Investigation of Calmodulin/ Target

Interactions by Mass Spectrometn

Dissertation

zur Erlangung des

Doktorgrades der Naturwissenschaften (Dr. rer)

vorgelegt der

Naturwissenschaftlich« Fakultat | -Biowissenschafte

Martin- Luther -Universitat Halle-Wittenberg

von Sabine Herbst

(geborene Schaks)
geboren a110.06.1984 in Merseburg

Gutachter: 1. Prof. DANdree Sinz
2. Prof. Dr. Gary Sawe
3. Prof. Dr. 8none Kdni¢

Datum der 6ffentlicheWerteidigun¢ 04.02.2014



Table of Contents

Table of Contents

Table of Contents
Abbreviations
List of Figures
Summary
1. INTRODUCTION
1.1. Biological Background
1.1.1. Calmodulin
1.1.2. Calmodulin Binding Motifs
1.1.3. Calmodulin Target Proteins Used in this Work
1.1.3.1. The Munc13 Protein Family and Synapticfidy
1.1.3.2. Skeletal Muscle Myosin Light Chain Kinase
1.1.3.3. Adenylyl Cyclases 1 and 8
1.1.4. Orail and STIM1 - Additional Interaction &ers of AC8
1.2. Structural Investigation of Protein-Proteitehactions
1.2.1. Chemical Cross-Linking and Mass Spectrometry
1.2.1.1. Chemical Cross-Linking with Homobifunct@bCross-linkers
1.2.1.2. Chemical Cross-Linking with Heterobifuctal Cross-linkers
1.2.1.3. Structural Investigations with Photo-Re&cAmino Acids
1.2.2. Mass Spectrometry
1.2.2.1. MALDI-TOF Mass Spectrometry
1.2.2.2. ESI-LTQ-Orbitrap Mass Spectrometry
1.2.3. Circular Dichroism Spectroscopy
1.2.4. Isothermal Titration Calorimetry
1.2.5. Surface Plasmon Resonance Spectroscopy

1.2.6. Fluorescence (Fdrster) Resonance Energyferan

10
12
13
15
15
18
20
21
22
22
24
27
29
30
31



Table of Contents

2. MATERIAL &METHODS

2.1. Material
2.1.1. Plasmids
2.1.2. Oligonucleotides
2.1.3. Bacterial Strains and Human Cell Lines
2.1.4. Media and Antibiotics
2.1.5. Buffer Solutions
2.1.6. Enzymes
2.1.7. Proteins and Peptides
2.1.8. Cross-linking and Biotinylation Reagents
2.1.9. Chemicals
2.1.10. Kits
2.1.11. Equipment
2.1.12. Software

2.2. Molecular Biology Techniques
2.2.1. Preparation of Chemo-Competent Cells
2.2.2. Transformation of DNA in Chemo-Competentl€el
2.2.3. Isolation of Plasmid DNA froif.coli
2.2.4. Polymerase Chain Reaction
2.2.5. Site-directed Mutagenesis
2.2.6. DNA Digestion with Restriction Endonucleases
2.2.7. Agarose Gel Electrophoresis
2.2.8. Gel Extraction of DNA
2.2.9. Ligation
2.2.10. Sequencing

2.3. Cell Biology Techniques
2.3.1. Cell Culture and Transfection

2.3.1. Micro-FRET Analysis of Protein-Protein Irdetions

33
33
33

34

36
36
37
37

38
40
40
42

43

43
43
43
44
45
45
45
45
46
46
46

46

35

38

43



Table of Contents

2.4. Protein Chemistry
2.4.1. Expression of Munc13 Variants
2.4.2. Purification of Munc13 Variants
2.4.3. Buffer Exchange of Protein and Peptide St
2.4.4. SDS-PAGE
2.4.5.In-Gel Digestion
2.4.6. Circular Dichroism Spectroscopy
2.4.7. Isothermal Titration Calorimetry
2.4.8. Surface Plasmon Resonance Spectroscopy
2.5. Chemical Cross-linking and Mass Spectrométnalysis
2.5.1. Chemical Cross-linking with Homobifunctiofdagents
2.5.2. Chemical Cross-linking with HeterobifuncidiReagents
2.5.3. MALDI-TOF Mass Spectrometry
2.5.4. Nano-HPLC/MALDI-TOF/TOF Mass Spectrometry
2.5.5. Nano-HPLC/Nano-ESI-LTQ-Orbitrap Mass Speauitry
2.5.6.0ffline Nano-ESI Mass Spectrometry
2.5.7. Identification of Cross-linked Products
2.5.8. Modeling of CaM/Target Peptide Complexes
3. RESULTS
3.1. CaM/Munc13 Interaction
3.1.1. Structural Investigation of CaM/Munc13 PdetComplexes
3.1.2. Expression and Purification of Munc13 Dorsain
3.1.2.1. Expression and Purification of bMunc133@ &unc13-3 Domains
3.1.2.2. Expression and Purification of Munc13-dl abMunc13-2 Domains
3.1.3. Cross-links between Munc13 Domains and CaM
3.1.4. Introduction of Bpa-Encoding Amber Stop Caslonto Muncl13
3.2. CaM/skMLCK Interaction

3.2.1. Circular Dichroism Spectroscopy

47
47
47
48
48
49
50
50
50

51

51

52
52

52
53
53
54
54

56
56

56
64

65

70

74
77

78
I



Table of Contents

3.2.2. Cross-links between CaM and skMLCK Peptideidnts
3.2.3. Surface Plasmon Resonance Spectroscopy
3.3. Interaction of Adenylyl Cyclases with CaM a@dhil/STIM1
3.3.1. CaM Binding to AC1 and AC8
3.3.1.1. Circular Dichroism Spectroscopy
3.3.1.2. Isothermal Titration Calorimetry Measureise
3.3.1.3.0ffline Nano-ESI-MS
3.3.1.4. Chemical Cross-linking of CaM and AC1/AR&ptides
3.3.2. Interaction of AC8 with Orail and STIM1
3.3.2.1. Fluorescence (Forster) Resonance Enedgysiar Experiments
4. DISCUSSION AND OUTLOOK
4.1. CaM/Muncl3 Interaction
4.2. CaM/skMLCK Interaction
4.3. CaM/AC1 and ACS8 Interaction
4.4. AC8/Orailand STIM1 Interaction
APPENDIX
Tables
Figures
REFERENCES
ACKNOWLEDGEMENT

PUBLICATIONS

79
84
86
86
87
88
89
91
98
98
102
102
105
107
109
i
i
IX
XXV
XXXVI

XXXViil



Abbreviations

Abbreviations

AC Adenylyl cyclase

ACN Acetonitrile

AGC Automatic gain control

ampg® Ampicilline resistence

API Atmospheric pressure ionization
APS Ammonium persulfate

bp Base pair

Bpa p-Benzoylphenylalanine

BS2G Bis (sulfosuccinimidyl) glutarate
BS3 Bis (sulfosuccinimidyl) suberate
BSA Bovine serum albumin

(or: calcium/calcium ion

CaM Calmodulin

CD Circular dichroism

CFP Cyan fluorescent protein

CID Collision-induced dissociation
CMC Critical micelle concentration
CRAC C&"-release activated &acurrent
CRM Charged-residue model

C-Trap Curved ion trap

Da Dalton

DAG Diacylglycerol

DC Direct current

DDM n-Dodecyl#-D-maltoside

DHB 2,5-Dihydroxybenzoic acid
DMSO Dimethyl sulfoxide

DNA Desoxyribonucleic acid

DTT 1,4-Dithiothreitol

E. coli Escherichia coli

Exin Kinetic energy

ER Endoplasmatic reticulum

ESI Electrospray ionization

FPLC Fast protein liquid chromatography



Abbreviations

FRET
FT
GST
IEM
IPTG
ISD
ITC
HCCA
HEK
HEPES
HPLC
Kb

kDa

LB

LID
LIFT
LTQ
MALDI
MEM
MHD
MS
MS/MS
m/z
NFRET®
NHS
NMR
oD

ori
PAGE
PAL
PBS
PCR
pdb
PSD

Fluorescence (Forster) resonance energy ¢énansf
Fourier transformation
Glutathione-S-transferase

lon evaporation model
D-Isopropylthiogalactose

In-source decay

Isothermal titration calorimetry
a-Cyano-4-hydroxy cinnamic acid

Human embryonic kidney

[4-(2-hydroxyethyl) piperazine] ethanesuldarcid
High performance liquid chromatography
Equilibrium dissociation constant

Kilodalton

Lysogeny broth

Laser-induced dissociation

Laser-induced fragmentation technology (Brukeaidtonik)
Linear triple quadrupole (Thermo Fisher Saiejt
Matrix-assisted laser desorption/ionization
Minimal essential medium

Munc homology domain

Mass spectrometry / Mass spectrometer / Masstigpn
Tandem mass spectrometry

Mass-to-charge ratio

normalized and corrected FRET value
N-Hydroxysuccinimide

Nuclear magnetic resonance

Optical density

Origin of replication

Polyacrylamide gel electrophoresis
Photo-affinity labeling

Phosphate buffered saline

Polymerase chain reaction

Protein data bank

Post-source decay

Vi



Abbreviations

RF
RMSD
(H)RNA
RP

RU

SA
Sulfo-SDA
SDS
skMLCK
SNARE
SOC
SOCE
SPR
STD
STE
STIM1
STP
TEMED
TFA
TFE
TIC

TIS
TOF
Tris

XL

YFP

Radio frequency

Root mean square deviation
(transfer) Ribonucleic acid

Reversed phase

Biacore response unit

Sinapinic acid

Sulfosuccinimidyl 4,4'-azipentanoate
Sodium dodecyl sulfate

Skeletal muscle myosin light chain kinase

SolubleN-ethylmaleimide-sensitive-factor attachment recepto

Store-operated €a

Store-operated Eantry

Surface plasmon resonance
Short-term depression

Short-term enhancement

Stromal interaction molecule 1
Short-term plasticity
N,N,N’,N-Tetramethylethylendiamine
Trifluoroacetic acid
2,2,2-Trifluoroethanol

Total ion current

Timed ion selector

Time-of-flight

Tris (hydroxymethyl) aminomethane
Cross-link/Cross-linker

Yellow fluorescent protein

Proteinogenic amino acids

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine GIn Q

Glutamic acid Glu E  Methionine Met M

Glycine Gly G
Histidine His H Proline Pro P
Isoleucine lle | Serine Ser S
Leucine Leu L Threonine Thr T

Lysine Lys K Tryptophan Trp W

Tyrosine Tyr Y

Phenylalanine Phe F alive Val V



List of F

igures

List of Figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.

Amino acid sequence and 3D-Structur@lNodulin. ............ccvviiiiiiiii e 4
(@7 11V o1 o 1 To T 010 ] 11 £ 3R TR TR 6
SYNAPLIC VESICIE CYCIE. ...ttt e e e e e e e e e e e e e 7
Domain structure Of MUNCL3 PrOt@INS. e eeeeeeeeeee ettt e e e e e e e e e e e e bbb eeeeeeeeeaeas 8
CaM/MUuNC13 biNdiNG MOTITS. ... e s e e e e e e aaeaaeaee s e e e e s annnnnns 9
Myosin light chain kinase (MLCK) functiém muscle contraction. ...........cccceoovveevveeveeeeeeeeeneeeennn. 10
Structure of the CaM/M13 peptide COMPIEX-.......ccoiiiieiiiiiiiiieee e e e e e e e e e ae s 11
Predicted structure of the AC family..........oooi e 12
Store-operated Ea@ntry in response to store depletion. ..........cc...c.cvevevevereveeereeeeereeeeeeereeeeenenas. 14
Cross-linking strategies for structumgkestigation of proteins or protein complexes.................. 16
Reaction mechanism of amine-reactivioiHS ester cross-linkers. ..., 17
Reaction mechanism of benzophenone-irm&S's. ........ccooooiiiiiiiiiici e 17
Reaction scheme of a cross-linking reaatith homobifunctional cross-linkers. ........cccccc.c...... 18
Nomenclature of CID fragment ions acoaydo Roepstorff and Schilling.............c.cccoovviviiinnnns 19

Reaction scheme of a cross-linking feaatith heterobifunctional cross-linkers. ...................... 20

