €zconcentrationMany of these
Ca-bindingproteins contaim C&"-binding motif called an EF hand (Figure ).1

The EF handnotif consists of a helidoop-helix structure with C4 binding occurring in the
loop regionlt is normally paired with another EF hamndth the loop regiomf eachinteracting
througha ant i p ar(Babdeedl., 1988; Sttyrmeka and James, 1989)mportant C4&'-
binding protein that contairen EF hand motif is calmodulin (CaMyvhich corains two pairsEach

EF hand motif of CaM consists of 12 aminodagirich in aspartat@nd glutamateesidues (Figure

1.1B),which adopt a coil structure between positior1 a short b9 stamddameld we



helix between 112. C&"is coordinated through 7 oxygen ligands from six residues in-88-1-

9-12 positions (Figure 1.1). This results in a pentagonal hipigil coordination of C&" (Babu et

al., 1988) The destabilizing repulsion caused by the close proximity of the negativatged

carboxylate sidechains involved inardinating the Cé ion is offset by the hydrogemonding

network in the loopln the absence of &athe EF handpack with their central core consisting of
hydrophobic residues and their solvemposed faces consisting of charged, hydrophilic resjiluas

ficl osedo dSirynadearandalanies H989nce a CH ion binds the helices rearrange
intoamor e fiopeno causing theaxposute bf tha hydrophobic residues that are then able

to bind to targeproteins(Strynadka and James, 1989)

Figure 1.1: Ca®*-binding EF hand motif showing C&" co-ordination.

(A) Stick representation of Gaco-ordination by the EF handl bf CaM. The pentagonal
bipyramidal ceordination of the C& ion and oxygen atoms used to stabilize the ligandrdnation
of C&™ are represented ljashedines. The oxygen atoms, €aon, andcoordinatingwater are
shown in red, green and yellorespectivelyFigure derivedrom PDB 3CLN(Babu et al., 1988)
(B) ConsensusGabi ndi ng |l oop for CaMés 4-3BF91Rpositbn mot i f s .
patternof thecoordinatingamino acidsX, Y, Z, -X, -Y and-Z, in the pentagondlipyramidalco-
ordination binding of C4 (Gifford et al., 2007)Secondary structure elements are colored gray for
coil, blue for-hélixstrand and red for U

1.1.2 Overview of Calmodulin.
CaM is a ubiquitous, multifunctional protein, consisting of 148 amino acids and having a molecular

weight of 16.7 kDa. It is a highly conserved protein that functions as a cytostlice€aptor in
2



response to varied intracellular signals in almost alaeudtic cells(lkura and Ames, 2006 aM is

found to have 100% sequence homology in vertebrates, although it is coded for by three genes, CaM
I, CaM Il, and CaMIl (Chien and Dawid, 1984; Ikura and Ames, 20@M istranscribed into

eight mRNAsthatare targeted to different cellular domainderelocal protein synthesis occurs.

This indicateghat mRNA translocatiorandnot the CaM protein, is responsible for local CaM pools

in the different intracellular compartmerfialfi et al, 2002; Kortvely and Gulya, 2004¢aM is also

foundto be highly conserveith other organisms such as plants, fungi and protfdadberg, 1990)

1.1.3 Structure of CaM.

CaM is a small, highly acidic protein (pl approximat&l9 to 4.3, consisting of Nand Gterminal
globular domains connected by a flexible central lirfkar, Y. P.Cheung, 1976; Crouch and Klee,
1980) Each domain contairen EF hand motif paigiving CaMthe ability to bind a total of four
Cd" ions(Crouch and Klee, 1980; Perret et al., 1998)e EF hands of the-®rminal domain
(Kq~10°M) have a 1@old higher affinity for C&* than the EF handsf the Nterminal domain
(Kq~10°M), with cooperative binding within each dom#é@rouch and Klee, 1980; Martin et al.,
1985). It has been shown th&&*-bindsto CaMin the order ofF hand Ill, EF hand IV, EF hand I,
thenEF hand Il, with C& ion dissociating in the reverse ord#ilhoffer et al., 1992) Even though
CaM could potentially exist in various E&ound states, it is primarily found in two states: fully
Cd*-deplete apaCaM; and fully C&"-bound holoCaM (Figure 1.2)

The Nterminal domain of CaM is comprised of residuegbland the @erminal domain is
comprised of residues 8218, with residues 781 corresponding to the flexible central linker. The
secondary structure €faM is essentially the same in the apo and-fmims; howeverthere are
differences in heliypacking.The structure of @oCaMis more compact than haliaM, with each
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domain consisting of four tightly paekd a n t i-hekcesAlthdughlthese helices are packed
tighter in the apo form compared to the holo form of CaM, they have been found to be much more
mobile, with C&" binding dramatically reducing their flexibilifZhang et al., 1995a)Also

a p o C aCMdynsinal domain is much more dynamic than itselimind domainas observed in the

solution structures determined by Kuboniwa et al. (1995)(Figure 1.2A)

Figure 1.2: Structure comparison ofapo and holo CaM.

(A) ApoCaMfrom PDB 1CFQKuboniwa et al., 1995)showing highly mobile @erminal domain,

(B) holoCaM from PDB 3CLN(Babu et al., 1988)and(C) holoCaM from PDB 1PRWn a compact
conformation(Fallon and Quiocho, 2003Residuesi 4 0 of CaM (EF hand | ) are ¢
residues 41179 (EF hand 11) purple, residues 80711
hand IV) blueC&* ions are shown in green.

Upon C4&" binding,the EF handsindergo a structural rearrangement,sisting of the
anti par al | e lheliges shiitingtaya pergendictiae padiing. This allows the negatively
charged side chains to coordinate thé*@m, resulting in a hydrophobic pocket being present on the
surface of each domathatis not pesent in the ap@aM conformatior{Kuboniwa et al. 1995;
Zhang et al., 1995aJ his causeshe two globular domains of Cadd rotate outwards, increasing the

distance between thermndchangirg the more compact shape of &ad/ to the more extended
4



dumbbell shape of hoeaM (Yamniuk and Vogel, 2004 he structures of holoCaM can be in an
extended state or a compact form (Figure 1.2B and C), illustrating the wide rasuygarfations
CaM can adopbecause of its highly flexible linkeegion(Babu et al., 1988; Chattopadhyaya et al.,
1992; Fallon and Quiocho, 2003)

Thelarge hydophobic patches exposed in hgliM are rich in methionine residues, with
four in each domain and one in the central linker, contributing 46% of the total hydrophobic surface
area (Zhangt al, 199%). These 9 methionine residuesmprise 6% of théotalamino acid content
of CaM, which is much greater than the 1% methionine content average in known prdi&araes
and Ames, 2006)This high abundance of methionine residues is thought to play an important role in
C a Mftarget recognitiomlueto the high polarability of the methionine sulir atom and the ability
of the long flexible side chains to allow them to be highly conformationally adajjGéllenan,

1991) The central linker region of holoCaM, wadginallyt hought t o ihdixfam!l ong r i
thecrystal structures, however, itfisund to be highly flexiblgwith the ability tobe bentThis
allows for the orientation of the-Mind Gterminal domains to change independently of each other to

accommaodatéhe binding of different target protei(Bersechini and Kretsinger, 1988)

1.1.4 CaM binding to Target Proteins.

Through the use of protein databases recognizing CaM binding nitdtiés been proposeidat CaM

is able tabind to over 300 target protei{¥ap et al., 2000; Shen et al., 2005; Ikura and Ames, 2006)

This analysis involves the evaluation of a sequence on the basis of its electronic and hydrophobic
properties and secondasyru¢ ur e tendency t o i dent-helfcatmagifst ati ve |
(Yap et al., 2000; Shen et al., 2006urrently over 80 uniqgue CaM complexes have been deposited

in the PDB along withthe daracterization of the binding affinity afany moreCaM-binding
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proteins(Shen et al., 2005; Tidow and Nissen, 2013; Mruk et al., 2@&4nentioned earlieCaM
could potentially exist in various &abound states, specifically the Gaeplete, or holo state, and
the C&'-deplete, or apo state. Each of #an€&-saturated states of Calvlsbeen foundo bind to
target proteinsWhen CaM interacts and binatsthe apdorm it is referred to a€a*-independent
activation, and in thbaolo form asCa?tdependen(Rhoads and Friedberg, 1997; Vetter and Leclerc,
2003)
A defined consensus s ebipding siteschowkeveamtgaipioteinse x i st f or
that bind to CaMgenerally have a small binding domainagiproximatey 20 amino acids. These
domainscontain a hydrophobic face in contact with CaM and a basic face in contact with solvent and
the negatively charged aMO&mMeialci ard aDes@aaidids, | 1 hk@)
face also has important electrostatic interactionsrtizgt formsalt bridges witlaspartate and
gl ut amat e r ecerntral linkesand @ermi@a ddiar(Crivici and lkura, 1995)The
binding domain$aveatendency to form basi@ mp h i p-helicésj contaiding bulky hydrophobic
amino acidf O6 Ne i | and .Dhesercastoed bulkg ydiophobiciamacids are
typically arranged in a $6-8-14 (which also contains the8-14 motif), 1-5-10 or IQ motif. The 15-

8-14 motif is composed oF(LVW )XXX( FAILVW )XX(EAILVW )XXXXX( FILVW) and the 15-10

motif is composed ofFILVW )XXX( EILV )XXXX( EILVW). The unddmed amino acidoccupy

sites 15-8-14 or 15-10 andrepresent anchoring residu@gereas X can be any amino affghoads
and Friedberg, 1997Theyare termed anchoring residues becauseittteyact withthe hydrophobic
patches in the terminal domaiosCaM, allowing thébasicresidues between them to interact with
the linker regior(Afshar et al., 1994)Some arget proteins are also able to bind to CaM in &-Ca
independent manner. These tangeteins includehose that are only bound to &M, and those

that are tightly bound to CaM in the presence and absencé'¢Rbaads and Friedberg, 1997)
6



These proteins contain the consensus 1Q ritwif has thgenerakequencdQXXXRGXXXR,

where X can be any amino adiRhoads and Friedberg, 199However this consensus sequence is
also found in some Gadependent proteir§urado et al., 1999)Some examples ofell

characterizé CaM binding proteinsand their binding modesresummarized in Table 1.1.

Table 1.1: Overview of some CaMtarget proteins.

Group Target enzyme or protein Number of C&'

CaM binding with canonical bindingode

Protein kinases CaM-dependent protein kinase | (CAMKI)
CaM-dependent protein kinase || (CAMKII)
Myosin light chain kinase (MLCK)
Deathassociated protein kinase (DAPK)

Phosphatases Calcineurin

Second messenger Nitric Oxide SynthaseNOS)
Inducible NOS
Plasmamembrane Ca-ATPases (PMCA)
Voltagedependent GAchannels (CaV1.1)
Cava.l
Ryanodine receptor RYR1
Typel adenylate cyclase

Cytoskeletal and Neuromodulin

membrane proteins

OO LAr,ArADID

PER19 0
CaM binding inelongated binding mode

Bacillus anthraciedema factor (EF) 2
lon Channels Smalkconductance Caactivated K channels (SK2) 2

Voltagegated sodium channels (]eb) 4

Na1.5 0
2 CaM bind 1 target protein

Myosin-5A 0
1 CaM binds 2 target protes
Enzyme Glutamate decarboxylase 4

Table made with information frodurado et al(1999; Tidow and Nisse (2013; Mruk et al.(2014)
Through the structure determination of CaM bound to targetdesptir proteins by Xay

crystallography and NMR spectroscopy it has been showiCHidtis able to bind in a variety of

conformationgTable 1.1 andFigure 1.3).The most common bindingpnformationfor canonical

CaM-recognition motifonsists othe unwnding of the central linker antie N and Gterminal
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domainsof CaMwrapping around the target protein. This binding can be in a parallel gramatiel
conformation: parallel indicates that thetdminal lobe of CaM binds towards thet&minal lobeof

the target protein and thet€rminal lobe of CaM binds towards thet&@minal lobe of the target

protein; antiparallel indicates that the terminal lobes of CaM bind to the opposite terminal lobes of the
target proteir{Yamniuk and Vogel, 2004The electrostatic interactions described above play a big

role in the orientation of the target protein with respect to the lobes of(&&kiar et al., 1994)

Other unique conformations @faM binding to target proteins can involweonformatiorwhere

CaM itself is wrapped by the target proteimd one lobe of CaM is €asaturatedDrum et al.,

2002) more than one CaM subunit is required for target binflifaudusse et al., 2006)ne CaM

subunit can bind multiple targetgap et al., 2003)and only one lobe of CaM is involved in binding

(Elshorst et al., 1999)



Figure 1.3: Structures of CaM bound to various target proteins in various conformations.

(A) CaM bound to CaMliependent kinase kinase (CaMKK) in a parallel conformdtam PDB
11Q5 (Kurokawa et al., 2001)B) CaM bound to myosin light chain kinase (MLCK) in an anti
parallel conformatiofrom PDB 2BBN(lkura et al., 1992)C) CaM in complex with the edema
factor of adenylyl cyclase &. anthracisfrom PDB 1K93(Drum et al., 2002)D) Two apdCaMs
bound to an unconventional myosin V 1Q domiom PDB 21X7(Houdusse et al., 2008YaM has
the same color scheme dglife 1.2.The target peptide or enzymeeisdered idight blue.

1.1.5 Post-Translational Modifications of CaM.

CaM is found to undergo pestnslationamodifications thahave been suggestedgiay a role in
regulating its actiity with target proteins. TheodificationsCaM is found to undergm vivoinclude
acetylation, trimethylation, carboxylmethylation, proteolytic cleavage, and phosphoryBioaim
and Villalobo, 2002)The effect of these CaM modifications thke binding and activation of

different target proteins still rerms unclea(lkura and Ames, 2006)



CaM has 18 putative sitéisat could bghosphorydted including4 serine, 12 threoninend
2 tyrosine,with 8 sites (Figure 1.4) being shown to be phosphorylatedro (Benaim and Villalobo,
2002) Furthermorethree of these sites, Thr79, Ser81, and Ser101, have been found to be
phosphorylatedh vivoin rat liver, by proteinserine/threonine kinases.e. casein kinase 1l and
myosn light-chain kinaseand proteirtyrosine kinasegj.e. the insulin receptor and the epidermal

growth factor receptdi(Quadroni et al., 1994; Benaim and Villalobo, 2002)

Figure 1.4: Structural representation of known phosphorylation sites in CaM.

The8 amino acid sites in CaM know to be phosphorylatetdabeledin red and purpleResidues
labeledin purple have been found to be phosphorylatadvo.