Photo-reactive amino ACIS. ......cooiiiiiiiiiiiiee ettt a e 21
Schematic design of MALDI-TOF/TOF MS (Rer Daltonik). ............ceeeeeiiiiiiiiiiiimmniiiiiiieceeeen, 23
Electrospray ioniZation (ESI)....ocooou ittt a e 25
Schematic design of the LTQ-OrbitrapX&Ss Spectrometer. ........ooooviiiiiiiiiiieeeeeeee e 26
Far-UV CD spectra of different poly-Lg@nformations. ..........cccuuerreeeeieereess e eeeeeeeeeeeeseesanannnns 28
Schematic set-up of a power COMPENSHIIBY...........cceeeieeiiiiiiirerirnrreeeeme e e e e s eseeneeneeenneeeeeees 29
Set-up of a surface plasmon reSONAMRRY SENSOL. ....uvuiiiiiiiieeeeeeie e e e e s e cemmeemr e reaaaaeaeaeeeaes 31
Munc13 peptides and cross-linking reacticheme 0f SBC. ..........ccuvveeiieeee e s e eereeeeeaeeeeneens 57
SDS-PAGE analysis of CaM/Munc13-3 peptmss-linking reactions. ............ccccveveeeviiiieeeenn. 58
MALDI-TOF-MS of cross-linking reactiobgtween CaM and the Munc13-3 peptide. ......couwe. 59
SDS-PAGE analysis of CaM/Munc13 croSRHIQ reacCtiONS. .........cceuiiiiiiieeeaiiis e 60
MS and MS/MS analysis of a cross-lingeatluct between CaM and the bMunc13-2 peptide..62
Structures of CaM/MunCc13 peptide COMBIEEX.......cciiiiiiiiiiiieeieeer e e e e e e e e e e e e e eeee e 63
MUNCL3 CONSIIUCTS. .....eeeeie ettt ettt e e e e e e e et e e e s e e e e s e e e e e e s nennneeens 65
GST affinity purification of the GST-BMEL3-2 dOMaiN. ......ccevvvvveiieeeeeiiiieeeeee s 66
Thrombin cleavage of GST-MUNCL3. e eeee e 67
FPLC chromatogram of a combined GShigffand anion exchange purification..................... 68

SDS-PAGE analysis after on-column thrioneskeavage of bMunc13-2 and Munc13-3 domains9...
Cross-linking between bMunc13-2 and M8 domains and CaM. ...........c.cceecuvvvmmmneeeeenne 71
MS and MS/MS analysis of a cross-lingeatluct between CaM and bMunc13-2. .........ccce..... 73
CD spectra of SKMLCK PEPLIdE VAIANIS. . ..uuveerieiiiiiieiieeiieereeeeeeeessessssssensreeneeeerereereeeaeaaeaeesens 78
SDS-PAGE of cross-linking reactions kestawCaM and the skMLCK F19E/L31W peptide......80

VIl



List of Figures

Figure 38. MS and MS/MS analysis of a cross-linkiegction between CaM and the skMLCK F19E/L31W

1] o] 1T L= TP PUPUPTT 82
Figure 39. Identified cross-linked products betw€aM and the skMLCK F19E/L31W peptide. .............. 83
Figure 40. Analysis of the binding of CaM to thdVHkCK peptides by SPR..........ccccoiiiiiiireeee s 85
Figure 41. Schematic presentation of CaM bindinG@B. ...........ccovvvieeieiiiiiii e 86
Figure 42. Amino acid sequences of the AC peptith&sl in thisS WOIK. .........ceeiiiiiiiiieii e vveeeeeeeeeaaeeeeen 87
Figure 43. CD SPectra Of AC PEPLIAES. ... .. eeeeae ettt et e e e e e e s e e et eeeeeeeaaaaaaaaaaeaeas 88
Figure 44. ITC analysis of the CaM/ACS8-Nt peptidBraction. .............ccooiiuiiiiiiiiiiee e 89
Figure 45. Interaction between CaM and AC PEPLIAES. ... .. uuu ittt a e 90
Figure 46. SDS-PAGE analysis of cross-linking resctnixtures between CaM and AC peptides. ........... 93
Figure 47. MS and MS/MS analysis of a cross-linkiegction between CaM and the AC8-Nt peptide...... 95
Figure 48. Model structures of the CaM/ACS8 peptadapPIEXES. .......cccceiciiviiiiiiieieieir e eee e e 96
Figure 49. Detailed presentation of the bindind\GB peptides t0 CaM. ..........cevveeiieeiireeereeiiiieriree e e 97
Figure 50. FRET analysis of the interaction betwgER-AC8 and Orail-CFP truncation variants. ......... 99

Figure 51. FRET analysis of the interaction betw8&M1-YFP / YFP-AC8 and CFP-tagged Orai isoformd. 1

Figure Al. Fragment ion mass spectrum of a cragsHetween CaM and Munc13-1. ..........ooooeeeeeeeiieeeeenn. iX
Figure A2. Fragment ion mass spectrum of a cragsHetween CaM and ubMunc13-2. .............cceeeeevinnnns X
Figure A3. Fragment ion mass spectrum of a cradsHetween CaM and Muncl13-3. ...........ccovceeeeeereeeeeennn. X
Figure A4. Sequence of the GST-BMUNCL13-2 AOMAINa..iiiiiiiiii e e e e e e ee e Xi
Figure A5. Sequence of the GST-MUNC13-3 AOMBIN.ntiitiiieeeeeiiiiiie it reeeeee e e e e s s e s e ereeeeeees Xi
Figure A6. Cross-linking experiment between and Gald GST-Muncl13 domains. .........c.c.cecuvvmmceem e Xii
Figure A7. SDS-PAGE analysis of cross-linking réats between CaM and different skMLCK peptide

A VA= T | C PP PPPUURPPTN Xii
Figure A8. Fragment ion mass spectrum of a cradgsHetween CaM and the skMLCK peptide. ............. Xiii
Figure A9. Identified cross-linked products betw&aM and the skMLCK peptide. ............ooevveeeeeeeenennn, Xiv
Figure A10. Identified cross-linked products betw&aM and the skMLCK F19A peptide. ........cccee....... XV
Figure All. Identified cross-linked products betw&aM and the skMLCK F19E peptide..........cccemmmreeen. XVi

Figure A12. Fragment ion mass spectrum of a cliogsbletween CaM and the skMLCK F19A peptide. .. xvii
Figure A13. Fragment ion mass spectrum of a criogsbletween CaM and the skMLCK F19E peptide..xviii
Figure A14.0ffline nano-ESI-MS of a solution containing CaM and b&@8 peptides. ........cccccvvvieiieiinnnnnnn. XiX
Figure A15. Scheme of cross-linking reactions USIAEO-SDA............uuiiiiiiiiiiiiiiaaa et XiX

Figure A16. MALDI-TOF-MS analysis of cross-linkimgaction mixtures between CaM and AC peptidesxx..

Figure A17. Fragment ion mass spectrum of a cliogsbletween CaM and the AC8-C2b peptide. ........... XXi
Figure A18. ITC analysis of the interaction betw&zaiM and the AC1-Clb peptide. ............eicemmmmmeeeeeeern. XXil
Figure A19. FRET between Orail-CFP and STIML-YEP........ccoiiiiiiiiii s ccceneeer e e e e e XXili
Figure A20. FRET between YFP-ACS8 and Orail-CFhnfiresence of HA-STIML. ......ccccooeiiiiiiinnnnnn. XXili



List of Tables

List of Tables

Table 1. Synthetic oligonucleotides for SEQUENCING-.........cooiiuuiiiiiiiiie et e e e e e e e e 34
Table 2. Synthetic oligonucleotides for ClONING............ooi e e e e e e e 34
Table 3. Synthetic oligonucleotides for site digeCmMUtageNEeSIS. .......cooeiiiiiiiiieeeee e 35
Table 4. PCR program for DNA @amplifiCation. .....ce.eeeeiiiiiiiiiii et 44
Table 5. Components of a 50 ul-PCR reaction fe-ditected mutagenesis.........cceeveeeiiivccceeeeeee e 44
Table 6. Composition of resolving and stacking g@fsSSDS-PAGE. ..........ccccoooiiiiiiiiiiemrmmreeeeee e e e e ae e 49
Table 7. Muncl3 variants containing the amber STHDN. ...........coooiiiiiiiiiiiieee e e e rreeaeeeeeeas 75
Table Al. CaM and CaM/target peptide complexes us@ablecular modeling studies. .........cccoceeeeveeeeeeennn. i
Table A2. Intermolecular cross-links between CaM BUNC13 peptides........ccooevvviiiiiiccieeeeeee s ii
Table A3. Intramolecular cross-links Within CaM............cooiiiiiiiiiiiii e iii
Table A4. Cross-linking sites identified betweerMCand the SkMLCK peptide. ..............eveeemmmceciivvnnennns iv
Table A5. Cross-linking sites identified betweerMCand the skMLCK F19A peptide. .............ccoeeeeeeeeee V
Table A6. Cross-linking sites identified betweerMCand the sSkMLCK F19E peptide.........cccooveeereeiiiieenneen. Vi
Table A7. Cross-linking sites identified betweerMCand the skMLCK F19E/L31W peptide. ..........commm.... Vii
Table A8. Cross-linking sites identified betweerMCand the AC8-Nt peptide...........cccvvvivicemmmeeeeeeieeeeeeennn, vii
Table A9. Cross-linking sites identified betweerMCand the AC8-C2b peptide...........coovveeeeeere e vieeens
Table A10. Cross-linking sites identified betweeaMCand both AC8 peptides. ..................




Summary

Summary

Investigation of protein-protein interactions ta@tlate networks of signaling pathways is a
key issue in biological research. A detailed knalgke about particular interactions and their
impact on signal transduction is important for tevelopment of new drugs. One prominent
signaling molecule is calmodulin (CaM), a highlynserved C&-sensing protein that plays a
role in a wide range of cellular processes. Theegfanalyzing the interactions between CaM
and its target proteins is essential for a deepderstanding of Gadmediated regulation of

signaling processes.

One set of CaM targets is the family of Muncl3 emwt, which are key mediators of
presynaptic short-term plasticity (STP) and arersal for vesicle priming. CaM complexes
with short 21-amino acid peptides comprising theM&anding regions of the two
homologous Muncl3 isoforms, Munc13-1 and ubMuncl@#2re found to have a structure
comparable to that of the complex between CaM andN@ synthase peptide. Chemical
cross-linking in combination with high-resolutionass spectrometry (MS) was used to
investigate the structure of CaM complexes formeth \peptides representing the CaM-
binding regions of the two other Muncl3 isoform#umcl3-2 and Muncl3-3. These
experiments demonstrated a common CaM-binding nfodeshort peptides of all four
Munc13 isoforms, which are characterized by a 1&a®1-binding motif and an antiparallel
orientation of the Muncl13 peptide in the CaM/peptmbmplex. Overexpression of larger
Muncl3 domains surrounding the CaM-binding regiand initial cross-linking studies of
bMuncl13-2 and CaM gave no hints on additional adgon sites between bMuncl13-2 and
CaM, apart from the confirmed CaM-binding motif.

Recently, a more extended CaM conformation was ragbdein the complex with longer
34-amino acid peptides of Munc13-1 and ubMuncl3-Z-terminal elongation of the short
Muncl3 peptides containing a 1-5-8 CaM-binding mdtad revealed an additional
interaction site between a hydrophobic tryptophanpasition 26 of the motif and the
N-terminal domain of CaM, inducing an extended caomition of CaM within the
CaM/peptide complex that had only been found in 8ihso far. Given that short peptides
are usually used in structural investigations oMeeptide complexes, which represent the
minimal CaM-binding region, the question arises thbean extended CaM conformation can
be induced within any CaM/peptide complex by sim@germinal elongation of these CaM-

binding peptides. Therefore, four peptides compgshe CaM-binding region of the skeletal
1



Summary

muscle myosin light chain kinase (skMLCK) were usedcross-linking experiments and
surface plasmon resonance (SPR) spectroscopy reeasutis, demonstrating th@tterminal
elongation of the skMLCK CaM-binding sequence doesinduce a structure of CaM in the
CaM/peptide complex comparable to that of Muncl@difional amino acid exchanges in the
skMLCK peptide at positions 14 and 26 of the CaMeang motif to resemble the respective
amino acids in the Muncl3 motif showed that the-82 motif of Muncl3 cannot be

introduced in skMLCK peptides.

The third CaM interaction examined herein is theding of CaM to adenylyl cyclases (AC) 1
and 8. Although both enzymes share a common pestidbmain structure as well as their
stimulation by CaM, the mechanism of CaM regulatdifiers between both proteins. In
contrast to only one CaM-binding motif in AC1, A€ghibits two CaM-binding sites - one in
the N-terminal region and one in tl@&terminal C2b domain. A model had been proposed on
the basis of recent findings describing Nierminus of AC8 as CaM trap that binds to CaM
even at resting G& concentrations, which increases the local CaM eofmation in the
environment of the&c-terminal CaM-binding motif of AC8. Upon rising €aconcentrations,
CaM also binds to the C2b domain of AC8 and, thgrelstivates the cAMP production of
the enzyme. Using a combinatorial approach of trcwlichroism (CD) spectroscopy,
chemical cross-linking in combination with MS, aistthermal titration calorimetry (ITC)
with two AC8 peptides comprising the CaM-bindingioms of ACS8, this model was
supported by structural and thermodynamic inforamatiFrom these experiments there is no
evidence for a CaM complex with both AC8 peptidesdimg simultaneously, as had been
hypothesized.

The interaction of AC8 with proteins in the plasmambrane and the ER was investigated by
fluorescence (Forster) resonance energy transRET measurements. AC8 is specifically
stimulated by increasing €a concentrations resulting from store-operated®* Centry
(SOCE). Proteins involved in this process, Oraid &ilM1, were thought to co-localize and
interact with ACS8, either directly or indirectlyn Ithis study, AC8 binding to Orail was
demonstrated to occur through thiiterminal regions. An additional interaction sitethe
transmembrane regions of both proteins was proposete basis of FRET experiments with
a second isoform of the Orai protein family (OraiBurthermore, FRET measurements
showed the influence of STIM1 on AC8/Orail binding.