The effect of phosphorylated CaM on targeiteins has been investigatédstudy by
Quadroniet al. (1998) found that CaM phosphorylatiedvitro by casein kinase 1l (CKII) increased
the Vinax Of neuronal nitric oxide synthase (NNOS)-foll andits activity 2fold. This group
previously showed CKis able to phosphorylate CaM at residues Thr79, Ser8land Ser101, but did
not determine which one was important for the increase in nNOS a¢@ugdroni et al., 1994,
1998) Another studyinvolving thein vitro phosphorylation of CaM at Tyr99 by tyrosine protein
kinase Il (TPKIII) determined that TyrO9hosphorylated CaM increased thg,\of nNOS 3.45

fold and its activity 2.180ld (Corti et al., 1999)Mishraet al. (2010) hypothesized thhypoxia

10



inducedCaM phosphorylate@t Tyr99 by TPKIII has a higher affinity for nNOS than non

phosphorylated CaM, leading to increased atitimeof NNOS and increased production of nitric

oxide (TNO). The increased tyrosine phosphoryl at
newborn piglets resulting from hyp@Mishrasetal,s medi at

2010)

1.2 Nitric Oxide Synthase (NOS)

One of the many target enzymesttGaM has been found to bimadd regulate igitric oxide

synthase (NOSNOScatalyzes the conversion ofdrgininetolci t rul | i ne and nitric
through two monooxygenase reactions. This reaction (Figure 1.5) uses reduced nicotinamide adenine
dinucleotide phosphate (NADPH) as the electron donor in the presence of okygéda short

lived, highly reactive diatomic free radical tletn be induced in a variety of cell types and is

essential in many biological functiofidahrevanian and Amini, 2009) N kas been found to be

associated with neurotransmissioallular signaling, vasodilation and the immune response

(Alderton et al., 2001; Nahrevieam and Amini, 2009)

H,N_ AN HN A OH HzN\(O
NH e 2nape —NH wappr wape —NH
i * +H
2 2% 2 %-%) 2 +2:.N=0
20, 2H0 0, H,0 Nitric
H, H Oxide
" O O O
HoN H,oN HoN
OH OH OH
L-arginine N“hyroxyl-L-arginine L-citrulline

Figure 1.5: Reaction scheme of NOSatalyzed conversion of karginine to L-citrulline and
TNO
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1.2.1 Isoforms of mammalian NOS.

Three isoforms of NO8xistin mammals, all of which havefégrent localization and cellular
function. The three isoforms are neuronal NOS (nNOS, NOS 1), inducible NOS (iNOS, NOS II), and
endothelial NOS (eNOS, NOS lll). These isoforms hav& B sequence homology in humaamsl
differ in sizefrom one anothemvith NNOS, eNOS and iNOS having a molecular weight of 165, 133
and 130 kDa, respective{plderton et al., 2001; Zhang et al., 200Ihe eNOS and nNOS enzymes
have been found to be constitutively expressed and are thus referred to as the constitutive NOS
(cNOS) isoforms. They are found to be activated by increesledar C&" through binding to
holoCaM and are thus €adependenfRoman et al., 2002)n contrastiNOS is regulated at the
transcriptional levein vivo by cytokines in macrophages and tightly binds CaM at basal levels of
c&". Since iNOS binds to CaM regardless of @ancentration its classified as Caindependent
(Cho et al., 1992; Roman et al., 2002)

The NOS enzymes albmmaodimeric proteins, with each monomer containing areishinal
oxygenase domain and a midtildomain Gterminal reductase domain (Figure 1.6). The oxygenase
domain contains binding sites for iron protoporphyrin IX (hemd3)-&6,7,8tetrahydrobiopten
(H4B), and the substratesdrginine and molecular oxygdéAlderton et al., 2001)The reductase
domaincontainsbinding sites for flavin mononucleotide (FMN), flavaenine dinucleotide (FAD),
NADPH and in the cNOS isoforms an autoinhibitory regiéfderton et al., 2001)Thereductase

and oxygenasdomains are connected by a linker @ming a CaMbinding domain
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nNOS Al Loop
AT Loop
eNOS
INOS

Oxygenase Domain Reductase Domain
Figure 1.6: Domain structure of NOS isozymes.

The oxygenase and reductase domains are shown in red and pink, respectivelybdialyl
domain separates the oxygenase andateda domains. Numbers represent the amino acid residue at
the start and end of the oxygenase NsMnd FAD/NADPH domaingAlderton et al, 2001)

Currently thereare no structures of any of the full isoforms availabie to their large size
and dynamic nature which makes &y crystallography and NMR spectroscopy not feasible.
However, crystal structures of the individuahaains have been determinatbng with an electron
microscopy study modelling the eNOS, nNOS and iNOS holoenzymes in the absence (only nNOS
and eNOS) and presencehafloCaM(Figures 1.7 and 1.8. These includehe oxygenase domain of
all three isoformgFischmann et al., 1999; Li et al., 2001, 2014; Matter et al.,,Z0D08s4NOS,
1FOP, 1ZVL, 4D1Nand4D10); the reductase domain of nN@&hang et al., 2001; Garcin et al.,
2004 PDBs 1TLL and 1F20CaM bound to the CaMinding region of eNO$Aoyagi et al., 2003
PDB 1NIW)and nNOS (Valentinet al., 2006, PDB 2060)CaM bound to the CaMinding region
of INOS (Ng et al, 2009,PDB 3GOF) and CaM bound to the FMN domain with the @ailing

region of INOS(Xia et al., 2009PDB 3HR4)
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Figure 1.7: Crystal structures of NOS oxygenase domains and NOS Calginding regions in
complex with holo-CaM.

The crystal structure of (Aovine &NOS oxygenase domain dim@rom PDB 1FOHR.i et al., 2001)
(B) human eNO®xygenase domain dim@rom PDB 4D10 Li et al., 2014), (&aM bound to
CaM-binding region peptide of eNO8¢m PDB 1NIWAoyagi et al., 2003]D) ratnNOS
oxygenase domain dimérom PDB 1ZVL Matteretal., 2005) (E) human nNO®xygenase domain
dimer(from PDB 4D1N Li et al., 2014), JFCaM bound to CaMbinding region peptide of nNOS
(from PDB 2060valentineet al, 2006) (G)humaniNOS oxygenas domain dime(from PDB
4ANOSFischmann et al., 1999H) CaM boundo CaMbinding region peptide with FMN domain
(from PDB 3HR4Xia et al, 2009, (I) CaM bound to CaMbinding region peptide of INOSrém

PDB 3GOFNg et al, to be published (J) ratnNOSreductaselomain dimelfrom PDB 1TLL

Garcin et al., 2004) and (KatnNOSreductaséfrom PDB 1F20 Zhang et al., 2001)
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A Input State Intermediate State Output State

2

25A

Figure 1.8: Model Structure of INOS and eNOS architecture based on EM data

A. The NOS homology modelas generated based on fitting the nN@@uctase crystal structure
(PDB1TLL), INOS FMN/CaM binding domain structure (PDB 3HR4) and the iNOS oxygenase
dimer (PDB4NOS). Theywere fit into areconstructiorof theEM map from he input, the
intermediate, and the output states of iINR8printedrom Proc. Natl. Acad. Sci. U. S.,A11 (35),
Campbell, M. G.; Smith, B. C.; Potter, C. S.; Carragher, B.; Marlettayidecular Architecture of
Mammalian Nitric Oxide Synthasds3614 E3623 2014with permissiorfrom PNAS B. TheeNOS
homology modelvasgeneratedbased on fitting the nNOS reductase crystal strucRDN(LTLL),
iINOS FMN/CaM binding domain structure (PDB 3HR4) and the eNOS oxygeitase (PDB
1FOP). Thdinal modelfit of the eNOS homdimer into the reconstruction of eN@8/0-EM maps
in the absence of Calh the left and presence of CaM on the rigdrie monomer is shown in red,
the other in blueReprinted fromJournal of Structural Biologyl88 (1), Volkmann, N.; Martasek, P.;
Roman, L. J.; Xu, X. P.; Page, C.; Swift, M.; Hanein, Dastérs, B. SHoloenzyme structures of
endbdthelial nitric oxide synthaseAn allosteric role for calmodulin in pivoting the FMN domain for
electrontransfer 46-54, 2014 with permission from ElsevieData in Bwas acquired in the absence
of NADP",sugg st i ng a fAcl oaedido s évaudeccur aerebote Gas and
NADP" are boundasobservedn the input state in A with data from Campbell effdde structures in
A would more accurately describe NOS.
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The crystal structures of the oxygeradomains show that all three isoforms have a similar
fold and that the dimer interface contains the heme and a structural zinc ion coordinated by four
conserved cysteine residues, two from each monomer, which are involved in dimer ¢kRdniliyn
et al., 2002) These structures have al$m@n the reductase domains of eNOS and nNOS form
dimers, stabilized by salt bridges and hydrogen bonding in the interfaimdy has beedisputed
(Roman et al., 2002; Campbell et al., 2014)eiNOS reductase domaimas not been observed to

form a dimerRoman et al., 2002; Garcin et al., 2004)

A B

Input state

Output state

Figure 1.9: Electron transfer within NOS dimer.

The two NGB monomers are shown in blaerdred Electrons are transferré@m (A) NADPH to
FAD (B) to theFMN subdomairof the reductase domain ofiemonomer Then(C) to the heme in
the oxygense domain of the opposite mamer(Alderton et al., 2001; Campbell et al., 2014)

1.2.2 NOS mechanism.

The mechanism of the elegh transfer in NOS is still not fully understood, possiblemechanisms

have been proposed. Howev€gM binding to the CaMecognition linker of the NOS enzymes is

required to initiate the electron transfer reaction. This mechanism begins with #iertcdrelectrons
from NADPH to FAD(Figure 1.\), then from FADio FMN in the reductase domain, which is

known as the input stat€igure 1.B). This isfollowed bytransition to the output stafEigure
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1.9C), that involveghe electronransferfrom theFMN subdomairto the heme of the oxygenase
domain of the oppositemonomernAlderton et al., 2001; Campbell et al., 20I®)is electron transfer
from FMN to the heme of the opposite oxygenase domain cannot proceed without a subunit
realignment and occurrence of conformational changes because the distance between tAhem is 70
(Garcin et al., 2004)t was previouslyhought that CaM binding to the Cabindingdomain of NOS
causes a dynamic process where the Rudbliomain is allowed to swing back and forth between the

FAD and hemgshown in Figure 10 (Garcinet al., 2004; Daff, 2010)

Calmodulin

RD \?
- Hi
TS

Reductase Domain

Oxygenase Domain
Figure 1.10: Structures of the domains of NOS aligned by amino acid sequence.

Shown is the reductase domain of nNOS (PDB 1TLL), @ahdling region of eNOS bound with

CaM (PDB 1NMW) and the dimeric oxygenase domain of nNOS (PDB 1ZVL). The FMN domain
proposed to fiswingo bet ween Refimed ffoflitriccOnide, 2B e me i s ¢
(10), Daff, S.NO Synthase: Structures and Mechanisinkl, 2010, with permission fno Elsevier

More recent studies using crgbectron microscopy, and biophysical techniques, such as
pulsedelectron paramagnetic resonance, have given better insight into the CaM activated NOS

mechanisn{Campbell et al., 2014; Leferink et al., 2014; Volkmann et al., 2@l#jough crystal
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structures of individual domaireg NOS have been reported, no NOS holoenzyme structure had been
determinedElectrorrmicroscopy studiewere used tobtaineda higher order domain architectuoé
inducible, endotH&l, and neuronal NOS with and without CaM bound. Tinecsuresare simiar,
consisting of a dimerized oxidase domaimichacts as the anchoring dimeric structure for the entire
enzyme moleculdt is flanked by two separated reductase domaitschexist in an equilibrium of
conformations that alternate between FRBIN electron transfer and FMiNheme electron transfer

with CaM binding inducing shift in the conformational equilibrium to allow efficient electron

transfer in NOS enzymd€ampbell et al., 2014; Volkmann et al., 201Bheconformationsn

Figure 1.8represent snapshots of the continuous electron transfer pathway from the reductase domain
in one monometo the oxidase domain the opposite monomewhich reveal that only a single
reductase domaiparticipates in electron trafies at atime. CaM acivates NOShroughthe

stabilization of structural intermediates and precise positioning of the pivot for the FMN domain
tethered shuttling motion to accarodate efficient and rapid eleatreransfer ifNOS (Campbell et

al., 2014; Leferink et al., 2014; Sobolewsktawiarz et al., 2014; Volkmann et al., 2014)

All this information leads to a refined nfeamism of NOS activity thatuggests NOS exists in
anequilibrium of conformationgFigure 1.11)In the resting state, both reductase domains adopt
mostly open or OextendedOdamomé odenlad $ ®@ dufonc ovifi € hma
binding of NADPH (SobolewskeStawiarz et al., 2014)YJponCaM binding NOS adopts a variety of
conformations coppatible with both inteflavin electrontrangr , fAi nput ¢ setmat e, and

electron transfer f o u t gGampbell ettalg 2084; Votkann et al., 2014)
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"Open" State "Closed" state "Input" state "Output" state

Figure 1.11: Current proposed mechanism for electron transfer

In theopenstate(restingstate) bot h reductase domains adopt mostly
conformationsyhich are verylexible. Thisshift towardsamor e 6 cl oseddponconf or mati o
binding of NADPH Upon CaM bindingNOS adopts a variety of conformations compatible with

both interflavin electron transf r Ai nput 0 setreeleatrgn transfedt fFr Nt p ot & st at e
indicated by the yellow arrow. Only one FMN domain participates in electron transfer at a time

(Campbell et al., 2014; Leferink et al., 2014)

1.2.3 CaM binding to NOS enzymes.

CaM binds to NOSvith a 1-5-8-14 CaMbinding motif, as shown in Figure 1.1®ith the binding
region consisting of residud91-512 of eNOS, 73152 of nNOS an&10-531 of INOS(Aoyagi et

al., 2003)
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1 5 8 14
eNOS RKKT FKEVA NAVKI SASLM GT (491-512)
NNOS RRAIG FKKLA EAVKF SAKLM GQ (731-752)

INOS RREIPLKVLV KAVLF ACMLM RK (510531)
Figure 1.12: Sequence of CaMbinding domains of NOS.

Residues corresponding to th&-B-14 CaMbinding motif areshown The sequences are for human
iINOS, ratnNOSand bovine eNOSAcidic and basic residues are shown in red and bluegctgely.

A previouscrystal structur@nd a solution structure from our labow that the CaM binding
region of i-Nex3hatfCaM wnaparaund, alS shown in Figure 1.7aHdI (Xia et al.,
2009; Piazza et al., 2012Ithough iNOS displgs C&*-independent binding, @ontains &-5-8-14
consensus binding motif of €adependent proteins, similar to cNOS, instead of containing the
consensus IQ binding motif characteristic of @adependent proteinss described in section 1.1.3
Howevae, its sequence differs from nNOS and eNOS by 42% and 30%, respectively, and has a much
| arger patch of h y-Hefical ponforiatian that bisds with légber affimity tot s U
CaM (Aoyagi et al., 2003)Sprattet al. (2007) ha previouslyshownthat an iNOS peptide containing
the CaM binding region binds to CaM in an antiparallel orientatidrich was confirmed by the
determined structures of the CaMOS complex

The rate constants for the binding of CaM to the NOS target peptidebémveletermined
using several methods and show that CaM binds to the iINOS peptide with a higherth#imitiye
cNOS peptideg¢Table 1.2. The methods used includ&iorescence measurements with dansylated
CaM (Vorherr et al., 1993; Anagli et al., 1995; Matsubara et al., 1%8fjace plasmon resonance
(SPR,Zoche et al., 1996tompetition assay&hang and Vogel, 1994; Venema et al., 1996; Yuan et
al., 1998) and FRET and stoppdtbw spectroscopyWu et al., 2011)

These results showed that the ctNOS peptides reversibly bind to CaM with nhanomolar

affinities and no binding was observed in the absence Bf Slaygestinghat the regulation of
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cellular C&* concentrations modulates this dynamic interaction. CaM binding to the iNOS peptide

was found to be irreversible, €andependent and to occur with a higher affinity*@amoval did

not remove CaM from the iINOS peqiéi However, Wu et al. found that the Galepleted Nand G

lobes of CaM slowly separated from each other likely due to the conformational rearrangement of apo

CaM.