Introduction

1. INTRODUCTION

In their natural environment, most proteins are pgonents of large protein complexes and
networks, mediating functions such as signal traasdn (1), modulation of protein activity
(2) or conversion of energy into physical motioB-4). Different methods have been
developed to screen for, and to characterize, iprpi®tein interactions: examples include
co-immunoprecipitation (co-IP)5), yeast-two hybrid screening6-{), tandem-affinity
purification (TAP) @), surface plasmon resonance (SPR) spectroscBpyiqothermal
titration calorimetry (ITC) 10), fluorescence (Forster) resonance energy tran(§fRET)
(12), cryo-electron microscopyl®), nuclear magnetic resonance (NMR) spectroscdgy (
14), and X-ray crystallography -16, as well as chemical cross-linking in combinatiaith
mass spectrometry (MS)17-19. Using these methods, our general understanding o
biological processes in living cells has increaskeamatically over the last few years. A
detailed knowledge about the interplay of proteuithin large protein networks is one of the
most important issues to understand diseases addviop novel drugs. In this work, the
interaction of calmodulin (CaM), an important®Gaensor, with different target proteins was
investigated. In order to extend existing knowledgehis field, in particular with regard to
how C&" signals are converted into various biochemicaltzl responses, complementary

biochemical and biophysical methods were used.

1.1. Biological Background

One of the most important signaling molecules ia dell is the calcium ion (9. The
calcium concentration differs between the extrad amtracellular milieu by a factor of 10
providing the potential for a Gainflux through regulated channels and pumps upetific
stimuli (20). Free C& that streams into the cytoplasm is only availaiéea signaling
molecule for a very short time before it is bounddifferent proteins or is transported into
intracellular stores or outside the cell. This siant increase of the €aconcentration
induces a variety of biochemical changes such sisleeexo- and endocytosis (synapseg) (
22), muscle contraction (muscle celld) pr activation of kinase®8) and phosphatase?4).
Some of these processes are regulated directlyabyitSelf, whereas others are mediated by
Ca*-binding proteins. A range of proteins is known,iebhbind C&" in different ways and,
therefore, are able to sense*Ceoncentrations in their environment. Among thesseins,
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CaM is a prominent example of a*Caensor, interacting with hundreds of target prst@ind

converting the C4 signal into various cellular respons@s)(

1.1.1. Calmodulin

Calmodulin ¢alcium modiated protein CaM) was first discovered in 1970 by CheuB6) (
and Kakiuchi 27) as a C&-sensing protein in the brain. In the following ddes, the
knowledge about CaM dramatically increased, asa# structurally characterize?8-30 and
found to interact with a wide variety of target f@ias. The amino acid sequence of CaM
(Figure 1A) is evolutionarily highly conserved witld0% identity among all vertebrate&l {
34) and only a few amino acid substitutions in fungants, and invertebrates (e.g., 96%
identity of vertebrate CaM with that @f.elegang31)).
A) 1 ADQLTEEQIA EFKEAFSLFD KDGDGTITTK ELGTVMRSLG OQNPTEAELQD MINEVDADGN

61 GTIDFPEFLT MMARKMKDTD SEEEIREAFR VFDKDGNGYI SAAELRHVMT NLGEKLTDEE
121 VDEMIREADI DGDGQVNYEE FVQMMTAK

Figure 1. Amino acid sequence and 3D-structure ofatmodulin. A) The amino acid sequence of CaM is highly corserv
The protein has an acidic pl value and is methiemioh. B) The two domains of apo-CaM (left, pdb weritcll, (35)) are
extremely flexible relative to each other and tlydrbphobic methionine residues (pink sticks) axdhbn in the core of the
domains. Upon (%4 binding, conformational changes lead to an openfrtpe CaM domains and, thereby, to an exposure of
the hydrophobic binding pocket (right, holo-CaM, matiry 1dmo, 6)). The structures were illustrated with Pymol; CaM

shown in grey and Géin blue.

Structurally, CaM comprises two globular domainskeéd by a flexiblea-helical linker
region, each of them containing two EF-hand mdtifst can bind four Ca (Figure 1B).
These motifs are helix-loop-helix structures thabrdinate C& with different affinities
depending on their sequence compositidi-89 and, therefore, are the key elements for

CaM's C&" sensitivity. EF-hand proteins are found in eukéegas wells as in prokaryotes,
4
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demonstrating that this motif is extremely well served for regulating or sensing a
concentrations40-41).

Differences in affinity for C& of the four EF-hands of CaMi2-43 and the cooperativity of
Cc&”* binding, enabled through a pairwise organizatibthe EF-hands44), allow CaM to
sense C4 over a wide concentration range. While thigéerminal lobe of C&-free CaM
(apo-CaM) exhibits a closed conformation wheretthe helices of the EF-hands are tightly
packed, theC-terminal domain adopts a semi-open conformatidmgchvslightly exposes the
hydrophobic binding patc¥), allowing specific target proteins to bind CaMeavin the
absence of GA(Figure 1B, left). At nanomolar aconcentrations only thé-terminal CaM
domain is C&-loaded (K (C-terminal lobe of CaM): 200 nM), whereas theterminal
domain of CaM has an affinity of 2 uMZ-43, 46.

Upon C&' binding, significant structural rearrangements #mduced in the relative
orientation of (a) the helices in both CaM domainsd (b) between the lobes, resulting in the
exposure of hydrophobic methionine residues tham fihe target binding pocket (Figure 1B,
right; (47-48). These sequential structural changes in CaM peranious modes of target
recognition and binding2f). For that reason, CaM is able to activate a nurobgroteins
involved in versatile biological processes suchnasscle contraction, cell proliferation,
apoptosis, fertilization, and neurotransmitter askep5).

1.1.2. Calmodulin Binding Motifs

The ability of CaM to bind various different targptoteins makes it one of the most
important proteins in G4 signaling. CaM-binding sites of target proteinsngoise common
structural and sequential features. These bindiotifsn(Figure 2) are characterized by a high
propensity to form an amphiphilichelix and contain hydrophobic anchor residuessdirit
positions 49-51).

Four classes of CaM-binding motifs are known sq fahich are further divided into
subclasses and are named according to the posidifotiee bulky hydrophobic amino acids
within the motif: 1-10, 1-14, 1-16, and IQ-motifigkbre 2). In addition to hydrophobic
residues, basic amino acids determine the modergét binding by the relative orientation of

binding proteins and peptides in the complex wi#M351).
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1-10 Motif
1 5 10
CaMKl ~ AKSKWKQAFNATAVVRHM

CaMKIl  ARRKLKGAILTTMLATRNFS

1-14 Motif
5 8 14

1
SskMLCK (M13) ~ KRRWKKNFIAVSAANRFKKISSSGAL
Ca2*-pump (C24W) QILWFRGLNRIQTQIRVVNAFSSS

1-16 Motif
1 5 16
CaMKK  VRVIPRLDTLILVKAMGHRKREFGNPFR

1Q Motif
Neuromodulin ~ ATKIQASFRGHITRKKLKGE

Figure 2. CaM-binding motifs. CaM-binding motifs share only occasionally sequemmeology, but contain hydrophobic

residues at distinct positions of the motif (bofdlainderlined).

Although the above mentioned characteristics of &ahdling motifs are common to many
CaM targets, CaM-binding proteins have recentlynbieeind that do not share this binding
behavior $2). Additionally, new classes of binding motifs wesleown to induce alternative
CaM conformations within the CaM/target peptide pteres 53-54). These findings

demonstrate the structural flexibility of CaM arit tdiversity of its target binding modes,

which are not completely understood so far, dedmteng been studied for several decades.

1.1.3. Calmodulin Target Proteins Used in this Work

In order to understand the conversion of thé*@@nal into the diverse biological processes,
a detailed knowledge about CaM/target interactisnsndispensable. In this work, three

protein systems were investigated in regard ta th&graction with CaM.

1.1.3.1. The Munc13 Protein Family and Synaptic PHicity

One important family of CaM target proteins is tidenc13 family comprising Munc13-1,
ubMunc13-2, bMuncl13-2, and Muncl3-3. These proteuese identified as mammalian
homologs of theCaenorhabditis elegangnc-13 proteinsg5). Unc-13 mutants of the worm
were discovered in a genetic screen for mutants antuncoordinatedific) phenotype that is
characterized by an abnormal accumulation of acetyine and resistance to
acetyltransferase inhibitors, interpreted as aca@icy in neurotransmitter releag6{58. In
contrast to one singlegnc-13 gene inC.elegansand drosophila59), mammals have at least
three differentMuncl3 genes (Muncl3-1, Muncl3-2, and Muncl3-3p,(6Q. While

Munc13-1, the most abundant isoform, and Muncl3e3specifically expressed in neurons

6
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and neurendocrinic cells, Muncl-2 occurs as Hainspecific (bMuncl-2) and _ulquitous
(ubMunc13-2) splice varian{§1-62).

Muncl3 proteins are important presynaptic regulatbest participate in a number
processes including synaptic vesicle prim(63-64 and presynaptic sh«-term plasticity
(STP) 65-66. Vesicle primini describes the maturation of membraloeked vesicle to a
fusioncompetent form prior to exocytosiFigure 3). Experiments with Muncl3 doub
knockout mice showed that the MUN domain of Munsl8ufficient to rescue vesicle rele:
in these miceq7). This rescue of release is also achieved constitutively open muta of
the SNARE (soluble N-ethylmaleimid-sensitive-factor tiachment receptoj protein
syntaxin-1 68), indicating a role of Muncl3 in the conformation&nsition of syntaxi-1
from the closed to the open state. Althc a direct interaction of Muncl3 with staxin-1
was suggested initially6@-7C), it was found later that Muncl3 does not bind dolatec
syntaxin-1 67, 71, but to syntaxi-1/SNAP25 heterodimers71{-72). These results
demonstratdahe involvement of Munc3 in exocytotic events, like opening of synte1,

which was recently proven-vivo (73).

NT o — - - /\\‘_ -

\f \I / \_\/\ ET!FE‘ er@
K.y \_/\117_ — = j \
/ NT uptake Budding H*
Translocati

e

Readily
\ Docking releasable

|

Endosome fusion

Translocation \ |
4
Endocymsis/

Plasma Priming Ca2+ ? / \

membrane e —_— \
\“--—-.,__“_7____7 A Z B _-_7/

Synaptic

Figure 3. Synaptic vesicle cycleSynaptic vesicles get loaded with neurotransm{fi&F) by active transport systems &
are translocated to the presynaptic plasma membideenbran-docked vesicles mature during the priming proc
forming a pool of readily releasable vesicles. Btép of the synaptic vesicle cycle is dependent omptiesence of Muncl
proteins and isegulated by CaM. An increase in?* concentration causes the fusion of readily reldasagsicls with the
presynaptic membrane and, thereby, a release abtnansnitter in the synaptic cleft. Afterwards, synaptiesicles are

directly recycled via clathrimediated endocytosis. Adapted from Bret al.2000 {0).



Introduction

A second Muncl3-dependent presynaptic process ast-&tm plasticity (STP), a Ga
dependent process describing the transient motidicaf synaptic performance, which can
be expressed as short-term enhancement (STE) drteho depression (STD)/4). The
regulation of STP by Munc13, which is essentialgorcesses such as learning and memory,
is isoform-specific. Neurons expressing only ubMLB¥2 exhibit STE, while STD is found in
Muncl3-1 specific neurons, as shown in rescue @rpets with double knockout micés).
Moreover, the interaction of Muncl3 proteins witaN through the CaM-binding motif in
the N-terminal region of Muncl3 was found to be the libletween residual Ga
concentrations and presynaptic plasticity phenom@it Experiments by Junget al.
revealed a stronger STD in Muncl3-1-dependent msuexpressing a CaM-insensitive
Munc13-1 variant, while expression of a CaM-insewsiubMuncl13-2 variant led to STD

instead of STE in wild-type ubMunc13-2-expressietisc(75).

All Munc13 homologs share a highly conserv@derminal region containing a C1 domain,
which binds diacylglycerol (DAG) or phorbol estersd is, therefore, part of the DAG second
messenger pathway®), as well as two C2 domains, identified as prowiiC&*-dependent
phospholipid binding site in many different protifi7), but with unknown function in the
Muncl13 family (Figure 4). Muncl3 proteins additibpgpossess two Muncl3 homology
domains (MHD) in theC-terminus {8) that form, together with flanking regions, an
independently folding domain (MUN). This MUN domais responsible for the priming
activity of Munc13 proteinsg(/).

N > |
MUN domain
Munc13-1
] lciZ iHD1 I MHD2 Y ubMunc13-2

(ol bMunc13-2

oy Munc13-3

Figure 4. Domain structure of Muncl13 proteins.All isoforms share a highly conservé&dterminal part (C, dark) that
contains a C1 domain (white), two C2 domains (blaak) two Munc Homology Domains (MHD1 and MHD2, grélyat
together form the MUN domain. Thé¢terminus (N), containing an additional C2 domaila¢k) and the CaM-binding site
(black bars), is homologous only between Muncl3d @hMuncl3-2. The other isoforms (bMunc13-2 anchtdB-3) have
unrelated\-termini with two predicted CaM-binding sites, egbhrs). Adapted from Dimowet al.2006 {9).
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Besides the domain topology, high-resolution stmaitinformation is available for Munc13:
The C-terminal C2 domain (pdb 3kwt and 3kw80)), the C1 domain (pdb 1y8f31)) and a
part of the MUN domain (pdb 3swh82)) have been structurally characterized by NMR

spectroscopy or X-ray crystallography.