Table 1.2: Binding kinetics of CaM binding to NOS peptides.

ka(M~s?) ka (S7) Ka (M)
eNOS | 2.9x 16 4.5 16,29, 40
nNOS | 1.58 x 10° 6.6 x 1§ 7.87 x 10 3.7 1.0, 1.8 2.2,5.0,5.6
iNOS | 3x10° 6.1 x 16 <10 0.063 <0.1%¢ 0.17,0.3, 1.5, 3.3

4(Vorherr et al., 1993)
®(Zhang and Vogel, 1994)
¢ (Sheta et al., 1994)

4 (Anagli et al., 1995)
°(Zoche et al., 1996)
"(Venema et al., 1996)

9 (Matsubara et al., 1997)
"(Yuan et al., 1998)

"(Wu et al., 2011)

A study byWeissman et a[2002)showed four steps are required for CaM binding and
activation of nNOS. First Gabinds to the Gobe ofCaM, followed by this now C&replete lobe
binding to NNOS. When the intracellular Caoncentration is increased theldbe binds C&, then
this C&*-replete lobe binds to nNOS. This model also suggests the reverse order of these steps occurs
for deacivation of nNOS when the intracellular €@oncentration decreas@d/eissman et al.,

2002)

1.2.4 Regulation of NOS.

The cNOS isoforms contain an autoinhibitory (Al) loop and all NOS isoforms contain extended C

tee mi nal tails that act in conjunction with CaM as
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found in the cNOS enzymes is positioned adjacent to the-liadiing region and is thought to lock
the FMN domain in its electron accepting positidmen C&" concentrations are low. Upon the
increase of the Gaconcentration the Al loofs only displaced upo@6&*-repleteCaM binding
(Salerno et al., 1997; Garcin et al., 2Q0%)other study showed thathen this Al loop was removed
from the cNOS isoform&&*-dependent CaM activation was reduced emzymatic activity
increased by a factor of two comparedntld-type, and when it was inserted in the iINOS reductase
domain, activity decreased by otiérd of wild-type (Montgomery et al., 2000; Knudsen et al., 2003)
This implicates the Al loop in playing a role in the?Cdependency of the cNOS isoforperhaps by
the direct interaction with CaM ¢ine CaM binding sit¢Jones et al., 2004)

The Gterminal domain is thought to play a role in the electron transfer between the flavins,
as well as protecting the NOS enzymes from becoming fully oxigRRethan et al., 2002All three
isoforms havea C-terminal tail, ranging from 21 to 42 amo acids, with nNOS being the longest and
iINOS the shortest. Removal of this tail from the NOS isofaesslted inalargeincrease in electron
flow between the flavins; however, these truncated NOS enzymes became fully oxidized without
exhibiting the om-electron semiquinone form of the witgpe enzyme (Romaet al, 2002).

These regulatory elements are responsible for the control of fhidé€pendency of the NOS
isoforms, and the control of electron flow, as well as providing a protective functiblfOfs. The
binding of CaM to cNOS displaces these regulatory elements; however, the absence of this Al loop
and the shorter @rminal tail in INOS along with the &aindependence of INOS require further

study.
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1.2.5 Post-Translational Modifications of NOS.

Thebinding of CaM and theransferof electrons from the reductase to the oxygenase idovhéhe
cNOS enzymes, particulargNOS is deperdent on protein phosphdagion and dephosphorylation
(Fleming and Busse, 2003Rhosphorylation oafNOScanoccuron serine, tyrosine and threonine
residues anégNOScontains many potential phosphorylation sites that can play a role in regulating its
activity (Fleming et al., 1998; Heis et al., 2001; Michell et al., 2001; Kou et al., 2002)
Phosphorylation of Set177, which is located in the-@&rminal tail extensiorin the reductase

domain has been found to resualthe activation of eNOSyhereaghe phosphorylation of Tht95
within the CaMbinding domain has been found to redabSactivity (Fleming et al., 2001;
Matsubara, 2003; Tran et al., 200Bhosphorylation of Ser 633, found in the Al loop, has also been
shown to increase eNG#stivity (Michell et al., 2002Perturbation®f eNOS phosphorylation have
been reported in a number of disegéadluru et al., 2010)Phosphorylation of Thr495 acts as a
negative reglatory site and has been reported to interfere with the binding of CaM to the CaM

binding domain affecting activation of the enzy(Réeming et al., 2001; Fleming and Bus2603)

1.3 NMR Spectroscopy

One of the main methods to determine the 3D structure of a protein is through the use of NMR
spectroscopyNMR can be used to determihagh resolutiorBD structurs, comparable to Xay
crystallography, and to monitor protdigand interactions and internal dynamics of a protein
(Wuthrich, 1986)NMR is also used to determine structures of proteins and molecules that cannot be
crystallized due to their high flexibilityral mobility. The determination of large protein structures
becomes limitation of NMRbecause ofhemical shift overlap and lower sensitivity. Also, proteins

require the incorporation of isotopes such®Asand**C, which are costlyWiithrich, 1986;
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Cavanagh et al., 200For NMR studies of complexes, bgpartner proteins must be available in
stable isotopically*fC, **N) labeled formsThe most common technique for isotopically labeling
proteins is to clone and over express them in bacteria, most frequentheusiblg

The NMR experiment consists placing a solution of the protein of interest inside a static
magnetic field and detecting the unique resonance frequencies of the NMR active nuclei when they
are exposed to radiofrequency (RF) radia{Mfiithrich, 1986; Ernst, Richard et al., 198Vhe first
step in this structureatiermination is to completely assign tiespectrum of the protein, then assign
as many nuclear Overhauser enhancement (NOE) interactions as pdssitde and Oppenheimer,
1994; Neuhaus and Williamson, 2000)e principalinformation necessary for determining the 3D
structure of a protein is derived from NOE measuremevtieh provide a set of internuclear proton
distance constrainfdames and Oppenheimer, 199PEs are due to the dipolewupling, through
space, between nuclei, in which the local field at one nucleofitisnced bythe presence of the
other(Neuhaus and Williamson, 2000jhe larger the number of NOE restrajiike higher the
accuracyof the structure.

The problem with the assignment of larger proteins is overlapping of resonances and
increased line widths, due to the increasing rotational correlation time. The solutions to these
problems are the isotopic ldiieg of the sample and the use of 2D and 3D heteronuclear NMR
(Ernst, Richard et al., 1987; Evans, 1999) experiments are used to measure the correlation of two
nuclei resonance frequencies throdmgind or througkspacgWithrich,1986) The use of 3and 4D
experiments have aided in overcoming the problem of overlapping peakpdndeng the 2D
spectrum intadditionaldimensiors, allowing these overlapping areas to be separated into layers.

One of the key spectra used in struetdetermination is thid-""N-heteronuclear single

guantum correlation (HSQC) experiméBodenhausen and Ruben, 198Mhis experiment
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correlates each proton attached to a nitrogen atom in the protein, which includektienkaamides
exceptproline, and the side chain amidesiT®h s pectrum provides the fAfinge
typically giving rise to one peak for each amino acid in the protein. Assignment of these peaks to

specific residues in the protein cannot be done usintHH&N-HSQC alone, and other 3D

experimentanust be performed. Thes&periments werased to assign thél, **C, and™N chemical

shifts for the protein and are shown in Figurg31Once all of théH, °C, **N resonance assignments

havebeen determined, the throughace nuclear Overhauser effspectroscopy (NOESY)

experiment can be used to determine distance constraints. The NOESY shows NQEaks s

nuclei that are close (within ~5A) in the folded protein but may baviay in the primary sequence

(Wiithrich, 1986).

26



HNCA CBCA(CO)NH

E
HCACO F

H—C—H H—C—H H—C—H

—N N—— ||_ N

" S v ow oo b
Figure 1.13: Heteronuclear multidimensional NMR experiments used for resonance
assignments of proteins.

NMR experiments used toakeresonance assignments tbf, **C and™N nuclei in a protein
(Cavanagh et al., 2007y his is done by the transfer of magnetization through bonds, shown by blue
lines, todifferent nuclei, shown by blue circles. (A) HNEID experiment which correlates thal

and NH chemical shifts with t helKayettl;l1®90¢B3 i due anc
CBCA(CO)NH-3D experiment which correlates thel and NH chemical shifts with the preceding
resi due CU(Gresiek alBaxs1B92HC) HNCO3D experiment which correlates the
>N and NH chemical shifts with the preceding residue earbshift (Kay et al., 1990)(D)
HN(CO)CA-3D experiment which coetates thé®N and NH chemical shifts with the preceding

r esi du e(BaRahd Kkuna, 1991)E) HCACO which correlate the carbonyl shift the

i ntraresi due (Kayletah a990)(F) BDTOGSY(TOtal Correlation SpectroscopY)
HSQG3D experiment which correlatése N and NH chemical shifts with the side chéhshifts

(Bax et al., 1990)
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1.3.1 Strategy for NMR spectra assignment.

The NMR spectraverevisualized and assignments made using the Computer Aided Resonance
Assignment (CARA) version 1.8(eller, 2005) The assignment of the protein starts with'the
>N-HSQC spectrumAfter arbitrarily assigning system numbers to each peak itHH&N-HSQC
spectrumHNCA, HN(CO)CA and CBCA(CO)NHpectra areised to correlate the HN of amino acid
iio MHEOE@ to a &€8i of AdMinadodCH dof i

After all possible peakarea s s i gn e d;, t;gdHd,;, GEHNCAIs usedd start
the backbone assignmeithe residueareconnected by finding the best matcheshefC Uchemical
shift from one system with th@ U, chemical shift of a different systerfihisis doneby viewing the
HNCA spectrum as a strip for each amide pgatem andligning all best possible carbon chemical
shifts for the preeding and subsequent amide systBmsidues chosen as starting points for the
backbone assignmeatethose that have unique carbon chemical shifts, such as threonine, alanine
and glhcine. The backbonis connected by confirming that the chemical shifts of the adjacent amino
acids are in the correct range for the required amino acid in the sequence.

After atentative backbone assignmésimade using the HNCA spectrum, thid-NOESY-
HSQC spectrunis usedo aid in confirming the assignmett.the Hyoe plane of each NH in theN-
NOESY, cross peaks of the NfHand NH,; should be present, which, if the backbone assignment is
correct, will correspond to the NH of the adjacent aminosaicidhe sequence. Next, the intraresidue
side chain carbon and proton peaksassigned using various TOCSY experiments obtained. The
side chain carbon assignmeatemade using the hCGHOCSY,; experiment, whereas, the side
chain proton assignmerdge made using the HCGHIOCSY,;, 15N-TOCSY—HSQC and HcccoNH

experiments. After all possible spiageassigned to each amino adMDE cross peaksan be
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assigned by analyzing the various NOESY experiments obtainedXNHNOESY HSQC and’Cy-
NOESY HSQGspectraare viewedand all cross peaks not assigned to intraresidue pratens

assigned to interresidue protons

1.3.2 NMR methods for studying protein dynamics.

In addition to 3D structures, NMR spectroscopy can also provide quantitative information on
molecuar dynamics of protein systems at a residue specific level. These studies provide direct
evidence of structural changes and intramolecular dynamics associated with functions that are central
to understanding the role of dynamics in protein funcfiGay, 1998, 2005; Ishima and Torchia,

2000; Wand, 2001; Kempf and Loria, 2003; Kwan et al., 2@y fracking chemical shift changes,

NMR spectroscopy is able to characterize very weak interactions between proddigarachs at

atomic (or residue) leve[®ohapsky et al., 2010; Sikic et al., 201NMR spectroscopy caalso

provide information about conformational dynamics and exchange processes of biomolecules at
timescales ranging from picoseconds to seconds, and is very efficient in determining ligtmgl bin

and mapping interaction surfaces of protein/ligand complagetiown in Figuré.14(Kay, 1998;

Ishima and Torchia, 2000)
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Figure 1.14: Time scales of various dynamic processes found in proteins and NMR method used
to determine them(Kay, 1998, 208; Ishima and Torchia, 2000)

1.3.2.1 Amide exchange experiments.

Detailed information about fluctuations in protein structures anepéeific information on the

stability of secondary structural elements can also be obtained from the measurement of aomde prot
(NH) hydrogen/deuterium exchange (H/D) rates using NMR spectrogéopyec et al., 1995;

Polshakov et al., 2006; Ma and Nussinov, 20These fluctuations expose some of the NH to the

D,0 solvent, thus facilitating the NH/ND exchange process while other gmotins remain

protected from exchange. The exchange rate of NHs in proteins is determined by a combination of
their intrinsic exchange rate in the absence of secondary structure and the presence of secondary
structure and solvent inaccessibility that pabtfrom exchangéEnglander and Kallenbach, 1983;
Englander and Mayne, 1992/D exchange experiments are also useful for accessing the stability of

specific structure elements within a protein or protein comfMéitiams et al., 2003, 2004)

1.3.2.2 N relaxation experiments.

Information about residugpecific internal dynamics on tlf@st picosecond to nanosecqrtitnescale

is determinegbrimarily from modelfree analysef.ipari and Szabo, 1982a; Kay, 1998his is
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accomplished through thanalysis of longitudinalT) and transversel§) relaxationas well as
heteronuclear NOE¥ay et al., 1989)This allowsinternal motions such as bond vibrations and
librations to be interpreted througfiie determination of order paramete®§ @nd internal effective
correl atdboyn tth emefsmo(dle (Lipdriarel &2aboalpsad)hese panameters
guantitatively describe the magnitude and time sofilecal, intramolecular motions and thus allow
one to correlate molecular dynamics with biological functidre modelfree approach characterize
backbonemobility using an order parametet, 8hich may be interpreted as the amplitude of the
motion,anda ¢ o r r e | awhictoisithe tchanageristicdime constant of this mogicay, 2005,

2015; Kay and Frydman, 2014)

1.4 Research Objectives

The purpose of this thesis was to further characterize the structural andadyrnaraction of CaM
with theNOS enzymes. This was to be accomplished by:
1. Determining thesolution structure of CaM bound to the peptide of the eNOS-Geading
domain phosphorylated at Thr495
2. Elucidating the kemical shift perturbations induced by residue specific mutations of CaM
interacting with NOS peptidemnd determining the structuréa C&*-deficient CaM mutant
with eNOS.
3. Determine the structure and dynamics of NDE CaM interactions aphysiologicalCa’*
concentrations

4. Investigate the structural changes induced by-Biading disabling mutations to CaM.
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Chapter 2

Soluttmmctswcalemoedbbund to the target

endot helial wrtthdse oxhaeploryl at ed

2.1 Introduction

CaMis a ubiquitous cytosolic abinding proteirthatconsists of two globular domains joined by a
flexible central linker regionCaM binds and activates the €adependentNOS enzymeat
elevatedntracellularcellular C&" concentrationswhereasCaM binds and activatéNOSin a C&'*-
independent manneh large conformational change that CaM induces in the reductase domain of the
NOS enzymes allows for the FMN domain to interact with the FAD to accept electrons and pass the
electrons on to the heme during cataly®¥lland and Daff, 2010 learly, these conformational
changes caused by CaM are important in stimulating efficient electron transfer within the NOS

enzymes.