The N-terminal parts of Muncl13-1 and ubMuncl3-2 arectnally homologous - even to
Uncl3 of C.elegans whereas theN-termini of bMuncl3-2 and Muncl3-3 are largely
unrelated. However, biochemical studies have rededghat the CaM-binding site of all
Muncl3 isoforms is located in the non-conseriet@grminal region 75), allowing a discrete
cd*/CaM dependent regulation. For Munc13-1 and ubMB8r&;1a 21-amino acid stretch
was identified as the minimal CaM-binding site, @thshows a high propensity to form an
a-helical structure and contains bulky hydropholgisidues (Figure 5A;70, 83). Synthetic
peptides representing this binding region had deand to bind to CaM in an antiparallel
manner through a 1-5-8 CaM-binding motif, therelsating a complex structure comparable
to that of the CaM/NO synthase peptide complexufadbB; 84)).

A)
Munc13-1 short RAKAN‘D_TLRAENKi‘mMQLQEAR
Munc13-1long  RAKANWLRAFNKVRMQLOEARGEGEMSKSLWFKG
ubMunc13-2short QARAHWFRAVTKVRLQLOETS
ubMunc13-2long QARAHWERAVIKVRLOLOEISDDGDPSLPOWLEE
bMunc13-2 CINNFKNVLREKRLRQKKLLQELV
Munc13-3 SFKEARLRAYKKQMAELEEK

Figure 5. CaM/Muncl3 binding motifs. A) Sequences of Muncl3 peptides representing thd-iidading sites of all
Muncl3 isoforms. Hydrophobic anchor residues in @&M-binding motif are underlined and highlighted told.
B) Structure of the complex between CaM and a sHea®2Munc13-1 peptidé4). C, D) Structure of the complex between
CaM and a longer 34-aa Munc13-1 peptide (pdb erkduP (4) viewed from two angles. CaM is presented in gthg,
Munc13-1 peptide in rainbow colors. Hydrophobiclzorcresidues of the Munc13-1 peptide are depicsegteen sticks. The

structures were illustrated with Pymol.
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However, afterC-terminal elongation of these peptides, an addilidsulky hydrophobic
residue (Trp) at position 26 of the CaM-binding hwaias found to additionally interact with
theN-terminal CaM domain, forming a CaM/peptide comphgth a more open conformation
of CaM (Figure 5C, D). This presents a novel Caldbg motif with hydrophobic amino
acids at positions 1, 5, 8, and 26 (Figure S&).

Bioinformatic analysis, based on biophysical andicitiral criteria as well as biochemical
analysis, predicted two CaM-binding sites in bMuxland Muncl13-3, each (Figure 70)).
Additional C&" titration and GST-pull down experiments indicatedt only one of these
CaM-binding sites is functional and that this reg&patially aligns with the CaM-binding
motifs of Munc13-1 and ubMunc13-2 (Figure 58Y)).

1.1.3.2. Skeletal Muscle Myosin Light Chain Kinase

A second CaM target protein investigated hereithés skeletal muscle myosin light chain
kinase (skMLCK), an important mediator of musclentcaction. The skMLCK protein,
expressed by thMYLK2 gene in skeletal muscld,(86, is monomeric and has a distinct
domain structure, containing arterminus with unknown function, a prototypical o
kinase catalytic core, and a regulatory segmetitaiC-terminus (Figure 6A). The regulatory
domain of skMLCK includes an autoinhibitory sequerand the CaM-binding regio®7-
89).

A)

calmodulin

Muscle Contraction

Figure 6. Myosin light chain kinase (MLCK) function in muscle contraction. A) The interaction of the regulatory
segment (black) with the catalytic domain (whit€)MLL.CK autoinhibits its function. The interaction MLCK with CaM
activates the protein. B) After €4CaM-dependent activation of MLCK, it phosphorylaties light chain of myosin (MLC)
and, thereby, induces the movement of the myosau hAdapted from Kennellgt al. 1987 Q@0) (A) and Takashima 2009
(99 (B).
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In the absence of &3 the autoinhibitory motif makes numerous contadts a part of the
catalytic core and, by this means, blocks the gitatleft. Upon C47/CaM binding to the
regulatory segment of skMLCK, conformational changelease the autoinhibitory sequence
from the active site (Figure 6A92-93). Consequently, the kinase substrate myosinles tab
bind in the catalytic cleft and can be phosphoedadt a specific serine resid@l), which in
turn leads to a movement of the myosin head andodufation of force generation in

sarcomers (Figure 6B4)).

Biochemical studies by Blumenthat al. identified a peptide, called M13, from the
C-terminus of skMLCK (amino acids 577-602 of rabdktVILCK), as minimal CaM-binding
sequence of the protei@8). In the subsequent years, the complex between &tBCaM
was intensively investigated using different meth@PR-93, 95-97. The NMR structure of
the CaM/M13 peptide complex, published in 1998)(illustrates that CaM wraps around the
peptide and adopts a compact collapsed structurpaed to peptide-free CaM (Figure 7;
(30)). Kinetic studies revealed the association of @&V/M13 complex to be limited by
diffusion, while the dissociation is quite slow@8.s%) in the presence of &a However, the
dissociation is accelerated in the absence &t @ The dissociation constant gKof the
CaM/skMLCK complex is in the low nanomolar range 99. Additionally, mutagenesis of
all amino acids within the M13 peptide using peptairays revealed that exchanging the
hydrophobic residues, especially Trp-2 and Phetd5ny other amino acid resulted in a
decreased affinity of skMLCK to CaM1Q0), illustrating their importance for binding.
Consequently, the CaM/skMLCK peptide complex (Fgguai) is one of the best studied

examples for a target interaction with CaM via &-8-14 motif.

Figure 7. Structure of the CaM/M13 peptide complexCaM (grey) wraps around the skMLCK (M13) peptidenfoaw
colors), which causes the two CaM domains to intekence, a compact structure of the CaM/skMLCK piptiomplex is
formed (pdb entry 2bbn®8)).
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1.1.3.3. Adenylyl Cyclases 1 and 8

In mammals, ten members of the adenylyl cyclase) (fnily have been characterized
(AC1-10), and all of them convert ATP into cAMP, anportant second messenger. A
common structure has been predicted for the ninmbrene-bound ACs (AC1-9)101),
containing a smalN-terminal domain, two transmembrane domains (eawhpcsing 6
a-helices), and two cytosolic Cyclase-Homology-Domsa{C1, C2) with a catalytic (Cla,
C2a) and a regulatory subdomain (C1b, C2b) (Fi@4&k In 1997, the catalytic subdomains
of AC5 and AC2 were crystallized, showing a strugtinomology to DNA polymerases with
a poppap fold (Figure 8B; 102-103). This similarity is not surprising because betizymes
catalyze the attack of the hydroxyl group of C-3ribbse on the phosphate of a nucleoside
triphosphate and the formation of a C3 - C5 diebtmnd (04-105. Additionally, the AC
structure clearly shows that dimerization of the teatalytic subdomains is needed to form
the ATP-binding site at the interface between lmains (Figure 8). Although the domain
topology is common to AC1-9, turn-over rates of theified enzymes vary between 1 and
100 §', and K, values for ATP binding range between 30 - 400 [LBB).

A)

Tm2

Nt

Figure 8. Predicted structure of the AC family. A) All ACs share a common domain structure, inalgda short
N-terminal region (Nt), two transmembrane domaina{Tand Tm2, each containingiéhelices), and two cytosolic domains
(C1 and C2), which are further divided into subdormai@la, b; C2a, b). Taken from Cooper 20085. B) Crystal
structure of the catalytic core of ACs with themstlator forskolin bound at the interface betweethbsubdomains (pdb
entry 1azs)102.

ACs are expressed in a tissue-specific manner #fetehtly regulated by several factors,
including G, protein kinases A and C, and CalD9. AC1 and ACS8 are both activated by
CaM, but the mechanism of stimulation differs bedwdooth isoforms107). Although the

CaM affinity of AC1 is higher, activation is sloweompared to AC8, which might result
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from the requirement of both CaM lobes binding t61A(107). Additionally, AC1 and AC8
differ in the number of CaM-binding sites. While A®inds CaM in the first cytosolic
regulatory subdomain C1HL@8-109, AC8 possesses two CaM-binding sites, one in the
N-terminus and one in th€-terminal cytosolic regulatory subdomain C2bl(. CaM
binding to AC8-Nt occurs via a typical 1-5-8-14 dling motif, but is not required for &a
stimulation of the catalytic activitin vitro, as evidenced by truncation studi@d@-113. In
contrast, deletion of the AC8-C2b domain leads $ogeractive, but Gainsensitive enzyme,
indicating a disinhibitory mechanism for the activa of AC8 via CaM binding to the
ACB8-C2b IQ-like motif (12). Recent studies additionally showed thatNkrminus of AC8
binds to theC-terminal C&"-loaded CaM lobe, whereas AC8-C2b interacts wite th
N-terminal C4'-loaded domain of CaML(7). Therefore, a model was proposed, describing a
pre-association of CaM to thé-terminus of ACS8 via its 1-5-8-14 binding motif edsting-
state C&" concentrations and a transfer of CaM to the I@-likotif in theC-terminus of AC8
upon increasing Gaconcentrations, which leads to the activationAf1® production {12).

1.1.4. Orail and STIM1 - Additional Interaction Partners of AC8

AC8 displays a high selectivity for increasing?Ceoncentrations due to store-operated’Ca
entry (SOCE) 113-114. The transmembrane protein Orail has been idethtés the major
pore-subunit of store-operated C4SOC) channels1(5-117 showing a C#-release-
activated C& current (CRAC) 118-119. Three closely related Orai isoforms are known
(Orail, Orai2, and Orai3), sharing a set of acrdgidues in the transmembrane regions that
are responsible for a high €aselectivity (Figure 9B;15-117). SOC channels are formed
by tetramerization of Orai proteins through theansmembrane regions, thereby also forming
heteromultimers containing different Orai isoformhich might correlate with multiple
channel subtyped 16, 120. Upon depletion of the Gastores in the endoplasmatic reticulum
(ER), the SOC channels become activated by clusterf the ER C4 sensor protein STIM1
(stromal interaction moleculel) at junctions betwdbe ER and the plasma membrane
(Figure 9A; (21-123). The STIM family, containing the two isoforms IM1 and STIM2,
comprises a Ca sensing, ER-orienteN-terminus and a lon@-terminal part that interacts
with the Orai protein family (Figure 9B123). These two important proteins, Orail and
STIM1, were shown to affect the activity of AC8 muman embryonic kidney (HEK) 293
cells and are thought to functionally colocalizehvAC8 (114, 124. Additionally, recent
experiments demonstrated a direct interaction b&tw@rail and théN-terminus of ACS8

(125.
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Figure 9. Store-operated C4' entry in response to store depletiond) Upon C&" store depletion in the ER (grey), STIM1
(blue) accumulates at junctions between the ERlaaglasma membrane, which leads to co-clustefif@rail (green) and,
consequently, to CRAC channel opening an8’ Gad circles) influx. Adapted from Lewis 200726). B) Homology model
of the STIM1 structure (adapted from Spasseval. 2006 (127)). C) Schematic representation of Orail in the ks
membrane, with acidic residues relevant fof‘Gensitivity highlighted in red and yellow (adapfesm Lewis 2007 126)).
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1.2. Structural Investigation of Protein-Protein Interactions

Numerous methods have been developed to strugtuth#rmodynamically, or kinetically
characterize protein-protein interactions, andam gnsights into the composition of protein
complexes g, 7-12, 14-15, 18 Complementary methods were implemented in tloskwo
investigate three selected CaM/target interact{phencl3, skMLCK, and AC1 and AC8) to
extend our current knowledge on how a®Csignal is converted into different cellular
responses. Furthermore, the co-localization anerastion of AC8 with Orai proteins and
STIM1 was examined by FRET. In the following, thethods used in this work are described

in more detail.

1.2.1. Chemical Cross-Linking and Mass Spectrometry

The combination of chemical cross-linking and mapsctrometry (MS) is an alternative
technique to high-resolution methods, such as auclmagnetic resonance (NMR)
spectroscopy and X-ray crystallography, for theucttrral investigation of proteins and
protein complexesl({, 128-12% This approach can be conducted following twdedént
strategies, both starting by covalently connectspgcific amino acids with cross-linking
reagents within one protein (intramolecular) omesn interacting proteins (intermolecular)
(Figure 10, 17, 129). In the bottom-up procedure, the cross-linkedbdpcts are
enzymatically digested and the resulting peptidetunes can be analyzed by MS (Figure 10,
left pathway). An alternative approach to analybe tross-linked proteins or protein
complexes is the top-down strategy. Here, intaossitinked proteins are analyzed in the
mass spectrometer using gas phase fragmentatigaréFiO, right pathway). Although only
low-resolution 3D-structural information is obtathby chemical cross-linking, this method
has several outstanding advantages. In contralsétbigh-resolution 3D-structural techniques
mentioned above, chemical cross-linking can be gotedl with low protein concentrations
(femtomol amounts) and in buffers that reflect telular environment much better than the
solvents used for NMR spectroscopy or crystallaatirials. Additionally, the size of a
protein under investigation is theoretically unlied (at least in a bottom-up procedure) and
membrane proteins are also suitable for 3D-stratt@malysis. Furthermore, chemical cross-
linking can be applied in living cells for investigpn of protein-protein interactions in their
cellular context 18). However, despite its great benefits, one majoallange of this
technique is the complexity of the cross-linkingaton mixtures, which increases with size

and number of the proteins under investigation. s€hdifficulties can be met by an
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enrichment of cross-linked species using strongioeatexchange 130 or affinity
chromatography131-133, as well as the application of isotope-labeleaisstlinkers 133-
134) or proteins 135), and cleavable cross-linkers36-139.