" The results presented in this chapter have been published

Piazza, M, Taiakina, V.,Guillemette S.R., Guillemette J. G, Dieckmann, T,.(2014)Solution

Structure of Calmodulin bound to the targeptide of Endothelial Nitric Oxide Synthase
phosphorylated at Thr49Bjochemistry53 12411249

Unless otherwise stated, all of the work reported in this chapter was performed and analyzed by the
candidate.The experiment depicted in Figure 2.5 wadqrened by S. R. Guillemette. The experiment

depicted in Figure 2.13 was performed by V. Taiakina.
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The acivity of eNOS is regulated by multiple mechanisms, including posttranslational
modifications such as protein phosphorylatibleming and Busse, 2003; Piazza et al., 2012¢
binding of CaM and theransferof electrons from the reductase to the oxygerdoman of eNOS is
depemlent on protein phosphdagion and dephosphorylatigileming and Busse, 2003jheeNOS
enzyme can be phosphorylated on serin@siyie and threonine residues and contains many potential
phosphorylation sites that can play a role in regulating its ac{iMigming et al., 1998; Harris et al.,
2001; Michell et al., 2001; Kou et al., 200Bhosphorylation of Ser1177 in the reductase domam h
been found to resuin the activation of eNOSyhereaghe phosphorylation of Thr&9within the
CaM-binding domain has been found to redabEOSactivity (Fleming et al., 2001; Matsubara,

2003; Tran et al., 20Q8Perturbationef eNOS phosphorylation habeen reported in a number of
diseaseg¢Kolluru et al., 2010)Phosphorylation of Thr495 acts as a negative regulatory site and has
been reported to interfere with the binding of CaM to the @atding domain affectig activation of

the enzyméFleming et al., 2001; Fleming and Busse, 2003)

There is considerable interest in understanding the structural and functional effects that the
phosphorylation of Thr495 in eNOS has on the calcium dependent CaM binding and activation of the
enzymeln the present studye structuraland functional effects that the phosphorylatioedO©S
has on binding to CaM were investigat&tieadystate flusescencandisothermal titration
calorimetry(ITC) wereused to monitor the binding &aM to thewild typeeNOS CaMbinding
domainpeptideand the eNOS CaMinding domain peptide phosphorylated at Thr495 at various free
Cd"* concentrations. The structlieffects of Thr495 phosphorylation on CaM binding to eNOS were
investigated by the determination of the solution structure of CaM bound to the eNOBir@ay

domain peptide phosphorylated at Thr4Bbis investigation provides better understanding tfe
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interaction of CaM with the phosphorylated or nonphosphorylated-kiating domain of eNOS at

Thr495.

2.2 Methods and experiments

2.2.1 CaM protein expression.

The vector pET9d (NOVAGEN) used to express the rat calmodulin was made by Newman (2003) by
cloning inthe CaM sequence using restriction enzyme dites| andBaMHI. An overnight culture

of transformecE. coliBL21 (DE3) with pET9dCaM was used to inoceldtL of LB mediain4 L

flasks suppl ement ed wWrioteirhexpseBsior vgas inducedaker GDgm@ my c i n .
0.6-0.8wasreachedi t h Sido@opybhd-thiogalactopyranosidéRTG) andthe cells were

harvested after 4 by centrifugation at 6000 x g at 4°C for 5 minutes.

2.2.2 CaM purification.

Cells were resuspended in 4 volumes of 50 mM MOPS, 100 mM KCI, 1 mM EDTA, 1 mM DTT, pH

7.5 and lysed by homogenization using an Avestin EmulsiEEkomogenizer (Ottawa, ON). The

lysate was then claiéd by centrifugation at 48,000 x g for 30 minutes at 4°C. To the clarified

supernatant, CagWwas added to a concentration of 5 mM in order to saturate CaM withamh

induce the exposure of hydrophobic patches in thand Gdomains of CaM to allow @4 to

interact with the resin. This €asaturated supernatant was then loaded onto phenyl sepharose 6 fast

flow highly-substituted resin (GE Healthcare BBoc i e nc e s, Bai e didomf e, PQ) in
columnconnected to thékta design systefGE Healthcee BioSci enc e s, Baie doUrf e,
equilibrated with 50 mM TrigdCl, 1 mM CaC}, pH 7.5 @ 4°C. After the CGhsaturated solution

was loaded; the resin was washed WBittolumn volumesf the abovéuffer. The resin was
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subsequently washed wighcolumn volunesof 50 mM TrisHCI, 500 mM NacCl, 1 mM CagG| pH

7.5 @ 4°C to remove any napecific proteins that were interacting with the resin. The resin was
finally washed witi3 column volumes d60 mM TrisHCI, 1 mM CacC}, pH 7.5 to remove NacCl

from the resin. @M was then eluted from the phenyl sepharose resin with 10 mMHTIis10 mM
EDTA, pH 7.5 @ 4°C and 2 mL fractions were collected. Fractions were then scanned from 325 to
250 nm on a Varian Cary UVisible Spectrophotometer (Varian, Mississauga, ON).tlenss

displaying the characteristic absorbance peaks of CaM at 277 nm (for tyrosine residues) and 269, 265,
259, and 253 nm (for phenylalanine residues) were p@siddoncentrated to 2 mL sample sizes.
The samples were then run through a HiLoad 16/6@@Siex 75 columnGE Healthcare Bio
Sciences, B) adnrected to thékfa elesignBy3temsing buffer consisting &0 mM
Tris-HCI, 0.5mM EDTA, pH 7.5 Fractions eluted at the characteristic time point for proteins of
CaMbés si ze \saatiamand purity of the GaM proteins (148 residues) were confirmed

by ESHMS and SDSPAGE.

2.2.3 NOS CaM-binding domain peptides.

The human eNOSIRKKTFKEVANAVKISASLMGT, 22 residues corresponding to residues-491
512 from the full length eNOS proteipgptidewascustomsynthesizedby SigmaAldrich Inc. The
Thr495phosphorylatethuman eNOSTRKKpTFKEVANAVKISASLM, 20 residues arresponding
to residues 49510from the full length eNOS proteipeptide vascustomsynthesizedby GenScript.

The phosphorylation wasnfirmed by ESMS.
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2.2.4 NMR experiments.

2.2.4.1 Sample preparation for NMR investigation.

An overnight culture of transformésl coliBL21 (DE3) with pET9dCaM was used to inoculate
of M9 media(11.03 g/L NaHPQ,-7H,0, 3.0 g/L KHPQ,, 0.5 g/L NaCl, 2 mM MgS® 0.1 mM
CaClb, 3eM (NH4)e(MO7)24, 400e M H3BO3, 30eM CoCl,, 10eM CuSQ, 80eM MnCl,-4H,0, 10
eM ZnCl,, 10 mM FeSQ, 100eg/mL kanamycinxontaining 2g/L *C-glucose and @/L **NH,CI.
1¥3C-15N caMwaspurified as describeith section 2.2.2The samples were prepared fvIR
experiments via a buffer exchange into NE&tution(100 mM KCI, 10 mM CaGJ| 0.2 mM NaN,
90% H0/10%°H,0) atpH 6.0 using a ¥110 centrifugal filter device (Millipore Corp., Billerica,
USA). All NMR samples contained at ledsinM CaMin atotalvob me of 500 eL. The san
were transferred into 5 mm NMR sample tubes and storéCatrtil required for NMR
experiments.
The expression and purification of the various isotopidathgledCaM constucts produced
peptidefree holdCaM. To obtain the caplex,CaM samples were titrated wiiNOST495peptide
to saturation in a 1:1 CaM:peptide ratibhe synthetieNOS$HT495peptide waprepared by
di ssolving the powdered peptide in water to produ
and 1 @abtiors in 0.5 mL Eppendorf tubes and then lyophiligammplex formation was
monitored after each addition by acquisition 0Ha™N heteronuclear singlguantum coherence

(HSQC) spectrum.
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2.2.4.2 NMR spectroscopy and data analysis.

NMR spectra were recordetiz6’C ona Bruker 600 MHz DRX spectrometer equipped with XYZ
gradientdriple-resonance HCN prol@ruker, Billerica, MA, USA). Spectra were analyzed using
the program CARAKeller, 2005)

Specific assignments of ti@aM backbone resonances were achieved using a combination of
3D triple resonance experiments including HNCA, HN(CO)CA, CBCA(CO)NH, axg®l
(Grzesiek and Bax, 1992b; Muhandiram and Kay, 198i#lechain resonances were assigned using
the TOCSY type experiments HC(GJFOCSY, (H)CCHTOCSY and H(CCO)NHBax et al.,
1990) Specific assignments of tedNOSFT hr495 peptidavereobtained fromt®N-doublefiltered

NOESY experiment@ikura and Bax, 1992)

2.2.4.3 Structure calculation.

The'H, **C and™N resonance assignments were utilized to ideotfystraintsfor the structure
calculationsDistance onstraints fortie solution structure of Cal@NOSThr495wereobtained

from ®N-NOESY-HSQG **C- NOESY-HSQCand"N-doublefiltered NOESYspectraacquired on
samples containing labeled CaM and unlabebptide(Fesik andZuiderweg, 1990; Clore and
Gronenborn, 1991; Ikura and Bax, 1998)addition, dihedral angle restraints were derived from
chemical shift analysis with TALOS{Ehen et al., 2009CNSsolveversion 1.2Brunger et al.,
1998)was used to perform the structure calculatidime calculation was initiated with an extended
conformation file and run through several iterations of a standaxdatied annealing protocol to

minimize the energies. The final 20 lowest energy structuezeselected.
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2.2.4.4 Accession Numbers.

The coordinates and NMR parameters for the 06Sol

peptide of Endothelial Nitrogen @e Synthase phosphorylated at Thr495' have been deposited in the
PDB and BMRB and have been assigned RCSB ID code rcsh103588, Protein Data Bank (PDB) ID

code 2mg5 and BMRB accession number 19586.

2.2.5 Delphi calculation of the CaM structures.

Delphi electrositic potentials of the structure was calculated using the DelPhiContrifiefaice of
UCSF Chimera 1.5.3uild 33475(Pettersen et al., 2004he parseRes atomic radii file and atomic
charge file weraised as the input files in the calculation. The electrostatic potential surface was

visualizedin Chimera.

2.2.6 Dansylation of CaM.

DansylCaM was prepared as previously descrifi€idcaid et al., 1982)CaM (1 mg/ml) was buffer
exchanged into 10 mM NaH®;, 1 mM EDTA, pH 10.0, at€C. 30¢l of 6 mM dansyichloride (5
dimethylaminonapthalené-sulfonyl chloride) in DM® (1.5 mol/mol of CaM) was added to 2 ml of
CaM, with stirring. After incubation for 12 hr at@, the mixture was first exhaustively dialyzed
aganst 500 volumes of 150 mM NaQl,mM EDTA, 20 mM TrisHCI, pH 75, at £4C, and then
exhaustively dialyzed against 500 volumes of waiabeling yields were determined from
absorbance spectra using thg of 3,400 M'cm™ and were compared to actual protein
concentrations determined using the Bradford method withtyld CaM used as the protein
standardChen, 1968)ESIMS was used to confirm successful dadapleling of each CaM protein.

The concentration of dans@aM in all experiments was\.
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Lysine Dansyl chloride

Figure 2.1: Mechanism of dansyl chloride labelling of wildtype CaM.

2.2.7 Steady state fluorescence.

Fluorescence emission spectra were obtained using a PTI QuantaMaster spectrofluorimeter
(London,ON). Flerescence measurements were made an Emples consisting of dansghM (2

eM) alone or with eNOS or eNOSpThr 495 peptide
pH 7.2 with an increasing concentration of freé*Clree C& concentration was controllesing

the suggested protocol from the calcium calibration buffer kit from Invitrogen. The excitation
wavelength for all of the dans@aMs was set at 340 nm and emission was monitored between 400
and 600nm. Slit widths were set at 2 nm for excitation dnaim for emissionRelative fluorescence

was calculated by the following equation: relative fluorescence-F{HFmax - Fo), Where F is the

measured intensity,.& is the maximum intensity, and I5 the intensity without added €a
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Figure 2.2: Fluorescence emission spectrum of-8aM (solid line, excitation at 34 nm) and
excitation spectrum (dotted ling emissionmax at 500 nm)

2.2.8 Isothermal titration calorimetry.

All ITC recordings were performed orMicrocal ITC200 from Microch(Northampton, MA) at

25°C, 1000 rpm stir speed, and reference power sei¢alf. In theexperimentst saturating Ca
concentrationshe buffer used wa30 mM MOPS, 100 mM KCI, pH 7.@nd 1mM CaC}, and was
identical betveen cell and syringén theexperimentst 225 nM free Cd the calcium calibration
buffer kit from Invitrogenwasusedand the buffer consisted 30 mM MOPS,100mM KCI, pH 7.2

10 mM EGTAand 6.0 mM CaEGTANd was identical between cell and syrirtfer into buffer,
peptide into buffer and buffer into CaM controls showed no significant baseline decay andlrift
relatively low, consistent heats of injection, indicating sufficiently matched cell and syringe buffer
conditions.39 pL of eachpeptide waditrated into 200 pL of CaM at varying concentrations (optimal
starting conditions were determined empirically), typically frlb®@uM peptide intol0uM CaM to
500 pM peptide into 50 pM CaM, over the course dafZDinjections at 23 min intervals. Data
analysis was performed using Origin ITC200 Origin70 module withgaréed fitting equations for

one and twesites models. The orsetof-sites model was found to be applicable to all experiments.
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2.2.9 Circular dichroism (spectropolarimetry).

CD was performedsing a Jasco-d15 CD spectropolarimeter and analyzed usti@5 software

(Jasco Inc., Easton, MD, USA) as previously descr{bednando et al., 200®)ith some

modifications. Samples were measured in a 1 mm quartz cuvette (Hellma, Concord, ON) and kept at
25°C using a Peltigtype constantemperature cell holder (model PFD 3505, Jasco, Easton, MD).
Samples consisted of ed@pThrNBEaN-binsiggrdontaie peptides.e NOS or
Samples were in 10 mM Tr4CI buffer (pH 7.5), 150 mM NaChnd2 0 0 ¢ M. SQeat@ e

recorded over a 19950 nm range with a 1.0 nm band width, 0.2 nm resolution, 100 mdeg sensitivity

at a 0.125 s response and a rate of 1200 nm/min with a total of 25 accumulations. Data is expressed as

the mean residue ellipticityf( in degree cumor™.

2.3 Results and discussion

2.3.1 NMR spectroscopy and CD.

NMR spectroscopy was used to assess changes to thelga$ canplex due to the
phosphorylation of Thr493However, as mentioned above in section 2.2.4.1, N@SpThr495
peptide had to be titrated into tH€-"N CaM solution to achieve the 1:1 binding of CaMte
eNOST495peptide. This was done by acquiringld-HSQCspectrunafter each titration of
eNO$T495and monitoring the shift changes of the CaM amide peaks (shown in Biguréhe
titration d CaM witheNOS$T495exhibited a slow exchange, where, as the titration proceeded
could sedhatthe intensity of the amide peak of the unbound CaM deaeasthe intensity of the

amide peak of theNO$HT495bound CaM increaske The sample was cowlgired to be fully bound
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to theeNO$HT495peptide when the peak of free CaM disappeared and only the peak of bound CaM

was visible. This saturatexhmple was used for all other NMR experiments.
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Figure 2.3: Overlay of '"H-""N HSQC spectra ¢ CaM being titrated with eNOSpThr495 peptide.

The initial ®"N-HSQC spectrum of CaM (red) was overlaid with the spectra of different ratios of
eNOST495peptide to C&-CaM. The ratios are 1:3 ratio (blue), 2:3 ratio (purpled 1:1 ratio
(green). The HSQC spectra show amino acid residue assignments determined for théd@eptide
CaM.

The™N-HSQC spectrum oEaM-eNO$Thr495 was compared to that of CaM with the wild
type eNOS peptidézigure2.4 shows the overlay of tHeN-HSQC spectra of CaMNOS with that of
CaM-eNOSThr495 Cross peaks fahe majority of amides in theaM-eNOSpThr495 complex
overlap with those of CaMNOS complex. Howeveamides in th&C-domain, specifically the
amides of residues in EF hand, do na overlap with those of CaMNOSdue to differences in

chemical shiftsAlso not seen in Figure 2.4 is the chemical shift difference of E7, which is located in
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the heavily overlapped central portion of the spectra. This data suggests that the strutttares of
CaM-eNOS complex and the CaBNOSpThr495 complex are quite similar. This provides further
evidence that this phosphorylation affects residues E7 and E127, which are in close proximity to the
phosphorylated Thr495 in the structure. This has been pigyipostulated by Aoyagi et al. when

they suggested that the addition of a negatively charged phosphate group would cause electrostatic

repulsion between E7 and E1@Yoyagi et al., 2003)
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Figure 2.4: Overlay of 'H-"N HSQC spectra of the CaMi eNOS pepti
the CaMi eNOSpThr 495 peptide complex (red).

The effect of phgphorylation on the secondary structure of the peptide was investigated
using trifluoroethanol (TFE) monitored byaular dichroism spectroscopy. The TFE is used to

mi mi c hydrophobi c envi r odhefi@rcanrmationdn pepideskthato wn t o i
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have a propensity to form this secondary structure. Both eNOS peptides showed no apparent structure
inthebufer solution with 0% TFE. A compari an of the
was then performed by recording spectra after the addition of increasing concentrations of TFE. The

f or mat i éaixi®denemlly actbmpanied by the appearafcegative ellipticity at 208 and

222 nm. Both peptides showed increased amounts of secondary structure as more TFE was added. In
both cases, ther e whelicalatmcturemithrinereasireg TRErconeeptrptar. e nt U
With increasing concerdtions of TFE, the negative ellipticity at 222 nm of both peptides plateau at

TFE concentrations above 30% (see FiguBe. While this result indicates that the increase in helical

structure does not appreciably change above 30% TFE, the phosphoryidiee giel not show as

| ar g eelieaincontént as the nonphosphorylated peptide (FR)8ye The structural effects of the
phosphorylation leading to the diminished helical structure of the peptide can be due to the charged

and bulky nature of the phoisate, destabilization of electrostatics that can result in nonproductive
interaction with neighboring residues or the high desolvation penalty of the sidéRiwainel et al.,

2010) Specifically, it has been previously proposed ptaisphorylation at Thr495 OG1 would

disrupt its hydrogen bond with the Glu498 backbone anpdssibly affecting the-helical

secondary structure of the peptid®yagi et al., 2003)in addition, the Thr495 is next to one of the
anchoring resi d-6-846 nCaMebicrnd disrsg csad quwelnce mot i f .
phosphorylated Thr495 next to thest residue of the motif will likely disrupt the helical structure of

the region.
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Elipticity at 222nm ( ® x 103 deg-cm?dmol! ) vs %TFE
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Figure25:Compari son of UVI CD -tgyeaNOS andeNOSpThwiB®aM- wi | d
binding peptides in buffers with varying TFE concentrations

The ellipticiy at 222 nm is shown as a function of TFE concentration.
While the propensity of the phosphorylated eNOS CaM binding domain to foarhalix

appears to be diminished, the final structure of the peptide bound to Caky &imilar to that of the
nonphosphorylated form of the peptide. The diminishdgtlical propensity could account for the

reduced activity of the enzymes associated with the phosphorylated form.

2.3.2 Structure of CaM-eNOSpThr495 CaM binding domain peptide complex.

The NMR analysis o€aM with the 8O Thr495peptide(Figure 2.&\) followed routine

procedures with the backbone resonance assignment based primarily on 3D triple resonance
techniquesusing the previously assigned chemical shifts of CaM with tyjilé eNOS peptide as a

starting pointThe HNCA experiment (Figure B was supported by CBCA(CO)NH and

HN(CO)CA experiments. This combination of techniques resulted in complete backbone assignments

for CaM, with the exception of the prolines and thetfirgo N-terminal amino acidéAppendix B).
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Figure 2.6: Composite figure of NMR structural data.

(A) *H-"*N HSQC spectrum of theNOSpThr498CaM-bindingdomainpeptide. (B) 3D HNC/Astrips
of sequential amim acidsGly96 to 1le100of CaM. The connection between the alpha carbon of the
previous and successor residue are shown.
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Subsequently, sidechain resonarnicesCaM were assigned usitgC(C)H-TOCSY,
(H)CCHTOCSY and H(CCO)NHexperiments and for the eNOSp#B5 peptide using tHeN-*C-

doublefiltered NOESYexperimen{Figure 2.7)
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Figure 2.7: *®N-"*C-doublefiltered NOESY spectrum of eNOSpThr495 of the CaM
eNOSpThr495 complex

Some of the NH, NH/HA and NO&ross peaks are labeled in the spectrTine peaks are numbered
as per the residue number from the full length eNOS enzyme.
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NOEs for structure determination of taldOSpThr495peptide bound to CaM were extracted
from ®N-*C-edited NOESY**C,;-NOESY and"*N-doublefiltered NOESYexperimentsThe three
dimensional solution structure of Cabddund to the humaeNOS CaM binding domain peptide
phosphorylated at ThrdQ€aM-eNOPThr495 wascalculatedusingthe CNSsolve software
program.The structure of theatnplex is based on a large number of experimental constraints and is

well defined. Structurand input datatatigics are summarized in Table 2.1.

Table 2.1: Statistics for the CaM-eNOSpThr495 peptide structiral ensemble

CaM-eNOSphos Complex
NMR-derived distance and dihedral angle restraints
Calmodulin eNOSphos peptide  CaM-eNOSphos complex
NOE constraints 1513 119 62
Dihedral angles from 288 N/A N/A
TALOS+
Total number of restraints 1982

Structure stéstics for the 20 lowest energy structures
Mean deviation from
ideal covalent geometry
Bond | engtt 0.010
Bond angles (deg.) 1.3
Average pairwise RMSD All Residues Ordered Residués Selected Residu®s
(U) for all
the 20 lowest energy
structures
Backbone Atoms 1.3 0.9 0.9
Heavy Atoms 1.7 14 14
Ramachandran statistics
(%)
Residues in most 86.0
favored region
Residues in additional 13.5
allowed regions
Residues in generously 0.4
allowed region
Residues in disallowed 0.0
region

#Ordered residue ranges: ®"\,10A-36A,39A-77A,79A-148A 495B-5088
bSelected resite ranges: 6/8A,10A-36A,39A-77A,79A-148A 495B-5088
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The family of 20 final structures is shown in Fig@8A. The average structure showing the
location of the phosphorylation of Thr495 of the eNOS peptide, whidhuigl near the Nerminal
end of the pptide is shown in Figure 2.8Residues ¥4 (corresponding to 49494 of eNOSht the
N-terminus of theNOSpThr495CaM binding region peptide were not included in the structure
calculation because they couldt be unambiguously assigned. This could betdithe addition of
the phosphate group which has been theorized to destabilize the helical propensity of the peptide
(Aoyagi et al., 2003)Based on the comparison of thN-double filtered NOESY experiments for
CaM with eNOS peptide and CaMttveNOSpThr495 peptide there was little change in the chemical

shifts observed for pThr495 and Thr495.
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Figure 2.8: Solution structure of CaM bound to eNOSpThr495 CaM binding domain peptide.

(A) Superpositin of the ensemble of the 20 lowest energy structures of CaM bound to the
eNOSpThr495 peptide. Backbone atom traces of CaM are shown in dark blue and the
eNOSpThr495eNOS péage are shown in light blue. jJBCartoon ribbon view of the average solution
strudureof CaM-eNOSpThr495 complex. {@artoon ribbon view showing residues in close
proximity to the phosphorylated Thr495 of the eNOS peptid&.iGas are shown as green dots and
are modeled in their known locations. Residud®) bf CaM (EF Hand I) areolored red, 4779 (EF
Hand II) are purple, 8214 (EF Hand Ill) are green, and 1158 (EF Hand IV) are blue. The peptide
is colored in a lIlighter blue and the N and
phosphorylated Threonine is shown isksmodel.
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2.3.3 Comparison of the CaM-eNOS vs CaM-eNOSpThr495 complexes.

Whenthe solution structure of CaléNOSis superimposed onto that of the CaWOS$Thr495
structurethe two structures are shown to be quite similar, however, a few local differensegmare
(Figure 2.9)When aligned with respect to the backbone atoms gfe¢péde a differencds shown

in the orientation of helix A of CaM between the two structures, with helix A of-€d$Thr495
pushedaway fromthe Nterminus of the peptid@vherethe phosphorylated Thr495 is locatedlF
hand IV (colored blue) is also shifted farther away from the peptide in theeGEMSpThr495
structure. The rest of the CaBNOSpThr495 structure superimposes quite well on the-€®IS
structure. This, along witthe 'H-"N-HSQC spectra overlay, confirms that the phosphorylation of

Thr 495 doesnoét have an effect on the structure ¢

Figure 2.9: Superpositions of the CaMeNOS peptide solution structureand the CaM-
eNOSpThr495 peptide shution structure.

Comparison of solution structiwef CaM-eNOSThr495peptide (dark colors) witEaM-eNOS
peptide (light colorshy superimposing the two structures and viewing it along ¢ted peptide
fromitsNt e r mi ntoissC-{ &0 )ni nan the €Nt view)and rotated 90° around the
horizontal axis with thé&l-terminus of the bound peptide on the topthe right (bottom view)he
two structures are aligned by superimpgdoackbone atonf the bound peptides. The colcheme
is the same as figure 2.8
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2.3.4 Electrostatic effects of the phosphorylation of Thr495.

Theadditionof the phosphate group Thr495 of the eNOS peptidgdowsstructural effects oiF

hang | and IV.This isfirst illustrated by théH-"*N-HSQC spectra overlay of the CadlNOS and
CaM-eNOSpThr495 complexes (Figure 2.4) and is clearly shown by the structure overlay of the two
structures (Figure 2.9The analysis ofhe CaMeNOSpThr495tructure with DelRi illustrates that

this modification to the peptide createsiare negative potential on theterminalregion of the

peptide, which is located in a negatively charged region of CaM (Figure, D)0this negative

charge is not present in the CaMlOS comfex (figure 2.10B) and thus would not cause any
electrostatic repulsion. This phosphate group is in close proximity to E7, which is found in helix A of
EF hand I, and E127, found in helix G of EF hand IV. The electrostatic repulsion between the
phosphate pup and helix A of EF hand | gives an explanation as to why helix A is pushed further
from the peptide in the CaldNOSpThr495 complex, as shown in Figure 2.9. This also explains why
helix G and EF hand IV are shifted further away from the eNOSpThr49&l@ephis electrostatic
repul sion could be aff ec#?hbymtgrfeihgWitb the EX handsiand/ t o coo
IV, which would help explain why CaM has diminished ability to bind eNOS phosphorylated at

Thr495 at physiological Galevels.
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Figure 2.10: Delphi-calculated electrostatic potential maps

The Delphicalculated electrostatic potential maps are projected on the surfhee@iMeNOS
peptide complex (A, Band the CaMeNOS$Thr495peptde complexC, D). Thr495andpThr495
are displaye®n thepeptideby an *and+. The Delphicalculated electrostatic potential maps are
colored with a chimera color key ranging frost5) red to Q) blue.

2.3.5 Fluorescence spectroscopy suggests increased Ca?* sensitivity of CaM with the
eNOS peptide.

Binding of the eNOS and eNOSpThr495 peptides with CaM was further studied using dansylated
CaM (dansyiCaM). DansyiCaM is a useful tool to detect conformational changes in CaM as a result
of interactions with C&, peptides or other proteins because the intensity of the fluorescence spectrum

is enhanced and shifted when the dansyl moiety becomes embedded in a hydrophobic environment
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(Kincaid et al., 1982; Johnson and Wittenauer, 1988)hout C&" present there was no blue shift or

enhancement of dansyl fluorescence spectrum observed when eNOS peptide or eNOSpThr495

peptide were added. In the presence df Ghis shift andenhancement of the fluorescence spectrum
was observed. To analyze the’Gdependency of the two complexes we performed tRteation

fluorescence experiments in triplicate (Figure 2.11).

A CaM alone
10000
— OuMCa
8000 ——0.035uM Ca
——0.065uM Ca
6000 —0.100uM Ca
——0.150uM Ca
4000 ——0.225uM Ca
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_——" 1.35uM Ca
0 2.86uM Ca
400 450 500 550 600
o CaM titrated with cNOS peptide C  CaM titrated with eNOSpThr495 peptide
— OuMCa 10000 C ouMCa
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Figure 2.11: Fluorescence emission spectra of dans@laM in the presence of eNOS and
eNOSpThr495 peptides

Fluorescence measurements were made @nls@dmples consistingofdansgla M (2 e M) al one ¢
with eNOS or eNOSpThr495 peptide in 30 mM MOPS, 100 mM KCI, 10 mM EGUAYM

CaEGTA,pH 7.2 with an increasing concentration of freé'CBhe excitation wavelength for all of

the dansylCaMs was set &40 nm and emission was monitored between 400 andr608lit

widths were set at 2 nm for excitation and 1 nm for emission.

The elative fluorescence was calculated CaM and for CaM with either eNOS or
eNOSpThr495 peptide (Figure 2.1%)ithout peptide, dansyiCaM exhibited fluorescence changes
in a C&" concentration range of 0.358 uM. The fluorescence changes of the da@aN-eNOS
complex occurred in a much lower Caoncentration range, which may correspond to a
physiological C& concentrationThe dansylCaM-eNOSpThr495 complex showed no difference in
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Cd"* dependency when compared to CaM alone. The$&ti@ation experiments provide information

about the conformational transitions of CaM with the peptides afid Ca
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Figure 2.12: Ca** dependency of dansylCaM fluorescence with or without eNOS and
eNOSpThr495 peptides.

Normalized flwrescence is shown for CaM, CadllOScomplex andCaM-eNOSpThr495under
assay conditions describedsection 2.27.