D Proteint
. Protein 2
Protein

Cross-Linking
Reaction
O\H
/ol
[
O/H OH

OH
Cross-linked Products

4

Bottom-up Approach

&

Top-down Approach

Enzymatic Gas Phase Separation
Digest
) e 5 oo Gas Phase Fragmentation

L 0o N W
MALDI-TOF MS/
LC-ESI-MSIMS
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- Cross-Linked Products
|dentification of
Cross-Linked Products

Figure 10. Cross-linking strategies for structuralinvestigation of proteins or protein complexesBoth approaches,
bottom-up (right) and top-down (left), start withet cross-linking reaction, in which covalent boradle created between
specific amino acids within one protein (intramailec) or between interacting proteins (intermolecul The cross-linked
products are either enzymatically digested andyaedl by high resolution MS (bottom-up), or analyZethct using gas

phase fragmentation (top-down) in the mass speet@am

Various chemical reagents with different reactestare available for application in chemical
cross-linking experimentd89. Thereby, amine-reactive cross-linkers are madeky-used,

often as water-soluble derivates (i.e. sikvydroxysuccinimide (NHS) esters). Sulfo-NHS
esters mainly react with primary amine groups imtg@ns, which are present at the
N-terminus ore-amino groups of lysines. These nucleophilic groafiack the carbonyl-C

atom of the NHS ester moiety via an2Smechanism, forming a covalent amide or imide
bond and releasing the NHS (Figure 11). Besideaggt amines, hydroxyl groups of serine,
threonine, and tyrosine residue$4Q-143 react with NHS esters. Other amine-reactive
functional groups are carbodiimides, which congiteero-length cross-linkers and mediate

amide bond formation between carboxylic acid andhargroups.
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Figure 11. Reaction mechanism of amine-reactive $atNHS ester cross-linkersPrimary amine groups in proteins attack

the carbonyl-C atom of the sulfo-NHS ester and a amide bond is formed, while sulfo-NHS functionslesving group.
Adapted from Sinz 2006LY).

Another set of cross-linker reactivities includdsm-reactive groups, such as aryl azides,
diazirines, and benzophenones. These functionalpgreeact with target molecules upon UV
irradiation. The irradiation wavelength should natise any photolytic damage to the proteins
under investigation. Highly reactive aryl azideg atiazirines form short-lived nitrenes or
carbenes that insert into C-H or heteroatom-H bdhd8). The benzophenone group has the
advantage of biradical formation upon irradiatiothwong-wavelength UV light (~365 nm),
which is reversible because no photo-dissociatieelmanism is included in the activation
process. Therefore, a benzophenone group thatrbddmd a reaction partner during the life
time of the biradical can be reactivated. The orygadical generated can then abstract a
hydrogen radical from the protein and the formdd/latadical further reacts by forming a
C-C bond (Figure 12)144). Although benzophenones were shown to react fateffe with
methionines 145-146, the number of reaction sites is much higher canegh to amine-
reactive sulfo-NHS groups.

R  Protein

Protein
CH
2 Q- >—CHs HO :
UV light C. R
— —
R R R

Figure 12. Reaction mechanism of benzophenone crd#skers. A biradical is formed upon irradiation with UV hty The
oxygen radical generated abstracts a hydrogenalaflam the protein and the generated alkyl radieakts by forming a
new C-C bond. Adapted from Sinz 20067,

In addition to their reactive groups, the numbensl aistances of these groups (spacer
lengths) are characteristic for each cross-linkgmpent. Most cross-linkers have two reactive
groups (bifunctional), which are either identicahoobifunctional) or different
(heterobifunctional), and possess spacer lengthgirrg from 6 up to 25 A. Cross-linkers
possessing a third reactive group (trifunctionag aften used for an enrichment of cross-

linked species by affinity purification prior todhmass spectrometric analysig(129.
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1.2.1.1. Chemical Cross-Linking with Homobifunctioral Cross-linkers

Two of the most commonly used homobifunctional, regvieactive cross-linking reagents are
bis(sulfosuccinimidyl)suberate (BSand bis(sulfosuccinimidyl)glutarate (%), which have
spacer lengths of 11.4 A and 7.7 A, respectivély7\. These cross-linkers are dissolved in
DMSO prior to adding them to the proteins to avieydirolysis of the NHS esters. A typical
cross-linking reaction with BSor BS'G is conducted in HEPES buffer at pH 7 - 7.5 for
30 min, but pH, reaction time, and concentratiohgross-linker and proteins have to be
optimized for every single protein or protein complunder investigationly). After a
specified period of incubation, non-reacted crasisel is quenched by addition of NHCO3;
and the cross-linking reaction mixtures are sepdrhy one-dimensional SDS-PAGE (2.4.4.).
In addition to SDS-PAGE, analysis of intact cras&éd proteins can be conducted by
MALDI-TOF-MS (1.2.2.1.), especially during the apization procedure. After colloidal
Coomassie-staining of the SDS gel, bands repreggntcross-linked products

(intramolecularly or intermolecularly cross-linkeale excised (Figure 13).
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) Cross-Linked

@ In-Gel Digestion
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s |~ Cross-Link
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Figure 13. Reaction scheme of a cross-linking reaoh with homobifunctional cross-linkers. Two or more proteins are
covalently connected by a homobifunctional croskdr. The cross-linked products are analyzed by MATLOF-MS and
SDS-PAGE, bands of interest are excised iangel digested. Subsequently, the resulting cross-lipdegtide mixtures are
analyzed by LC/MS. Cross-linked products are idettifusing customized software. Molecular modelinigldg 3D-

structural information based on the distance cairg® obtained by cross-linking.

18



Introduction

In-gel enzymatic digestion of the cross-linked produstearried out by addition of proteases
such as trypsin, AspN, GluC or LysC, which cledwve proteindN- or C-terminal of specific
amino acids. The protease or protease mixture fased-gel digestion is selected in order to
obtain maximal sequence coverage during MS analySisss-linked peptide mixtures
resulting fromin-gel digestion are often very complex and can be endidhestrong cation
exchange chromatography30). Usually, the cross-linked peptides are separayeckversed
phase (RP) chromatography on a C18 column befay dine analyzed by nano-ESI-LTQ-
Orbitrap-MS/MS (1.2.2.2.) or MALDI-TOF/TOF-MS/MS @.2.1.) (Figure 13).

With the help of customized software, namely Xaalifrhermo Fisher Scientific), GPMAW
(148, CoolToolBox (Leo J. de Koning, University of Amsdam, The Netherlands) or
StavroX (49, cross-linked products are identified. Mass lidts theoretical digest of cross-
linked protein(s) are compared with experimentaliyained mass lists. Additionally, StavroX
compares masses of fragment ions of a cross-limegatide, calculated from theoretical
fragmentation of each peptide bond (which is cldawecollision-induced dissociation (CID)
MS/MS experiments), with experimentally obtainedsses. The nomenclature according to
Roepstorff £50) and Schilling {51) was used for MS/MS fragments of cross-linked poisl
(Figure 14).
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Figure 14. Nomenclature of CID fragment ions accorithg to Roepstorff and Schilling. (Schillinget al. 2003 (51)).

To improve cross-link identification, the homobifiional reagents, BSand BSG
mentioned above, are commercially available asop®stabeled, i.e., deuterated, variants
(Thermo Fisher Scientific). Specific isotopic patte of cross-linker-containing species
improve their detection and particular fragmentatio the mass spectrometer. The distance
constraints, obtained from cross-linking experimeate used for molecular modeling to gain
low-resolution structural information on the proter protein complex under investigation

(152 (Figure 13).
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1.2.1.2. Chemical Cross-Linking with Heterobifunctonal Cross-linkers

Cross-linking reactions with heterobifunctional geats, such as the amine-/photo-reactive
cross-linker N-succinimidylp-benzoyldihydrocinnamate (SBC145), are conducted in a

two-step fashion (Figure 15).
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Figure 15. Reaction scheme of a cross-linking reaoh with heterobifunctional cross-linkers. Protein 1 is labeled with
the cross-linker in a first step. After removalmuin-reacted cross-linker, protein 2 is added apddlction mixture is UV-
irradiated, thereby inducing the photo-reactione Tdnoss-linked products are analyzed by MALDI-TOBMnd SDS-
PAGE, bands of interest are excised amdyel digested. Subsequently, the resulting cross-lingeptide mixtures are
analyzed by LC/MS. Cross-linked products are idettifusing customized software. Molecular modelingldg 3D-

structural information with the help of distancenstraints obtained by cross-linking.

In the case of SBC, the amine-reactive NHS ester cfi the cross-linker is reacted with
protein 1 in a first step, resulting in a crossdéinmodified protein. After quenching and
microfiltration for removal of non-reacted crossWer, the interaction partner (protein 2) is
added and the photo-reaction of the benzophenooepgis induced by UV irradiation

(A ~ 365 nm). Subsequent LC/MS analysis and ideatifio of cross-linked products are
carried out as described for homobifunctional cilogeers (1.2.1.1.) (Figure 15145). The
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two-step reaction procedure with heterobifunctiotralss-linkers minimizes the formation of
high-molecular weight aggregates compared to hofmottional reagents. Additionally,
cross-linkers containing a photo-reactive groupaaheantageous because this moiety is stable
towards UV light exposition and reacts less speailly with various amino acids, resulting in

a high number of reaction sitek/j].

1.2.1.3. Structural Investigations with Photo-Reaete Amino Acids

An alternative approach to the use of homo- orrbbitunctional cross-linking reagents is the
use of photo-reactive amino acids. Their activatipon UV irradiation and their reaction
mechanism are identical to the respective functiograups of cross-linking reagents
(diazirines or bezophenones, see 1.2.1.). Unnaplrato-reactive residues, such as photo-
Leu, photo-Met, or photo-lle (Figure 16), are irmanated into proteins during translation in
cell culture 53. For this, the photo-amino acid is added insteathe natural amino acid
directly to the nutrient solution and is statislig@corporated at every position that encodes
for Leu, Met, or lle. For a more specific replacenef natural amino acids by photo-reactive
residues, an extended genetic code can be useddmoratep-benzoylphenylalanine (Bpa)
(Figure 16) at the so-called amber stop codon. &cisip tRNA : aminoacyl/tRNA synthetase
pair was selected to guide the incorporation of Bpthe protein sequenc&54-156. The
advantage of incorporating photo-reactive aminal@dnto proteins is the possibility to
examine protein 3D-structures or to study intereciroteins in their cellular environment.
Furthermore, the 3D-structural information obtairt®d cross-linked photo-reactive amino
acids is useful, as the distance of linked residgesupposed to be maximal 8 &4

Therefore, binding interfaces can be precisely redpp

. 0
HiC_ /N - I
N—N N N-—N | ~ | ~
'S Ho & /
[ Y CH, I
AN s
H,N~ ~COOH H,N~ ~COOH H,N~ CooH H,N~ COOH
Photo-Leu Photo-Met Photo-lle Bpa

Figure 16. Photo-reactive amino acidsAmino acids photo-leucine, photo-methionine, afmbtp-isoleucine possess a

diazirine group; Bpa contains a photo-reactive bphznone.
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1.2.2. Mass Spectrometry

Mass spectrometry (MS) is used in combination wiibmical cross-linking owing to its high
sensitivity, which allows a rapid analysis of themplex mixtures resulting from cross-
linking experiments. The sample is ionized in tha source (e.g. by matrix-assisted laser
desorption/ionization (MALDI) or electrospray ioaizon (ESI)), the ions are separated
according to their mass-to-charge/g ratio in the mass analyzer (e.g. time-of-flighOF),

linear ion trap (LTQ) or orbitrap), and are detecte

1.2.2.1. MALDI-TOF Mass Spectrometry

The exact mechanism of MALDI is still under investiion and not yet understood in detail.
In principle, analyte molecules are co-crystallineda steel target with an organic matrix that
absorbs UV laser energy. These matrices, first byeldaras and Hillenkamdlb7-159, are
mainly derivates of cinnamic acid (e.gw-cyano-4-hydroxycinnamic acid (HCCA),
2,5-dihydroxybenzoic acid (DHB)169 or sinapinic acid (SA)). Upon laser irradiation
(Nd-YAG-laser or N laser) of the sample in the vacuum of a MALDI sajrthe matrix
molecules are excited. The excitation energy ofntlagrix relaxes into the crystal lattice and
leads to an ablation of material from the uppeetayf the sample, thereby delivering analyte
and matrix molecules into the gas phase. Experiahestudies provide evidence for an

involvement of matrix molecules in the ionizatidintiee analyte 160).