The resulof the CaMeNOScomplex binihg with C&* at lower C&" concentrations than
CaM aloneindicate that the Caaffinity of CaMis enhanced witpeptide binding to CaMThis is
not seen in interaction of CaM with eNOSpThr495 peptide. This isede@4’ sensitivity of CaM
have also been seen with other peptides interacting with(@eM et al., 2000) This suggestshat
binding ofeNOS peptidéo CaM increases the €aensitivity of CaM in the physiological €a

range, whereas eNOSpThr4@&es not.
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2.3.6 Isothermal titration calorimetry.

Isothermal titration calorimetry (ITC) was us@dexamine théhermodynamic profiles associated

with the binding @M to the two target peptideSince the values obtained for binding constants

show slight variations when performed using different methods and cond¥origerr et al., 1993;

Censarek et al., 2002l of our experiments were performed by ITC using exactly the same

conditions.Representative titrati@for each are shown in figure 2.13
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ITC analysidndicates binding of the eNOS peptide and no binding of eNOSpThr495 peptide to CaM
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Figure 2.13: Isothermal titration calorimetry (ITC) data for CaM with eNOS and eNOS
pThr495 at saturated and 225 nM free C%.

Molar Ratio

at physiological C4 levels Representative raw sample data for several @aptide titrations.

Table 2.2: Thermodynamics d CaM-peptide interactions measured by ITC

N (sites) Ka( eM) pH (kce pS (cal
g;’i"'e'\'os""“h 225 M free 1.00+0.01 | 02003 | 9.39%0.13 62.0
CaM-eNOSwith ImM free C&" | 102+0.02 | 07+02 | -4.48+0.16 13.3
CaMeNOSPThr49WIth 225 | 5096 + 0.85|  >50 | 41.07 + 369.9 140
nM free C&
fcrgg"ggOSpTh”’%"’“h ImM 1 111+001 | 03+008 | 1.74+0.03 35.5

*These results cannot be fit reliably by the ITC software and are indicative of poor or no binding
between CaM and the eNOSpThr495 peptide.
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In the presence of excess calcium (Lmi type eNOS peptide binds to Maby an
exothermic interactiorAs previously reported for the binding of the nNOS pepi{igamniuk and
Vogel, 2005eNOS binding proceeds with a negative enthadgy)( a positive entropy(s) and
modest affinity (K = 0.7uM) (Table 2.2) This indicates that the interaction is driven by favorable
enthalpy and entropy. In contrast, the binding of the eNOSpThr495 peptide under the same conditions
is weakly endothermiayith a comparable affinity to that of wild type (K 0.3uM). A similar
endothermic interaction has been reported for apoCaM titrated with mutant peptides corresponding to
the CaM binding domain of iNOS, an isoform that is known to bind to CaM in teacbsiCa”
(Censarek et al., 2004)he eNOSpThr495 binding interaction proceeds with posititeandgs.

The interactioris therefore driven by the increase in entropy. Both peptides showed a 1:1
stoichiometry with CaM as expected.

Becauseur fluorescence studies showed an apparent difference in binding at low calcium
concentrations, we attempted to thermodynamicallyactiarize the interactions under these
conditions. Intriguingly, at low [Cd]s.e the binding of wild type eNOS peptide to CaM becomes
highly endothermic, the entropy gain increases over fourfold, and its affinity for CaM increases
slightly (Kg = 0.2uM). A similar result showing a switch from an exothermic to an endothermic
interaction has been reported for the binding of the nNOS CaM target domain to CaM by simply
changing the experimental conditions going from a higher to a lower tempédhaummaiuk and
Vogel, 2005) ThegH under low 225nM calcium conditions is now positive and unfavorable for
binding. The change in enthalpy is compensated by a pogfvauch larger than that observed for
the wild type peptide binding in excess calcium. In contrast, the bindielJ@SEpTHr495 to CaM in
these lowCa’]s.e conditions becomes negligible (Figure 2)1Bhis is consistent with our

fluorescent experiments showing no apparent binding under these conditions. In essence, these results
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indicate that notphosphorylated eNOS is mosensitive to ambient cellular €aand

phosphorylation serves as an attenuator 4f-CaM regulation of eNOS.

2.4 Conclusions

We set out to understand how phosphorylation of a single residue in the CaM target domain results in
diminished NOS enzyme actiyitPrevious studies had shown that an eNOS enzyme carrying a
phosphomimetic T495D mutation binds very weakly to CaM. In contrast, the control mutant T495A
showed strong binding to Ca{leming et al., 2001 Enzyme studies also showedtlonly

phosphorylation of T495 or the mutation T495D resulted in the loss of eNOS enzyme activity. It had
been postulated that phosphorylation of T495 reduces output by hindering the association of CaM
with its binding sitg Aoyagi et al., 2003)Until the present study, there had not been a structural

study using a phosphorylated T495 residue. Our solution structure shows that in the presence of
excess calcium, phosphorylation does not prevent the binding of CaM to the phosphorylated peptide.
While the exact mechanism of how phosphorylation of Thr495 in eNOS adversely affects the
activation of the enzyme is still unknown, a careful look at the complex does provide some idea of the
reported cause for the reduced enzyme activity. A comparisoer birithstructures in figures 2.4 and

2.8 show that the most significant changes in the pThr495 solution structure involved two CaM amino
acids E7 and E127. In addition both E11 and M124 are found to be in close proximity to the pThr495
phosphate group. Thareviously reported crystal structure of CaM bound to the human eNOS peptide
shows that the side chains of these amino acids are in contact with a number of amino acids in the
eNOS peptidéAoyagi et al., 2003)Both E7 and E11 are part of hefxof the EF hand 1 in CaM.

The E7 side chain is in contact with eNOS residues K497 and E498 and has ionic interactions with

R492. The E11 side chain is in contact with eNOS residues E498, A502 and 1505 and has a hydrogen

58



bond with N501. Our results showmFigure 2.9 indicate that helix A is pushed away from the
peptide likely due to electrostatic repulsion.

The M124 and E127 residues are both in helix G of EF hand 4 in CaM. The side chain of
M124 is in contact with eNOS residues T495, F496 and V499dire&127 of CaM has contact
with T495 and K497. In addition E127 has ionic interactions with K493 and the backbone of T496.
Electrostatic repulsion could again account for the displacement of helix G of EF hand 4 away from
the peptide (Figure 2.9). Looldrclosely at the Delphi image with the phosphate present, the
phosphorylation of Thr495 adds a negative charge that is close to helix G (Figure 2.10). The
displacement of helix A and G may not be significant under conditions with 1 mM calcium, but under
physiological low calcium concentration conditions, a more significant displacement of these helices
may have a detrimental effect on enzyme binding and activation. This comes from owGidvisyl
experiments showing that the pThr495 peptide required signify higher concentrations of calcium
to bind to CaM. Our calorimetric study also showed a lack of binding of CaM to the phosphorylated
peptide in the presence of 225nM free calcium. We used TFE to ibkhalecal formation and used
spectropolarimetry to monitor the changes in the secondary structure of the two eNOS peptides. The
secondary structure of both peptides plateaus in 30% TFE but phosphorylation appears to result in a
reduction in the degree tfhelical structure in the peptide. In the presence of high concentrations of

Cd", the solution structure shows that both peptides foriHaelical structure when bound to CaM.
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Figure 2.14: "H-"N HSQC spetra of CaM, CaM-eNOSand CaM-eNOSpThr495peptide
complexes

(A) Overlay of'H-">N HSQC spectra of CaMdd) and CaMeNOS peptide complexy(een at
225nM free C4. (B) Overlay of'H-"*N HSQC spectra of CaMéd) and CaMeNOSThr495
peptide complexgreen at 225nM free C&. This indicates binding of theNOS peptide to CaM, as
seen by the difference of the two HSQC spelotrianobinding of the eNOSpThr495 peptide
225nM free C4.
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In summary, the interactions of CaM with the peptides based on the EBKdBinding
domain or the eNOS CAM binding domain phosphorylated at Thr495 are very sitrskturating
C&" concentrations. This is confirmed by our NMR spectroscopy, fluorescence and ITC results. At
the lower C&" concentration of 225nM, near physigloal C&" levels, no significant binding of CaM
to eNOSpThr495 is observed by either method (Figure 2.14), whereas CaM is binding to
nonphosphoryated eNOS. When Thr495 is phosphorylated, our results indicate there is a diminished
propensity for the formain of anU-helix by the peptide in combination with electrostatic repulsion
that may account for the diminished Caldpendent activation of the eNOS enzyme under low

physiological calcium concentrations.
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Chapter 3
Chemi chalf ts perturbationsspeduted myt aebi

of CaM interacting with NOS pept

3.1 Introduction

CaM consists of two globular domaijuéned by a flexible central linker regioBachone of these
domainscontairs two EF hand pairs capable of binding t6"C&ach EF hand consists @helix

loop-helix structural element, with the 12 residue long loop being rich in aspartates and glutamates.
UponC&'bi ndi ng to CaMds E Bcohfermationgl chahgeNhatiexposesr g o e s
hydrophobic patches on each domain thereby allowing @addgociate with its intracellular target
proteinsThecentral | inkerds flexibility allows it to ad

its intracellular targetéPesechini and Kretsinger, 198&}aM is able to bind to target proteins in the

" The results presented in this chapter Hasen published as part of:

Piazza, M, Guillemette, J. G Dieckmann, T, (2015)Chemical Shift perturbationaduced by

residue specific mutations of CaM interacting with NOS pepti8iesnolecular NMR Assignments

9, 299302

Piazza, M, Guillemette, J. G Dieckmann, T, (2016)Chemical ShifiAssignments of Calmodulin
constructs with EF hand mutatiof&pmolecular NMR Assignment, 193198.

Unless otherwise stated, all of the work reported in this chapter was performed and analyzed by the

candidate.
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Ca"-replete and Ca-deplete formsThere is considerable interest in obtaining a better understanding
of the structural basis for CoudMdagetpeteinsl i ty to

NOS enzymes are one of the target proteins bound and regulated bAGze®ated C&
concentrations, CaM binde and activatesNOS makingt a Ca*-dependent NOS enzyme. In
contrast, iINOS is transcriptionally regulaiedsivo by cytokines and binds to CaM at basal levels of
Cd"*. The Ca*-deficientmutantCaM proteins can be used to alléav a specificstructural
investigation of C&-dependent/independent activation and binding of CaM to iN©Study the
Ca*-dependent/indepeent properties of binding and activation of target proteins by CaM,
numerous studies useseries of CaM mutantisat involves conversion of Asp to Ala at positionfl
each EF han(Geiser et al., 1991; Xia et al., 1998; Xiong et al., 20CBanging the aspartate residue
at position 1 of th&F handoop of CaM inactivates the EF hanoward G* binding. These CaM
proteinsare defective in Cabinding in either the Nerminal lobeEF handgCaM,,; CaM DDA and
D56A mutations), the @erminal lobeEF handgCalMs,;, CaM D93A and D29A), or all four of its
Cd*-binding EFhands (CaNbs; mutatiors at DDA, D56A, D93A and D29A inclusive).A recent
study byXiong et al. (2010has shown that althougtonversion 0D93 andD129 to Ala effectively
inhibits C&" binding toEF handsll and 1V, themutations may cause sorsieuctural perturbations
in the Gdomain Thissuggests that th@a*-deficientCaM mutantsnayadapt a different structure
compared to that of thegpoN- andC-domairs of CaM.

The interaction of CaM withNOSis also regulatethy a number of pogtanslation
modifications including pbsphorylatiorat Tyrosine 99Corti et al., 1999; Jang et al., 2007; Mishra
et al., 2010)Studies of central nervous tissue hypoxia in newborn piglets indicated that
phosphorylation of Y99f CaM affect the activity of NOS in viviMishra et al., 2009, 2010The

helix 2-helix 6 region (latch domain) of CaM is also an important interaction site between CaM and
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NOS and plays a critical role in NOS activat{@u et al., 1995)Amino acid mutations in this site
have been shown to impair activation of the NOS enzyaen(Su et al., 1995)To allow the
structural studies to be performed, a phosphomimetic form of, CaMl Y99E, and CaM Y99E
containinga N111D latch domain mutation were used in the investigation.

Here we present the NMR resonance assignmer@daiie C&*-replete and deple@alM,
N-lobe C&"-replete and deplete CaMCaMs,4in the absence of aN-lobe C&*-replete CaM,
with the INOS peptideCaM Y99E with theeNOSpeptideand CaM Y9& N111D with the INOS
peptide.Priorto this study the solution structures of apoCaM, holoCaM and holoCaM with the iINOS
and eNOS Cahbinding domain peptide have ledeterminedKuboniwa et al., 1995; Piazza et al.,
2012). By comparing to the wild type complexes we clearly showttiephosphomimeti€aM and
mutationof a latch domain residue causight perturbations of resonanicequenciedor residues
near the mutation sites and involved in thee@ninal C&" binding sites, whereas thetdrminal and
linker region residues appear unaffectBaese assignments can also be used to solve the solution
structures of these €adeficientCaM mutantsand compare them to known structures of apoCaM.
Furthermore, this metid allows for quick structural characterization of other CaM or CaM mutants
interacting with various NOS peptides and provides the basis for a detailed study-0f@aM

interaction dynamics usingN relaxation methods.
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3.2 Methods and experiments

3.2.1 Expression of CaM mutant proteins: CaM Y99E; CaM Y99E N111D; CaMjyaq;

CaM;,; and CaMs,.

The QuikChange sitdirected mutagenesis procedwas used to produce vectors coding for CaM
Y99E and CaM Y99E N111Drhese plasmidaeresubcloned intahe kanamycin resistant
pPET9dCaM plasmidPlasmids coding for Cald CaM,and CaMjsswere a generous gift from Dr.
John Adelman (Oregon Health & Sciences University, Portland, OR) (I&& et al., 2003)These
plasmidsweresubcloned intdhe kanamycin resistamectorpET9dCaM.CaM Y99E CaM Y9%E
N111D, CaM;,, CaMszand CaM,sswere expressed . coliBL21DE3 competent cellsnd grown

in M9 medial L of M9 media(11.03 g/L NaHPQ,-7H,0, 3.0 g/L KHPO,, 0.5 g/L NaCl, 2 mM
MgSQ, 0.1 mM CadJ, 3eM (NH,)(MO7),4, 400e M H3BO;, 30eM CoCl, 10eM CuSQ, 80eM
MnCl,-4H,0, 10e M ZnCl,, 10 mM FeSQ, 100eg/mL kanamycinkontaining 2 g/L glucose and 1
g/L *®NH,CI at 37°C. Protein expression was induced atag f 0. 6 wisdpfopy$5-00 & M
D-thiogalactopyranosiddRTG) and harvested aftertdby centrifugation at 6000 x g at 4°C for 5

minutes.