The combination of the pulsed MALDI technique wathime-of-flight (TOF) analyzer is one
of the most frequently used analytical tools toestigate biomolecules. Even though the
construction of a TOF analyzer was already desdribethe 1950s by Stephent6(), the
technigue became famous and commonly used onhhencbntext of success of pulsed
ionization methods, especially MALDI. Determinatiohthem/zratio with a TOF analyzer is
achieved by measuring the drift time of accelerabed in a field-free path through the drift
tube. In this manner, tha/zvalue is proportional to the drift time t:

2

1
Ekin=e-z-U=§m-v (eql)

2ezU
m

(eq2)

t= > 3
- (eq3)
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t=s 7ol (eq4)

Variables: k, (kinetic energy), e (element electric charge),chafge), U (acceleration voltage), m (mass of an,io
v (velocity), and s (length of flight tube).

Subsequently, two major improvements were introduoégo MALDI-TOF instruments: the
reflectron (62-163 and the delayed extraction techniqté4-165. Due to a quite extended
time of ~100 ns for the desorption/ionization pssethe starting times for ions of the same
m/zmight differ to a greater extent than the fligités of neighboringn/zvalues, leading to

a limited resolution. For compensation of differstarting times and positions or different
kinetic energies, the reflectron was developedpammirror consisting of annular electrodes
with increasing potentiall62-163. lons submerge into the reflectron at the enthefflight
tube until their kinetic energy reaches zero. Thka,ions are accelerated in the direction of
the second flight tube before they reach the redtedetector (Figure 17). Since ions with a
higher kinetic energy will penetrate the reflectaeeper, they will spend more time within
the decelerating field. Therefore, a correctiondpatial and starting energy distributions of

ions with identicaim/zvalues is possible, resulting in improved resolui{t66-167.
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Figure 17. Schematic design of MALDI-TOF/TOF MS (Bruke Daltonik). Slightly mofied from Suckawet al 2003
(169).

Another possibility to achieve better resolutiordedayed extraction. During a certain delay
time (hundreds of nanoseconds) between generatidraeceleration of ions in a MALDI-
TOF MS, the ions are separated according to théiali velocities. lons with a higher initial
velocity move further than slower ions and are kweéed to a lesser extent, thereby

compensating for their initial energy distributiqi$4-165.
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Fragmentation of precursor ions (i.e., peptidesiltieg) from a proteolytic digest) can be
carried out at different positions in a MALDI-TORstrument: laser-induced dissociation
(LID), in-sourcedecay (ISD), anghost-sourcedecay (PSD). In this work, LID was used for
fragmentation of cross-linked peptides in orderdentify the amino acids that had reacted
with the cross-linker. Therefore, the laser powaswncreased to generate a larger number of
ions, which fragment mainly at the peptide bond @md accelerated as so-called “ion
families”. The fragment ions, which are formed frdhee same precursor after the first
acceleration, possess the same kinetic energyanbecselected in a timed ion selector (TIS)
before they enter the LIFT (laser-induced fragmgmietechnology) uniti68). There, the ion
family is finally accelerated and the ions are safel according them/zvalues in the TOF2

region (Figure 17).

As a conclusion, MALDI-TOF/TOF-MS/MS is a high-réistion technique to indentify cross-

linked and unmodified peptides. Additionally, int@coteins with high molecular masses (up
to 150,000 u) can be measured if the TOF analyzeperated in the linear mode (with the
reflectron turned off; MALDI-TOF-MS). Therefore, is used for monitoring the cross-

linking reaction (in parallel to SDS-PAGE) and famalyzing cross-linked peptide mixtures
after proteolytic digestion (Figure 13Figure 15).

1.2.2.2. ESI-LTQ-Orbitrap Mass Spectrometry

Atmospheric pressure ionization (APQ69 allowed for the first time to transfer analyte
molecules directly from solution into the gas phadee ESI source designed by John Fenn in
the 1980s170-171) is based on the work of Dole and coworkdrgZ. It contains a stainless
steel needle, which is held at a potential of kV4elative to a surrounding electrode (Figure
18A). The sample is conducted through the neediesaemitted in form of a Taylor cone as
aerosol {73, from which the solvent is evaporated (Figure 18Bhen the charge density on
the surface of a formed droplet increases to thdelRgn limit - the point where electrostatic
repulsion exceeds the surface tensibfd) - droplet jet fission can be observel/%-176.
Two complementary theories describe the final faromaof desolvated ions: the charged-

residue model (CRM) and the ion evaporation mokNij.

The CRM acts on the assumption that each nanodyropémerated by various fissions,
contains only one charge. This charge is transleiwethe analyte upon complete loss of all
solvent molecules, forming a charged desolvatetysnmolecule 172, 177. In contrast, the
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IEM describes the direct formation of charged desteld ions by emission from a charged
droplet (diameter ~8 nm) at the Rayleigh limit. Tdi®y, the radius of the remaining droplet
decreases, which leads to ion emissibn3(179. The IEM is supported by the observation
that extended molecules carry more charges thabulglo ions and that fast evaporation

favors higher average charge statie&().
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Figure 18. Electrospray ionization (ESI).A) Schematic design of an ESI source by J. F&@i)( B) lon formation in an
ESI source from the Taylor cone. Slightly adaptednfFenn, 1989 (A) and Kebarle, 19939 (B).

A reduction of sample volume and an increase isiieity were achieved by miniaturization
of the ESI process to nano-ESI. For this, borcsidicglass capillaries with smaller inner
diameters (5 - 30 prwere developed, which produce smaller dropletea@ticed flow rates
(100 - 300 nl/min)181-182.

The desolvated ions reach the mass spectrometaergtinia capillary and are transferred from
a chamber with a vacuum of 4@nbar through a skimmer and the transfer opticsheo
analyzer under strong vacuum (1010° mbar) @71). Analysis of the desolvated ions was
carried out in this work either in the linear ioag (LTQ, Thermo Fisher Scientific) or in the
orbitrap analyzer of an LTQ-OrbitrapXL hybrid masgectrometer. The LTQ is a linear
quadrupole, which is capped by two terminal ele#sothat carry a DC (direct current)
voltage for ion storage in the axial direction (g 19). A radiofrequency (RF) potential at
the four electrodes of the quadrupole stores time io the radial direction183. Due to
decreased space-charge effects through focusinfpeoions in the z direction, the store
capacity of linear ion traps is much higher thantfwee dimensional Paul traps where the ion
cloud is focused at one point84). Prevention of overcrowding of the LTQ is reatizey
automatic gain control (AGC) through short prescavtsich determine the total ion current

(TIC) in a specific mass range and enable a cdlonl@f the injection time that is needed to
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fill, but not overfill the trap 185). Analysis and detection of stored ions is acldeb radial
ejection of the ions to lateral photo-multiplielsdugh a change in the RF voltage. Another
possibility to eject the stored ions is applyingaatitional alternating current (AC) voltage at
the end electrodes, which leads to an oscillatibios with a specifian/z value that are

resonant and their selective ejection from the imapdirection 183).
ion source linear ion trap C-trap

S ==

| |
O |

)

i

orbitrap

Figure 19. Schematic design of the LTQ-OrhitrapXL mas spectrometerThe hybrid mass spectrometer (Thermo Fisher
Scientific) contains an ion source, a linear i@pt(LTQ), a curved tragCttrap), and an orbitrap analyzer. The ion path (red)
from theC-trap into the orbitrap and there around the centaltelde is highlighted. Taken from Makaretal. 2006 (86).

During the storage of ions with a specifit’z value, fragmentation of these ions can be
conducted by CID. The ions are excited to a hidimegtic energy by an electric potential and

then a collision gas (nitrogen or helium) is apghli€ollisions between the neutral gas and the
analyte ions lead to a conversion of kinetic teiinal energy of the ion and to a rupture of the
weakest bond, i.e., the peptide bortB7). Afterwards, the fragment ions are ejected

according to theim/zvalues.

The second analyzer of the LTQ-OrbitrapXL mass speteter is an orbitrap. Although the
underlying principle was described by Kingdom aligan the 1930s 188, Makarov
developed the first orbitrap analyzer in 19989-19Q. The orbitrap consists of a central
spindle-shaped electrode, which carries an elettuoltage of several kV, and a barrel-
shaped outer electrode with a ground potentialufieid.9). Desolvated ions are transferred to
the orbitrap through the LTQ and a curved tr&ptrap) where they are decelerated by
collisional cooling using nitrogen gas. The spegabmetry of theC-trap and collisional
cooling of the ions condense the ion package, wisithen conveyed to the orbitrap through
various optics and electrode49(Q). lons within the orbitrap rotate around the cantr
electrode and oscillate axially in z direction wahrequency that is dependent on their

ratio (191):
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z-k
w = ’? (eq5)

The axial oscillation frequenc]j of the ions in an orbitrap analyzer is indiregitpportional to the square root of theifz

ratio. The variable k is an instrument constant.

The outer electrodes of the orbitrap analyzer k@ image current that represents the
frequencies of the different ions that oscillateusnd the central electrode. Using Fourier

transformation (FT) this frequency spectrum is @ted into a mass spectrum (M390).

In summary, the hybrid mass spectrometer LTQ-CapKiL, which is equipped with an ESI
source, combines a soft and continuous ionizatemhrtique (ESI) with a linear ion trap,
which is highly sensitive, and a high resolutiomittap analyzer (Figure 19). Most of the
cross-linked peptide mixtures obtained in differemss-linking experiments during this work
were analyzed by nano-ESI-LTQ-Orbitrap-MS/MS.

1.2.3. Circular Dichroism Spectroscopy

Analysis of the secondary structure of proteins papgtides, but also nucleic acids, can be
achieved using circular dichroism (CD) spectroscopy

The difference in absorptiomA) of right and left circularly polarized light bgn analyte
(Cotton effect) is measured in dependence of theelgagth. This absorption difference is
due to an asymmetric composition of chromophoreg, ef the peptide bond, which absorbs
light in the far-UV range (170 -200 nm). In proigi secondary structural elements
(a-helices,p-sheets and random coils) make specific contribpgtim a CD spectrum (Figure
20), allowing conclusions about their appearanckcarantity to be madd 92).

The absorption A of non-polarized light by a substis, according to Beer-Lambert’s law
(eq.6), dependent on the concentration (c), thi leaigth (d), and the extinction coefficient

(e)-

AQ) =log<ITO> =c-d-e (eqb)

The absorption (A) is dependent on the ratio betvike intensity of incident light{l and transmitted light (1).

According to equation 6, the difference in absamptof right (R) and left (L) circularly
polarized light AA) is calculated:
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AA (2) =log(I,) —log(Ig) = ¢ - d - (£,(D) — &g () (eq7)

Commonly, in CD spectroscopy measurements ratlaar A, the degree of ellipticity6p,
eq.8) is reported, which can be converted intodtecentration-corrected molar ellipticity
(bmrw, €0.9) for a better comparison of different expemnts.

n10

180
Op = % (&1, — €r) e [deg] (eq8)
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Figure 20. Far-UV CD spectra of different poly-Lys onformations. The dependence of the concentration-correctedrmola
ellipticity on the wavelength is depicted for diéat confromations of poly-Lys. Thehelical conformation (black, filled
circles) is found for freshly dissolved poly-Lys @t 11.1, theB-sheet (grey, open circles) for poly-Lys at pH lafter
heating for 15 min at 52 °C, and the random-coilfoomation (light grey diamonds) is observed forysbys freshly
dissolved in pure wate 3-194. Taken from Fandricbkt al.2002 (94).

In some cases of protein interactions, a specifiecctire or structural motif of one or both
binding partners is induced upon binding. One preni example is CaM. Most of its targets
have a high propensity to formhelical structures in the complex with CaM. Inwgation of
this propensity can be carried out with 2,2,24ofloethanol (TFE). Addition of different
amounts of TFE stabilizes the secondary strucelexhents of proteins or peptidgd®9) by
weakening hydrogen bonds to the surrounding seolutamnd, thereby, strengthening

intramolecular interactions196-1973. Therefore, CD spectroscopy permits expeditious
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acquisition of structural information and requifagly small amounts of protein or peptide
(in the ng to pg range), which makes it one ofrttost frequently used methods for analyzing

protein secondary structures.

1.2.4. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is a methéat characterization of protein-protein or
protein-ligand interactions on a thermodynamic leire one experiment, the enthalpyH),
entropy AS), the Gibbs free energiG), as well as the affinity (K and stoichiometry (N)
of a binding event can be determined with high eacy (98-200.

A target molecule is titrated to a solution of iéeraction partner in the reaction cell of a
calorimeter and the power, applied to this cekéep the temperature constant compared to a
reference cell, is measured (Figure 21). The clamggower applied to the reaction cell

depend on the heat absorbed or released durirgritieg reaction.
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Figure 21. Schematic set-up of a power compensatingC. Two cells (reference and sample cell) are embediteh
adiabatic shield. Power is supplied to the reaatiglhto hold the temperature difference betwederemce and sample cell at
zero AT=0). Through a syringe, an interacting moleculétiated to the protein solution in the reactiatl @nd the heat of

the binding reaction is measured. Taken from Freyat.2008 @01).

Parameters characterizing an interaction eventbsametermined by using the following

equationsZ02):
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AG=—-R-T-InK (eql0)

AG =AH —T-AS (eqll)
Gis the Gibbs free energy, R is the universial gastmt, T is the absolute temperature, K is thélibgum constant, H is

the enthalpy, and S is the entropy.