3.2.2 Purification of CaM mutant proteins.

Cells were resuspended in 4 volumes of 50 mM MOPS, 100 mM KCI, 1 mM EDTA, 1 mM DTT, pH
7.5 and lysed by homogenizatiasing an Avestin EmulsiFle5 homogenizer (Ottawa, ON). The
lysate was then clarified by centrifugation at 48,000 x g for 30 minutes at 4°C. To the clarified
supernatant, CagWas added to a concentration of 5 mM in order to saturate CaM wittaeh

induce the exposure of hydrophobic patches in thand CGlobesof CaM to allow CaM to interact
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with the resin. This Ca-saturated supernatant was then loaded onto 20 mL of phenyl sepharose 6 fast

flow highly-substituted resin (GE Healthcare EBoiences Bai e doé Ur f e, PQ) in a 1
Econoecolumn (BicRad Laboratories, Mississauga, ON) equilibrated with 50 mMHA@S 1 mM

CaCb, pH 7.5 @ 4°C. After the Casaturated solution was loaded; the resin was washed with 100

mL of the above. The resin wasbsequently washed with 80 mL of 50 mM TH€l, 500 mM

NaCl, 1 mM Cadl, pH 7.5 @ 4°C to remove any nepecific proteins that were interacting with the

resin. The resin was finally washed with 50 mL of 50 mM-H@l, 1 mM CaC}, pH 7.5 to remove

NaClfrom the resin. CaM was then eluted from the phenyl sepharose resin with approximately 30 mL

of 10 mM TrisHCI, 10 mM EDTA, pH 7.5 @ 4°C and 2 mL fractions were collected. Fractions were

then scanned from 325 to 250 nm on a Varian Cari\iBible Spectropbtometer (Varian,

Mississauga, ON). Fractions displaying the characteristic absorbance peaks of CaM at 277 nm (for

tyrosine residues) and 269, 265, 259, and 253 nm (for phenylalanine residues) weranmboled

concentrated to 2 mL sample sizes. The sanwpées then run through a HiLoad 16/600 Superdex 75

column GE HealthcareBks ci enc e s, B) adnrected o thékia elgsigny3tefGE

Healthcare BieSci ence s, B) aiding buffied consistieg, &0 AN TrisHCI, 0.5mM
EDTA,pH75Fractns el ut ed at the characteristic time poi
collected. Isolation and purity of the CaM proteins (148 residues) were confirmed bylESind

SDSPAGE.

3.2.3 NOS CaM-binding domain peptides.

The human iINOS (RREIPLKVLVKAVLFACMLMRK, 2 residues corresponding to residues-510

531 from the full length iINOS protein) and eNOS (TRKKTFKEVANAVKISASLMGT, 22 residues

66



corresponding to residues 4912 from the full length eNOS protein) peptides were synthesized and

purchased from Sigma.
3.2.4 NMR spectroscopy.

3.2.4.1 Sample preparation for NMR investigation.

TheCaM Y99E or CaM Y99E N1l11Bamples were prepared for NMR experiments viaféeb
exchange intd00 mM KCI, 10 mM CagGl 0.2 mM NaN, 90% H0/10%H,0 atpH 6.0 using a

YM10 centrifugal filter devicéMillipore Corp., Billerica, USA) The C&* saturated CaMand

CaMs, samples were prepared for NMR experiments viafiebexchange inté00 mM KCI, 10 mM
CaCl, 0.2 mM NaN, 90% HO/10%°H,0 atpH 6.0 using a YM10 centrifugal filter device

(Millipore Corp., Billerica, USA).TheC&* free CaM,and CaM, samples were prepared for NMR
experiments via adffer exchange intd00 mM KCI,0.5mM EDTA, 0.2 mM NaN, 90% HO0/10%

H,0 atpH 6.0 using a YM10 centrifugal filter devic&ll NMR samples contained agést 1 mM

CaM Y99E CaM Y99E N111DCaM;,, CaMsg,orCaMi,zsi N a t ot al vol ume of
were transferred into 5 mm NMR sample tubes and storéi€atrtil required for NMR

experiments. NMR experiments on the complexes were conducted on samples titrated with either
INOS or eNOS peptide to saturationd 1:1 CaM:peptide ratio. Complex formation was monitored
after each addition by acquisition oft&'>N heteronuclear singlguantum coherence (HSQC)

spectrum.

3.2.4.2 NMR spectroscopy and data analysis.

NMR spectra were recorded at 298K on Bruker 600 MHz BR&ctrometers equipped with XYZ

gradients tripleeesonancéiCN probe (Bruker, Billerica, MA, USA). Specific NMR resonance
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assignments were achieved usfity®N HSQC,HNCA, CBCA(CO)NH (H)CCH-TOCSY,
HC(C)H-TOCSY, 15NTOCSY-HSQG **C-NOESY-HSQCand™N-NOESY-HSQC experiments,
while using the NMR resonance assignments optegiouswild type CaM or CaMcomplexes as a

starting point. Spectra were analyzed using the program CKRker, 2005)

3.3 Results

3.3.1 Assignments and data deposition for CaM Y99E with eNOS peptide.

Figure3.1 shows the superposition of thid-">N HSQC spectra of the CaM Y99E bound to ¢lOS
CaM binding domain peptide versus wild type CaM bound to the eNOS CaM binding domain
peptide. Chemical shift chang@sgure 3.2)induced by the phosphomimetic mutant appear for the
amides in the&-lobe, specifically the amdes of residues 9601 andl30-138. Almost all of these
residues participate in coordinating the/Gan in EF hands Ill and IV. The rest of the amide
resonances overlay quite well with each otheggesting a similar structure of theddmain for both
complexes.

Almost complete mide resonance assignment for CaM Y99E bound to the eNOS CaM
binding domain peptide was achiev@gppendix C) Overall 97.9% of altH", *°N resonances were
assigned with the exception of the first Al residue, D129, E140 and the two Proline residues. The
chemical shift assignment of CaM Y99E with eNOS was deposited in the BMRB database under

accession number 25257.
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Figure 3.1: Superposition of'H-**N HSQC spectra ofCaM Y99E-eNOS peptide (blackland
wild ty pe CaM-eNOS peptide (grey).
Each backbone amide resonance is labeled with the amino acid type and position in the sequence.
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Chemical shift differences between wtCaM-eNOS and CaM Y99E-
eNOS
0.4

0.35

0.3

AS ppm
(=]
]

0.15

0.1

0.05 | ‘
0

Figure 3.2: Chemical shift differences betweemvtCaM-eNOS and CaM Y99EeNOS.

Thecontribution of*HN and™N chemicalshift chames for each residue was caitad asgi =
A[(qai*HN)? + (qui**N/5)7], whereqai'HN andaai™N are the differenceis *HN and*®N chemical
shifts between thimdicated protein

3.3.2 Assignments and data deposition for CaM Y99E N111D with iNOS peptide.

Figure3.3shows the superposition of thid-">N HSQC spectra recorded at 298 K on the CaM Y99E
N111D bound to the INOS CaM binding domain peptide versus wild type CaM bound to the iINOS
CaM binding domain peptide. Chemlichift changegFigure 3.4)induced by the phosphomimetic

and latch domain mutant appear for #@mides in th&-lobe, specifically theamides of residues 96

103, 110115 and 13@.38. These residues participate in coordinating tiféi@ain EF hands lland

IV and are part of helix 6 of the latch domain. Surprisingly the rest of the amide resonances overlay
quite well with each othesuggesting a similar structure of thddbe for both complexes, including

the residues of helix 2 which are part of tledi>h2-helix 6 latch domain.
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Almost complete amide resonance assignment for CaM Y99E N111D bound to the iINOS
CaM binding domain peptide was achieyé&gpendix D) Overall 98.6% of altH", >N resonances
were assigned with the exception of the first Adidee, E120 and the two Proline residues. The
chemical shift assignment of CaM Y99E N111D with iNOS was deposited in the BMRB database

under accession number 25253.
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Figure 3.3: Superposition of'H-">N HSQC spectra of CaM Y99E N111BINOS pegpide (black)
and wild type CaM-iNOS peptide (grey).

Each backbone amide resonance is labeled with the amino acid type and position in the sequence.
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Chemical shift differences between wtCaM-iNOS and CaM Y99E
N111D-iNOS
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Figure 3.4: Chemical sift differences between wtCaMiNOS and CaM Y99E N111DBiNOS.

The contribution ofHN and*N chemicalshift chames for each residue was ca#tad aspi =
A[(qar*HN)? + (qai**N/5)%, whereqai'HN andqdi™N are the differenceis *HN and**N chemical
shifts ketween thendicated protein

3.3.3 Assignments and data deposition for Ca** deplete and Ca®" replete CaM;, and

CaMa,.

Table3.1 shows the list ofa*-deficient CaM mutantased in this study, the completion of their
chemical shift assignments and their BMRBegsion identification codes. FggaCaM,, almost
nonproline backbone resonances were assigde®%) with theexception ofAl, D2 andF92
(Appendix F) The chemical shift assignmentapaCaM,, was deposited in the BMRB database
under accession hub26682 ApoCalMs, hadmostnon-proline backbone resonanassigned
(94.5%) with theexception ofesiduesAl, D2, R90, V91, F92, 1100/136 andE140(Appendix G)
The chemical shift assignmentabfdCaM,, was deposited in the BMRB database under acaessio
number 3683 For theCa*-CaM,, construct 97.9% afionproline backbone resonancesre

assigned excluding A1, D2 ard7. The chemical shift assignment ©&*-CaM,, was deposited in
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the BMRB database under accession numbé82 Ca*-CaMs, all non-proline backbone resonances
were assigne®(.8%) with theexception ofAl, D2, E67, M72, R86, R90, V91, F92, A93, 1100
V136 andE14Q The chemical shift assignment@&Z+—CaM34 was deposited in the BMRB database
under accession numbeséBa6

Table 3.1: Ca?*-deficient CaM mutants used in this study and completion of chemical shift
assignments.

CaM mutant| Nuclei assigneq % Backbone| % Sidechain Residues missirig BMRB
assigned assigned #
ApoCaM,, H, NH 97.9 N/AP Al, D2, F92 26682
ApoCaM, H, NH 94.5 N/AP Al, D2, R90, V91, 26683
F92, 1100, V136,
E140
Ca'-CaMy, | H, NH 97.9 N/A® Al, D2, A57 26685
Ca*-CaMy, | H, NH 91.8 N/AP Al, D2, E67, M72, 26686

R86, R90, V91, F92,
A93, 1100, V136,

E140
ApoCaMyss |H, NH, 97.2 96. 6 CU,|A1 D2 R90,I1100 |26681
HU, Hb, 84.0 sidechain H,
H U 96. 6 HU,
Ca™-CaMg,- |H, NH, 98.6 97.3 CU,|A11I100 26687
iINOS Co , Cu 89.4 sidechain H,
Hb, Ho, 97.3 HU,

%Chemical shifts wereat assigned for P43 or P66.
PExperiments to assign sidechain nuclei were not acquired.

The chemical shift changes induced by '@anding to apoCaly occur for residues only in
the Globe. This lobe contains the EF hands not affected by mutation anstithakle to undergo the
conformational change associated with binding’ Cehe Nlobe residues show little chemical shift
differences indicating a similar structure tbe Nlobe in both proteins {gure 3.5A). A similar
result is found with C& binding to apoCald, howeve, in the opposite lobes (Figure 3)5Biny
chemical shift differences are seen for thibe and large chemical shift differences are seen for the

N-lobe.
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A Chemical shift differences between Ca?*CaM,, and ApoCaM,,
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Figure 3.5: Chemical shit differ ences between (A) Apo and G4CaM,,, and (B) Apo and
Ca**CaMa,.

The contribution ofHN and™N chemicalshift chames for each residue was cdétad asgi =
A[(qpi*HN)? + (qui**N/5)%], whereqai'HN andcdi™N are the differenceis 'HN and*°N chemical
shifts between thimdicated proteinThe greatest differences are localized t6*®ading loops
where each mutation is present
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3.3.4 Assignments and data deposition for CaM,z4.

Figure 3.6shows the'H-"N HSQC spectim of the CaM.34 Almost complete amide resonance
assignment foapdCaM.3swas achieve@Appendix E) Overall 97.26 of all *H", **N resonances
were assigned with the exception of the first resiiieand D2, R90, 110@nd the two Proline
residuesAmong the backbone resonances, 96. 6% of
assigned. In total, 84.0% of sidech#th r esonances, with 91. 9% of
Overall, the'H-"*N HSQC spectrum exhibits good resolution and wisipersed sigals, indicating
uniform and folded protein structut€hemical shift changes induced by th&EF handnutatons
appear for the amidekroughout all 4 of the G&binding EF handsyith the greatest differences
occurring for the amides in the centetttud C4'-binding loop (Figire 3.7). The amide resonances
the loop region between EF haridmd Il and the linker region between EF hands Il and Il show
little chemical shift differencewith each other suggesting a similar structure for ipotiteins The
chemical shift assignment apaCaM;,3,was deposited in the BMRB database under accession

number 5681
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Figure 3.6: 'H-">N HSQC spectrum of CaMss

Each backbone amide resonance is labeled withnimeoaacid type and position in the sequence.
Chemical shift differences between ApoCaM and CaM,,34
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Figure 3.7: Chemicd shift differences betweerApoCaM and CaM; 3,

The contribution ofHN and™N chemicalshift chamges for each residue was cdétad asgi =
A[(qpi*HN)? + (qui**N/5)%], whereqai'HN anddi™N are the differenceis 'HN and*°N chemical
shifts between thimdicated proteinThe greatest differences are localized t6*®ading loops
where each mutation is present
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3.3.5 Assignments and data deposition for CaMz, with iINOS peptide.

Figure3.8shows the'H-"N HSQC spectrunof C&*-CaMs, bound to the INOS CaM binding domain
peptide(Appendix 1} AlImost complete amide resonance assignment was achieved. O8et¥| &

all 'HY, **N resonances were asség with the exception of the first A1 residig)0 and the two

Proline residuesAmongt he backbone resonances, 97.3% of CU,
assigned. In total 89.4% of sidechdh r esonances, with 96. 4% of Hb o
Overall, the'H- N HSQC spectrum exhibits good resolution and wisipersed signs, indicatinga
uniform and folded protein structur@hemical shift changes induced by ¥obe EF hand
mutatonsappear for the amides the Gdomain, specifically the amides of residdestparticipate

in coordinating the Caion in EF hands Ill ad IV, with the greatest differences occurring for the
amides in the center of the Tinding loop (Figire 3.9). The amide resonancekthe Nlobe show
little chemical shift differencesuggesting aimilar structure of the Nbbe bound to iINO$or both
complexesThe chemical shift assignment of CaWith INOS was deposited in the BMRB database

under accession numbeséB7.
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Figure 3.8: 'H-">N HSQC spectrum of CaMy,iNOS.

Each backbone amide resonarseabeled with the amino acid type and position in the sequence.
Chemical shift differences between wtCaM-iNOS and CaM,;,-iNOS
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Figure 3.9: Chemical shift differences between wE€aM-iINOS and CaM4-iNOS.