Advantages of ITC are the easy handling and the daémitations in buffers, pH, molecular
weight, and temperature. Additionally, there isme®d for labeling or immobilization of one
or both interaction partner@3). Therefore, despite a few drawbacks, e.g., lorgsuring

times and large sample volumes, ITC is widely umedhermodynamic characterization of

protein interactions.

1.2.5. Surface Plasmon Resonance Spectroscopy

Investigations of protein-protein interaction by rfage plasmon resonance (SPR)
spectroscopy allow the investigator to gain insghto the kinetics of a binding event and to
reveal information about the affinity of bindingrpeers. In SPR, one protein is immobilized
on a gold-coated surface, over which the interacpartner is flowing (Figure 22). Upon
binding of the interacting protein, the immobilizethss increases. This results in a changed
refractive index for totally reflected light at tsarface/buffer interface, which is linear to the
number of bound molecule2d4). A typical set-up of an SPR sensor contains snprivhich

is mounted on the gold-coated sensor chip (Fig@e @n the surface of the sensor chip
where the protein of interest is immobilized, datihg electrons are excited by light and
form an electron density wave, leading to a reducin intensity of totally reflected light at
the plasmon resonance wavelendif5). Due to changes in the environment of these edcit
electrons (plasmons), the conditions change whght touples with the plasmons. This is

measured as an altered resonance angle or resomanekength Z04).

Although this high-throughput method is commonlgdidor determining binding kinetics of
antigen/antibody complexefd4), immobilization of the protein of interest mighause

difficulties for other proteins. This is because ttmmobilization of a protein does not
necessarily lead to a surface coated with molecnflédee same orientation. The kinetics of
target binding might be affected. Another problesrthe reduced flexibility of immobilized

proteins and, therefore, a reduced accessibilityaofsmall protein or peptide after
immobilization. Nevertheless, SPR is a powerful hodt to determine the kinetics of a

protein-protein interaction in a very sensitivggnaducible, and label-free mann@0§).
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Figure 22. Set-up of a surface plasmon resonanceRRB) sensor.SPR spectroscopy detects changes in the refranties
at the surface of a gold-coated sensor chip, whrehcaused by alterations in the environment oftexglasmons, e.g.,

caused by binding of a target protein to an imnipil protein. Taken from Cooper 20@D7).

1.2.6. Fluorescence (Forster) Resonance Energy Tisfer

One method to examine protein-protein interactiondiving cells is using fluorescence
(Forster) resonance energy transfer (FRET). Noratiad (dipole-dipole) transfer of energy
from an excited donor chromophore to an acceptoornsbphore is measured. Due to an
inverse dependency of this energy transfer effyeto the sixth power of the distance
between donor and acceptor (eq.12), FRET providesopportunity to investigate binding
events between two proteins in their natural emvitent qualitatively and to calculate the
distance of these interacting proteins. The digaat a donor-acceptor pair where the
efficiency of the energy transfer is half-maxim&o) is in most cases around 5 nm.

Therefore, the threshold for an effective energpdfer is approximately 10 nrihl).

R6
E = RS + RS+ 76 i (eql2)
The efficiency of the non-radiative energy trandfem the donor to the acceptor molecule is invgrsiependent on the
sixth power of the distance®(ibetween these two molecules,iRthe distance between donor and acceptor wherertergy
transfer is 50%.

Commonly, the proteins of interest are genetic@llyed to a donor or acceptor molecule.
Crucial for selecting a pair of fluorescent dyeshat the emission spectrum of the donor dye
(e.g. cyan fluorescent protein, CFP) overlaps withexcitation spectrum of the acceptor (e.g.

yellow fluorescent protein, YFP) to enable energgnsfer. CFP and YFP - a pair of
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fluorescent dyes derived from the green fluorespesiein (GFP) - are widely used and fulfill
this requirement. Using a confocal laser-scanningraacope, digital images are acquired
through three different channels (at three differeravelengths): the CFP, YFP, and the
FRET channel. Through subtraction of background hatekd-through of CFP and YFP
fluorescence to the FRET image, a corrected FREfTage is generated, containing the
energy transfer informatior2Q8). Overall, besides some drawbacks, such as acatiorulof
tagged proteins due to their overexpression, phtdaching of YFP, or non-optimal
orientations of the large fluorescent dyes at ttieracting proteinsl{l), FRET is a fast and
sensitive method to examine protein-protein intioas in different compartments of living

cells.
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2. MATERIAL &METHODS

2.1. Material

2.1.1. Plasmids
Muncl3 constructs:

PEGFP-Munc13-1 (full-length)
PGEX-KG Munc13-1 (445-567)
PGEX-Munc13-1 (445-567)
PEGFP-ubMunc13-2 (full-length)
PGEX-KG ubMunc13-2 (372-494)

K. Dimova/O. Jahn, MBdttingen
K. Dimova/O. Jahn, MRitthgen
this study (3.1.2.)

K. Dimova/O. JahnPM56ttingen
K. Dimova/O. Jahn, MEittingen

pPGEX-ubMunc13-2 (372-494) this study (3.1.2.)
pPGEX-bMunc13-2(366-780) K. Dimova/O. Jahn, MPI @Giigen
pGEX-bMunc13-2 (366-780) Eurofins MWG Operon

pGEX-bMunc13-2 (366-780) F580Stop this study(3)1.4.
pGEX-bMunc13-2 (366-780) W619Stop this study (3)1.4
pGEX-bMunc13-2 (366-780) F723Stop this study (3)1.4
pGEX-bMunc13-2 (366-780) W775Stop this study (3)1.4

pGEX-bMunc13-2 (366-780) F580Stop 1063TAA this gt(@l1.4.)
pGEX-bMunc13-2 (366-780) W619Stop 1063TAA  this $t(8.1.4.)
pPGEX-bMunc13-2 (366-780) F723Stop 1063TAA thisist(3.1.4.)
pGEX-bMunc13-2 (366-780) W775Stop 1063TAA  this st(@8.1.4.)
pGEX-Munc13-3 (711-1063) K. Dimova/O. Jahn, MPI Bigjen
PGEX-Munc13-3 (711-1063) Eurofins MWG Operon

pGEX-Munc13-3 (711-1063) F962Stop this study (3)1.4
pPGEX-Munc13-3 (711-1063) F1012Stop this study @)1.

pPpGEX-Munc13-3 (711-1063) F787Stop this study (3)1.4
pGEX-Munc13-3 (711-1063) F823Stop this study (3)1.4

other constructs:

pCMV6-Orai3 K. Everts, University of Cambridge
pCMV6-Orai2 K. Everts, University of Cambridge
pECFP-N1-AC8 D. Willoughby, University of Cambridge
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pECFP-N1-Orail D. Willoughby, University of Cambgil
PECFP-N1-OraiA20 D. Willoughby, University of Cambridge
pPpECFP-N1-OraiA40 D. Willoughby, University of Cambridge
PECFP-N1-OraiA60 D. Willoughby, University of Cambridge
pECFP-N1-Orai2 this study (3.3.2.1.)

pECFP-N1-Orai3 this study (3.3.2.1.)

pECFP-N1-STIM1 D. Willoughby, University of Cambge
pPcDNA-STIM-YFP D. Willoughby, University of Cambrigk
pPEYFP-C1-AC8 K. Everts, University of Cambridge
pEYFP-C1-8M1 K. Everts, University of Cambridge
pIRESneo-HA-STIM1 D. Willoughby, University of Camtige

2.1.2. Oligonucleotides

All oligonucleotides were purchased from Metabiatetnational AG (Martinsried) and used

without further purification.

Sequencing primers:

Table 1. Synthetic oligonucleotides for sequencin@equences of the primers are shown from 5’ t@' e

name sequence

pPGEX fw GGGCTGGCAAGCCACGTTTGGTG
Munc rev TCAGTCACGATGCGGCCGCTCGA
Munc rev2 CGTCATCACCGAAACGCGCG
PGEX KG fw CGACCATCCTCCAAAATCGG
PGEX KG rev GGTTTTCACCGTCATCACCG
Ac23 GATAGCGGTTTGACTCACGG

Primers for cloning:

Table 2. Synthetic oligonucleotides for cloningSequences of the primers are shown from 5’ t@’ e

name sequence

#458 (Orai2 into pECFP-N1) GCCTCGAGCCACCATGAGTGCTGAGCTTAAC
#459 (Orai2 into pECFP-N1) GCGGATCCCGCAAGACCTGCAGGCTGCG
#460 (Orai3 into pECFP-N1) GCCTCGAGCCACCATGAAGGGCGGCGAGG
#461 (Orai3 into pECFP-N1) GCGGATCCCGCACAGCCTGCAGCTCC
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Mutagenesis primers:

Table 3. Synthetic oligonucleotides for site directtmutagenesisSequences of the primers are shown from 5’ t@’ e

name inserted mutation sequence

fw2  GST-Muncl3-3 F962Stop GAGAATCCGACCTTCCTAGAAAGAAGCATS
rev2  GST-Muncl3-3 F962Stop GCTGCTTCTTTCTAGGAAGGTCGGATTCT
fw3  GST-Muncl3-3 F1012Stop CCGCACTCCAGGTGTAGGGTGGGGCTR®
revd GST-Muncl3-3 F1012Stop CGCCCAGCCCCACCCTACACCTGGA®EIES
fw4 GST-bMunc13-2 1063TAA CCCAGAAGGTAACTCGAGCGGCCGCATCGG
revd  GST-bMuncl3-2 1063TAA CCGATGCGGCCGCTCGAGTTACCTTCTGGG

fwh GST-bMuncl13-2 F723Stop CAAATGCATCAACAATTAGAAAAACGTCCTAAGAG
revs  GST-bMuncl3-2 F723Stop CTCTTAGGACGTTTTTCTAATTGTTGSLCATTTG
fw7 GST-bMunc13-2 W775Stop CCCCTCCTTGCCTCAGTAGCTCCCAGABGCC
rev7  GST-bMuncl3-2 W775Stop GGCCCTTCTGGGAGCTACTGAGGCAABESGG
fw9 GST-bMunc13-2 F580Stop CGAGCGATCCACCACTAGCGTTTGGAMTCAG
rev9 GST-bMuncl3-2 F580Stop CTGAAGAGCCAAACGCTAGTGGTGGAGCTCG
fwll GST-bMuncl3-2 W619Stop CAGTGATAGACTTCTTTAGACAGTAAQTCAGG
revil GST-bMuncl13-2 W619Stop CCTGAACTTACTGTCTAAAGAAGTCTAIACTG
fwl3 GST-Muncl3-3 F787Stop CCTTTAAGTTCCCCAAATAGGGATCCACTTCAG
revl3 GST-Muncl3-3 F787Stop CTGAAGAGTGGATCCCTATTTGGGGAATAAAGG
fwl5 GST-Muncl3-3 F823Stop CTTAATGGGGAGATAGCGGACATTGTCAG
revl5 GST-Muncl3-3 F823Stop CTGAGACAATGTCCGCTATCTCCCCATAG

2.1.3. Bacterial Strains and Human Cell Lines

Bacterial strains:
BL21 (DE3) Codon Plus E.coli B, FompT hsd@s- mg-) dcmi Tef gal(DE3) endA

Hte [argU ile Y leu\Cani]

DH50 E.coli, F endAl glnV44 thi-1 recAl relAl gyrA96 deoR nupG
®80dacZAM15 A(lacZYA-arghU169, hsdR17( mk*), A~
XL1-Blue E.coli K12, endAl recAl gyr A96 thi-1 hscR17relAl suE44

lac [F’ proAB lacl’ZAM15 Tn10(Tet)]

Human cell line:

HEK?293 human embryonic kidney 293 cells
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2.1.4. Media and Antibiotics

LB medium(Lysogeny Broth): 10 g/l peptone, 5 g/l yeast extract, 10 g/| NaCl

MEM (minimal essential medium@Bigma, Gillingham (UK)

Opti-MEM:

Fetal bovine serum (FBS):

Carbenicillin:
Tertracyclin:
Chloramphenicol:
Kanamycin:
Penicillin:
Streptomycin:

Agar plates:

2.1.5. Buffer Solutions

PBS buffer:

TBE buffer (10x):
DNA sample buffer:
Buffer A:

Buffer B:

IEX B:

Washing buffer:

ITC buffer:

Biacore buffer:

Trypsin buffer:
ProteaseMAX™ puffer:
PBS/EDTA:

HBS buffer:

CD buffer:

Sigma, Gillingham (UK)
Sigma, Gillingham (UK)

100 mg/ml in BD, final concentration: 100ug/ml
25 mg/ml in kD, final concentration: 12.5 pg/ml
30 mg/ml in ethanaol, final coneation: 30 pg/ml
30 mg/ml in BO, final concentration: 30 pg/mi
10,000 U/ml, final concentration: 106l

10 mg/ml, final concentration: 100mpg

15 g/l agar-agar applied in LB medium

137 mM NacCl,
KH,POy, pH 7.4
45 mM Tris, 45 mM #80;, 0.5 mM EDTA

0.25% (w/v) bromphenol blue, 332 (w/v) xylene cyanol blue
40 mM Tris-HCI, 300 mM NaCl, 2 mM EDTAH7.5

buffer A+ 10 MM GSH + 1 mM DTT
20 mM HEPES, 2 M NaCl, 1 mM EDTA, pH 7.4

20 mM HEPES, 140 mM NaCl, 2.7 mM IK6 mM MgCh,
pH 7.4

20 mM HEPES, 1 mM Ca£ 1100 mM KCI, pH 7.4

20 mM HEPES, 1 mM CaCl150 mM NaCl, 0.05% (w/v)
Tween-20, pH 7.4

12 ng/pl trypsin, 0.01% ProteaseMAXn 50 mM NHHCO;