The contribution ofHN and*°N chemicalshift chames for each rédue was caldated aspi =
A[(qar*HN)? + (qai**N/5)%], whereqai'HN andaai™N are the differenceis *HN and**N chemical
shifts between thimdicated proteinThe greatest differences are localized t6'®anding loops
where each mutation is present
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Chapter 4
Dywamics of nitric oxidateyabhasatcal

physiologicalncealtciatmon s

4.1 Introduction

CaMis a small cytosolic Gabinding protein that is found in all eukaryotic cells. It is able to bind
and regulate hundreds of different intdadar proteins(lkura and Ames, 20Q06CaM consists of two
globular domains connected by a flexible central linker region. Each globular domain contains two
EF hand pairs that are capable of binding t& @inding of Cd" to CaM causes conformational
changes that expose hydrophobic pagahat allow it to bind and activate its intracellular target
proteins. The flexibility -cahdC8anMissllowsd totadapits | i n k €
conformation to optimally associate with its intracellular tar@@essechini and Kretsinger, 1988)

NOS enzymes are one of CaMés target enzymes.
the classical-5-8-14 CaMbinding motif.CaM binds and activates the‘GadependenteNOS

enzymeat elevated cellular Gaconcentration§Busse and Mulsch, 1990 contrast, iNOS is

" The results presented in this chapter have been published as part of:

Piazza, M, Guillemette, J. G Dieckmann, T, (2015)Dynamics of NitricOxide Synthase

Calmodulin- Interactions at Physiological Calcium Concentrati@iechemistry54,1989 2000

Unless otherwise stated, all of the work reported in this chapter was performed and analyzed by the

candidate.
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controlled at the transcriptional levialvivo by cytokines and bindetCaM in a C&-independent
manner(Balligand et al., 1994A large conformational change that CaM induces in the reductase
domain of the NOS enzymes allows for the FMN domain to interact with both the FAD and the heme
to accept and pass on the electrons during cat#{yhissh and Salerno, 2003; Welland and Daff,

2010).

Understanding the structur al basis of CaM6s
functions is crucial for rationalizing the regulation pathways and for developing strategies for
controlling them for medical purposes. It is well essdigd that CaM is able to interact with its target
enzymes in many different conformations. CaMés
previously been studied by NM@Zhang and Vogel, 1994; Zhang et al., 1995b; Matsubara et al.,

1997; Piazza et al., 2012, 2014 addition to 3D structures, NMR spectroscopy can also provide
guantitative information on molecular dynamics of protein systems at a residue specific legel. Th
studies provide direct evidence of structural changes and intramolecular dynamics associated with
functions that are central to understanding the role of dynamics in protein fufipnr998;

Ishima and Torchia, 2000; Wand, 2001; Kempf and Loria, 2003; Kwan et al., Bylttacking

chemical &ift changes, NMR spectroscopy is able to characterize very weak interactions between
proteins and ligands at atomic (or residue) le¢etechapsky et al., 2010; Sikic et al., 2Q10)

Detailed information about fluctuations in protein structures anespéeific information on
the stability of seandary structural elements can also be obtained from the measurement of amide
proton (NH) hydrogen/deuterium exchange (H/D) rates using NMR spectro@eugnec et al.,

1995; Polshakov et al., 2006; Ma and Nussinov, 20IH¢se fluctuations expose some of the NH t
the D,O solvent, thus facilitating the NH/ND exchange process while other amide protons remain

protected from exchange. The exchange rate of NHs in proteins is determined by a combination of
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their intrinsic exchange rate in the absence of secondarywstand the presence of secondary
structure and solvent inaccessibility that protect from exch@gglander and Kallenbach, 1983;
Englander and Mayne, 1992 H H/D exchange experiments are also useful for accessing the
stability of specific structure elements within a protein or protein con{jiéliams et al., 2003,
2004)

Most structural and dynamics studies on GHMS interactions have been performed atnon
physiological conditions using either affee’* free with EDTA present) or Gasaturated (greater
than 1mM C&) conditions. Here we present NMR structural and dynamics data of theNCe\V
complexes at free Gaconcentrations that are in the resting intracellul&’ €ancentration range of
less thanl00 nM(Carafoli, 1987; Islam, 2012and at elevated intracellular Laoncentrations of
225 nM as well as under saturation conditions (1mM). Our data highlights rdneadiiéerences in
the dynamic properties of CaMOS complexes at high millimolar €aoncentrations when
compared to nanomolar physiologica’Ceoncentrations in a residue specific manner. Although the
CaM-NOS complexes have similar structures at ti@eé concentrations, our studies show that the

complexes behave more dynamic at lower (physiological) concentrations.

4.2 Methods and experiments

4.2.1 CaM Protein Expression and Purification.

Wild-type CaM protein was expressed and purified using phenyl seprdmasnatography, as
previously describeth section 2.2.1 and 2.2.Bolation of the CaM protein (148 residues) was
confirmed by ESMS and purity was judged to be > 95% by SBSGE. The human iNOS

(RREIPLKVLVKAVLFACMLMRK, 22 residues corresponding togigdues 51631 from the full
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length iNOS protein) and eNOS (TRKKTFKEVANAVKISASLMGT, 22 residues corresponding to
residues 49512 from the full length eNOS protein) peptides were synthesized and purchased from

Sigma.

4.2.2 Dansylation of CaM.

DansylCaM was pepared as previously describiedsection 2.2.6CaM (1 mg/ml) was buffer

exchanged into 10 MM NaHGO 1 mM EDTA, pH 10. 0, -ahloridé A.E. 30 ¢l
mol/mol of CaM) in DMSO was added to 2 ml of CaM, with stirring. After incubation fdr k2

4°C, the mixture was first exhaustively dialyzed against 500 volumes of 150 mM NaCl, 1 mM

EDTA, 20 mM TrisHCI, pH 7.5, at 4°C, and then exhaustively dialyzed against 500 volumes of
water.Labeling yields were determined from absorbance spectra tusing, of 3,400 M'cm™* and

were compared to actual protein concentrations determined using the Bradford method withewild

CaM used as the protein standard.-ES was used to confirm successful dadapeling of each

CaM protein. The concentratiamfidansyiCa M i n all experi ments was 2 g M.

4.2.3 Steady State Fluorescence.

Fluorescence emission spectra were obtained using a PTI QuantaMaster spectrofluorimeter
(London, ON). Fluorescence measurement sCaMér e made
€M) alone or with eNOS or iNOS peptide in 30 mM MOPS, 100 mM KCI, 10 mM EGTA, pH 7.2

with an increasing concentration of free’C&ree C& concentration was controlled using the

suggested protocol from the calcium calibration buffer kit from Invitrogjae. excitation wavelength

for all of the dansylCaMs was set at 340 nm and emission was monitored between 400 and 600nm.

Slit widths were set at 2 nm for excitation and 1 nm for emis&letative fluorescence was
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calculated by the following equation: rie fluorescence = (FFo)/(Fmax- Fo), Where F is the

measured intensity & is the maximum intensity, andg I5 the intensity without added Ea

4.2.4 Sample Preparation for NMR Investigation.

CaM for NMR experiments was expressed in E. cali inof M9 media(11.03 g/L NaHPCy-7H,0,

3.0 g/L KH,PO, 0.5 g/L NaCl, 2 mM MgS 0.1 mM CaCJ, 3eM (NH)s(MO-),4, 400 M H4BO;,

30eM CoCl, 10eM CuSQ, 80¢M MnCl,-4H,0, 10e M ZnCl,, 10 mM FeSQ 100eg/mL
kanamycin)containing 2g/L **C-glucose and @/L *NH,CI. **C-**N-CaM was purified as described

in section 2.2.2The C4" saturated®C-°*N-Ca\l samples were prepared for NMR experiments via a
buffer exchange int@00 mM KCI, 10 mM CaGJ| 0.2 mM NaN, 90% H0/10%°H,0 atpH 6.5

using a YM10 centrifugal filter device (Millipore Corp., Billerica, USA) and hdihal concentration
ofiImMinatoth vol ume of 500 L. The 1%]%@fN-CaM00 nM
samplesvere prepared via a buffer exchange ®mM MOPS, 100 mM KCI90% H0/10%°H.0,

pH 7.2, and combinations of 10 mM EGTA and 10mM CaEGTA to obtain 17 nM, 100 nM and 225
nM concentrations of free Ga These samples had a fifdC-'N-Ca M concent r artai on
total vol uThe225%nM frée (O8] *c-1°N-CaM samples used for théd/D exchange

and™N relaxationexperimentsad a fina*C-*°N-CaM concentrationf 1 mM in a total volume of

5 0 0. Thelsamples were transferred into 5 mm NMR sample tubes and stot€duatiftrequired

for NMR experiments. NMR experiments on the complexes were conducted on samples titrated with
either INOS or eNOS peptide to sattion in a 1:1 CaM:peptide ratio. Complex formation was
monitored after each addition by acquisition 0Ha™N heteronuclear singlguantum coherence

(HSQC) spectrum. For the protdeuterium exchange studies, the Gpéptide complex samples
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were lyophiized overnight. The samples were then resuspended in ~180%0[Ehe same volume

and immediately placed into the previously tuned and calibrated NMR spectrometer.

4.2.5 NMR Spectroscopy and Data Analysis.

NMR spectra were recorded at’25n Bruker 600 MHz DR spectrometers equipped with XYZ
gradients tripleeesonance probes (Bruker, Billerica, MA, USA). Spectra were analyzed using the
program CARA(Keller, 2005) The amide resonances were assigned by using the previously obtained
amide chemical shifts of asaturated CaM with iNOS or eNOS peptide as refer@Pieeza et al.,
2012) H/D exchange data was obtained by successive acquisittb'dfl HSQC spectra of ehc
sample immediately after they were resuspended@ Bach'H-"*N HSQC experiment was
acquired with 32 scans and 128 increments for a total acquisition time of 100 niitNIfEsS.
measurements were acquired for eight different durations of; ttedakdion delay,T= 5, 100, 200,
300, 400, 500, 600, and 800r™\ T, measurements were acquired for eight different durations of
the T, relaxation delayT= 16.6, 33.2, 49.8, 66.4, 99.6, 116.2, 132.8, and 1494vSN NOE
measurements were recorded witlo tspectra, one with the NOE effect and one without. The
standard model free approaghipari and Szabo, 1982lwWas used to determine order parametefs (S
for each of the @M-peptide complexes. The order parameters werelatdclusing the TENSOR

programversion 2.0 Dosset et al., 2000; Tsan et al., 2000)

4.2.6 Model of CaM-eNOS Peptide at 225 nM [Ca?"].

In order to visualize the dynamics data a model of @WDS peptide at 225 nkl&* was prepared
using CNSsolve version 1(Brunger et al., 1998)he calculation used the structural constrdimts

the Gterminal residueffom the solution structure of CaM with eNOS at saturated &lang with
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the interresidueconstraints of the @rminal residues to the eNOS peptide. Altddminal intra and
inter-residue constraints were deleted and replaced with constraints foiténmiNal residues from
theapdCaM structure deposited in the PDB (1CFC). The structurelatilon was initiated with an
extended conformation file. The calculation was run through several iterations of a standard simulated
annealing protocol to minimize the energies. The average of the final 20 lowest energy structures was

selected for the vigdization model.
4.3 Results

4.3.1 Fluorescence Spectroscopy of Dansyl-CaM Binding to NOS Peptides.

The C&" dependent binding properties of the CaM binding domains used in our study were first
investigated using dansldbeled CaM proteins (Figurel). DansyiCaM is a useful tool to detect
conformational changes in CaM as a result of interactions with @aptides or other proteins

because the intensity of the fluorescence spectrum is enhanced and shifted when the dansyl moiety
becomes embedded in a hydrophadigironmen{Kincaid et al., 1982; Johnson and Wittenauer,

1983) Without peptides or Gapresent, dansyCaM exhibited a fluorescence maximum at 510nm

(Figure4.1A). When C&' was titrated into the sample a blue shift (to 490nm) and enhancement of

dansyl fluorescence spectrum were observed irfadBacentration range of 065. 86 & M ( Fi gur

41B).
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Figure 4.1: Ca’* dependency of dansylCaM fluorescence with or without eNOS and iNOS
peptides.

(A) Fluorescence emission spectra of dat@3M in theabsence or presence of INOS and eNOS

pepti des. Fluorescence measurements -CaédMr € 2ZmadMg on
alone or withNOS or eNOS peptide in 30 mM MOPS, 100 mM KCI, 10 mM EGTA, 10 mM

CaEGTA, pH 7.2 with an increasing concentration of fre€.#e excitation wavelength for all of

the dansylCaMs was set at 340 nm and emission was monitored be#@8eand 600 nm. Slit

widths were set at 2 nm for excitation and 1 nm for emis¢R)riNormalized fluorescence is shown

for CaM, CaMeNOS complex, and Cal@NOSpThr495 under assay conditions described in section

4.2.3.
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When iNOS peptide was added in ttsence of Cd the same blue shift and enhancement
of dansyl fluorescence spectrum observed with addition Gft6&€aM alone was seen, but not when
eNOS peptide was added to the dat@&yM (Figure4.1A). The dansylCaM-iNOS complex showed
no C&* dependacy when C& was titrated into the sample, as indicated by the lack of fluorescence
change (Figurd.1A) and little relative fluorescence difference over the whole range of ffée Ca
concentration additions (FigudelB). With the addition of C&, thisblue shift and enhancement of
the fluorescence spectrum seen with CaM alone was then also observed with the eNOS peptide.
However, the fluorescence changes of the daBa-eNOS complex occurred at a much lowef'Ca
concentration range, beginning at 228.This is consistent with previous studiesdfOSthat show
theenzyme requirg200-300 nM concentrations of fr&@&* to achieve half maximal activifSessas
et al., 1992; Ruan et al., 1996)ence a concentration of 225 nM fre¢ Gaas used for the NMR

studiescorresponihg to physiological C& concentrations above basal levels.

4.3.2 NMR Spectroscopy at Physiological Ca** Concentrations.

NMR experiments weregsformed at physiological free €aoncentrations to provide further
insights into the structural differences between the two-G#% complexesH-"N HSQC spectra
show that the CaMNOS complex at a physiological free’Ceoncentration of 225 nM hasc
terminal lobe that is structurally similar to the’?GeepleteCaM-eNOS complex (Figurd.2), and an
N-terminal lobe structurally similar to unbound,’Ciee apoCaM (Figurd.3). This can be
visualized by overlaying thEN-HSQC spectra of CaMNOS a25 nM free [C&] with either C&'-
repleteCaM-eNOS or apoCaM. Cross peaks for amides in the@ain of CaMeNOS at 225 nM

[C&a™] overlap with those of CarepleteCaM-eNOS, but amides in the-lbmain do not (Figure
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4.2). And vice versa, cross peaks fonides in the Mlomain of CaMeNOS at 225 nM [C4] overlap

with those of apoCaM, but amides in thel@main do not (Figurd.3).
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Figure 4.2: Overlay of '*H-""N HSQC spectra of CaMeNOS peptide complex al0mM CacCl,
(green) and 225 nM free [C4] (red).

Chemical shift differences betwe@aM-eNOS peptide complex at 10mM Ca&hd 225nM free
[C&"]. The contribution ofHN and™N chemicalshift chames for each residue was caitad asqi
= &[(qa'HN)? + (qa™°N/5)°], whereqaitHN andoai™N are the differences *HN and™N chemical
shifts between thimdicated protein
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Figure 4.3: Overlay of '*H-""N HSQC spectra of apoCaM (green) and CaMeNOS peptide
complex at 225nM free [Ca?] (red).

Chemical shift differences between apoCaM @at-eNOS peptide complex at 225nM frig@e"].
The contribution ofHN and™N chemicalshift chames for each residue was caéted aggi =
A[(qai*HN)? + (qui**N/5)%], whereqai'HN andcdi™N are the differenceis 'HN and*N chemical

shifts between thimdicated protein
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