0.01% ProteaseMax™ in 50 mM;NEO;

1 x PBS, 1 mM EDTA

10 mM HEPES, 140 mM NaCl, 4 mM KCI, tiiM D-glucose,
0.2 mM MgCh, pH 7.4

100 mM KHPOy/KH,PO,, pH 7.5

27mM KCI, 10 mM POy, 1.76 mM
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2.1.6. Enzymes

Phusioff DNA polymerase Thermo Fisher Scientific (UIm)

KOD Hot Start DNA polymerase Novagen (Darmstadt)

T4 DNA ligase New England-Biolabs (Hertfordshire)
ProteaseMAX™ Promega (Mannheim)

Trypsin (sequencing grade) Promega (Mannheim)

EcoRl Thermo Fisher Scientific (Ulm)

Xhol New England-Biolabs (Hertfordshire)
BamHlI New England-Biolabs (Hertfordshire)
Deoxyribonuclease (DNase) Carl Roth (Karlsruhe)

Thrombin (human plasma) Calbiochem (Bad Soden)

2.1.7. Proteins and Peptides

Calbiochem (Bad Soden):

Calmodulin (CaM)bovine)
1 Ac- ADQLTEEQ A EFKEAFSLFD KDGDGTI TTK ELGTVMRSLG QNPTEAELQD
51 M NEVDADGN GT1 DFPEFLT MVARKMKDTD SEEEI REAFR VFDKDGNGYI
101 SAAELRHVMI NLGEKLTDEE VDEM READI DGDGQVNYEE FVQVMIAK
The protein is N-terminally acetylated (Ac-) and trimethylated at Lys-115 (k) as shown by peptide mass fingerprint

analysis.

amresc8(Solon, USA):
Glutathione (GSH): y-L-glutamyl-L-cysteinyl-glycine

Synthesis by Olaf Jahn, MPI Géttingen:

Munc13-1 peptide RAKANW. RAFNKVRMQL QEAR

ubMunc13-2 peptide QARAHWFRAVTKVRLQLQEI S

bMunc13-2 peptide* Cam Cl NNFKNVLREKRLRQKKLLQELV
Munc13-3 peptide* Cam CSFKEAALRAYKKQVAEL EEK

SkMLCK peptide L MVKRRWKKNFI AVSAANRFKKI SSSGALVALGV
SkMLCK F19A peptide L MKRRWKKNFI AVSAANRAKKI SSSGALVALGV
SkMLCK F19E peptide L MVKRRWKKNFI AVSAANREKKI SSSGALVALGV

SKMLCK F19E/L31W peptide LMKRRWKKNFI AVSAANREKKI SSSGAL VAWGY

*The peptide isN-terminally carbamidomethylated (Cam-).
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JPT Peptide Technologies GmbH (Berlin):

AC1-C1b peptide Ac- | KPAKRVMKFKTVCYL LVQLMHCRKMFKA- NH,
AC8-Nt peptide Ac- GSRPQRLLWOTAVRHI TEQRFI HGH NH,
AC8-C2b peptide Ac- YSLAAWL GLVQSLNRQRQOKQLLNE- NH,

The peptides areN-terminally acetylated (Ac-) andC-terminally amidated (-NH»).

Sigma (Taufkirchen):
Lysozyme (chicken)
Cytochrome C (porcine)

Myoglobin (Equus caballus

These proteins were used for MALDI-TOF-MS calibration.

2.1.8. Cross-linking and Biotinylation Reagents

Thermo Fisher Scientific (Darmstadt):
Do-bis(sulfosuccinimidyl)glutarate (FBS°G)
D.-bis(sulfosuccinimidyl)glutarate (FBS°G)
Sulfosuccinimidyl 4,4'-azipentanoate (Sulfo-SDA)
EZ-Link NHS-LC-Biotin (LC-Biotin)

Synthesis by Fabian Krauth (Sinz lab, Halle):
N-succinimidylp-benzoyldihydrocinnamate (SBC)45)

2.1.9. Chemicals

Acetonitrile HPLC gradient grade, HiPerSolv
Acrylamide/bisacrylamide solution (37.5:1) 40 %\{v/
Ammonium acetate

Ammoniumhydrogencarbonate
Ammoniumpersulfate

Boric acid

Calcium chloride

Complete Protease Inhibitor Cocktail Tablets
Coomassie-Brilliant-Blue G250
Coomassie-Brilliant-Blue R250

a-Cyano-4-hydroxycinnamic acid

(CICOONH;)
(MHCO3)
(APS)
(HsBO)
(Cag)

(HCCA)

VWR
Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roth
Roth
Roche
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
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Deoxyribonucleic acid triphosphates (dNTPs)
D-Glucose

2,5-Dihydroxybenzoic acid (DHB)
Dimethylsulfoxide (DMSO)
Dithiothreitol (DTT)

DNA ladder (1 kb, 100 bp)

n-Dodecyl#-D-maltoside (DDM)
Ethanol

Ethyleneglycol tetraacetic acid (EGTA)
Ethylenediaminetetraacetic acid (EDTA)

Formic acid (FA)
GelGreen™ Nucleic Acid Gel Stain

Hydrochloric acid, 0.1 M (endotoxin free)

[4-(2-Hydroxyethyl) piperazine] ethanesulfonic acid (HEPES)
Isopropanol

Isopropyl#-D-1-thiogalactopyranoside (IPTG)
Laemmli sample buffer

L-Glutamine

Lipofectamine™ 2000

Magnesium chloride (Mg@)
Magnesium sulfate (MgSQp
Peptide Calibration Standard Il mono

Phenylmethylsulfonyl fluoride (PMSF)
Phosphate buffered saline (tablets) (PBS)
e-Poly-L-lysine

Potassium chloride (KCI)

Protein Calibration Standard | and Il

Protein ladder (PageRuler™ Unstained)

Sinapinic acid (3,5-dimethoxy-4-hydroxycinnamicdjci (SA)

TheFsher
Scientifc
Sigma-Aldrich

Sigma-Aldrich
Thermo Fisher
Scientifc
AppliChem
Thermo Fisher
Scientifc
Roth
Merck
Sigma-Aldiric
Sigma-Altric
Roth
Biotium
Sigma-Adih
Roth
Merck
Roth
Bio-Rad
Sigma-Aldrich
Invitrogen
Thermo Fisher
Scientifc
Sigma-Aldrich
Bruker Dakon
Roth
amfesco
Sigma-Aldrich
Roth
Bruker Dalto

Thermodfish
Scientifc
Sigma-Aldrich
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Sodium chloride (NaCl) Roth
Sodium dodecylsulfate (SDS) Roth
N,N,N’,N*-Tetramethylethylendiamine (TEMED) Roth
Thapsigargin (Tg) Calbiochem
Trifluoroacetic acid (TFA) Merck
2,2,2-Trifluoroethanol (TFE) Sigma-Aldrich
Tris(hydroxymethyl)aminomethane (Tris) Roth
Tris(hydroxymethyl)aminomethanehydrochloride (THEA) Roth

Triton X-100 Roth
Tween-20 Serva
2.1.10. Kits

Plasmid Mini-Prep Kit
PCR Purification Kit

Jena Bioscience

Jena Bioscience

QIAquick Gel Extraction Kit Qiagen

2.1.11. Equipment
Systems:

MALDI-TOF/TOF-MS:

ESI-LTQ-Orbitrap-MS:

Nano-HPLC systems:

=Trapping columns

=Separation columns

Ultraflex 111 (Bruker Daltonik, Bemen)
with SmartBeam laser™ (Bruker Daltonik, Bremend an
fraction collector Proteineer fc (Bruker DaltonBremen)
LTQ Orbitrap XL (Thermo Fish8cientific, Bremen)
with a nano-ESI-Source (Proxeon, Odense, Denmark)
= Ultimate 3000 (Dionex, Idstein)
= Ultimate (Dionex, ldstein)
with Ultimate Micro Pump, Ultimate UV-Detector,
Ultimate SWITCHOS II, and Famos Micro-Autosampler
Acclaim PepMap, C18, 100 pm x 20, ® um, 100 A
Acclaim PepMap, C18, 300 pm x 5 mm, 5 pm, 100 A
(Dionex Idstein)
Acclaim PepMap, C18, 75 um xr260 3 um, 100 A
Acclaim PepMap, C18, 75 um x 150 mm, 3 um, 100 A
(Dionex, Idstein)
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Cell disruption system type Basic-Z, Constant Systétd. (Northamptonshire, UK)

FPLC system AKTA FPLC with fraction collector Fra20
(GE Healthcare, Munich)

Biacoré® T100 GE Healthcare, Munich

CD spectrometer J-810 Circular Dichroism (Jascof33ymstadt)

Calorimeter VP-ITC (MicroCal, Prague, CZ)

Electrophoresis systems = DNA electrophoresis chamber Mini-Sub-Cell GT
(Bio-Rad, Munich)
= gel electrophoresis apparatus Mini-Protean Tegla C
with power supply POWERPACK 300 (Bio-Rad, Munich
Gel documentation system Gel Doc XR (Bio-Rad, Mi@mh
UV-spectrophotometers = Ultrospec 1100 pro (GE Healthcare, Munich)
» NanoVue™ Plus (GE Healthcare, Bucks, UK)
Centrifuges = Optimal™ L-90K (Beckmann Coulter, Krefeld)
= Avanti™ J-20 XP (Beckmann Coulter, Krefeld)
= miVac Duo vacuum concentrator (GeneVac, Ipswidk) U
Water purification system= DirectQ5 (Millipore, Eschborn)
= Pacific-UP/UPW (ThermoFisher Scientific-TKA, Nigdtbert)
Microscope Nikon eclipse TE2000 inverted microscepaipped with a 40 x
oil immersion objective (Nikon, Surrey, UK), conted to an
Andor Ixon+ EMCCD camera (Andor, Belfast, UK) via a
Optosplit (505DC) (Cairn Research, Kent, UK)

Miscellaneous:

Amicon® Ulta centrifugal units (3K, 10K) Millipore, Eschbo
Autoclave V75 Systec, Wettenberg
Float-A-Lyzer G2 Spectrum, Breda, NL
GSTrapFF, 1 ml GE Healthcare, Munich
HiTrap Q XL, 1 ml GE Healthcare, Munich
Micro columns ZipTipC4 and C18 Millipore, Eschborn

pH meter MV 870 Précitronic, Dresden

MJ Research PTC-150 Minicycler Bio-Rad, HertfordshUK
Thermocycler TPersonal Biometra, Gottingen
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2.1.12. Software

CoolToolBox Software for identification of crogshed products (Leo J.

de Koning, Universitiy of Amsterdam, The Netherland

Flex Analysis 3.3 Software for visualization anwgessing of mass spectra
(Bruker Daltonik)

Flex Control 3.3 Acquisition of MALDI-TOF/TOF-MS¥IS) data (Bruker
Daltonik)

Gentle Software program for visualization and pssoeg of

DNA and protein sequences (Magnus Manske, Uniyersit
of Cologne)

Hystar 3.2 Software for control and coordinationHPLC systems
and mass spectrometer (Bruker Daltonik)

Mascot Evaluation software for mass spectrometita qMS and
MS/MS), in-houselicense, www.matrixscience.com

Max chelator Software for calculation of free Caconcentrations
(http://maxchelator.stanford.edu/)

Patchdock server Web server for docking of two mulles using distance
constraints (http://bioinfo3d.cs.tau.ac.il/Patchkiypc

ProteomeDiscoverer 1.0 Software for analysis of WE/MS and LC-MS data
(Thermo Fisher Scientific)

PSIPRED, SAM-T08 web server Software for secondamycture prediction,
(http://bioinf.cs.ucl.ac.uk/psipred/)
(http://compbio.soe.ucsc.edu/SAM_TO08/T08-querylhtm

Pymol 0.99rc6 3D-grafic software for visualizati@nd processing of
protein structures (DeLano Scientific LLC, US)

StavroX versions 2.0.6 and Software for analysasidentification of cross-linking

2.3.1. products (Michael Goétze, University Halleti#iberg,
(149)

Qual Browser 2.07 Software for visualization amdgessing of mass spectra

(Thermo Fisher Scientific)
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2.2. Molecular Biology Techniques

2.2.1. Preparation of Chemo-Competent Cells

Chemo-competent cells were prepared following thetgeol of the CaGimethod by
Sambrook & RussellQ9). Briefly, 200 ml LB medium were inoculated withndl of an over-
night culture of XL1-Blue, DH&, or BL21 (DE3) Codon Plus cells and cultivate@at’C to
an optical density Ofobetween 0.4 and 0.7. Then, the cells were ceng&dugr 15 min at
5000 rpm (4 °C). The cell pellet was resuspendesDiml of a 0.1 M CaGlsolution (sterile
and ice cold) and incubated for 90 - 120 min on. id&erwards, the suspension was
centrifuged again (15 min, 5000 rpm, 4 °C) and ¢b# pellet was resuspended in 2 ml of
0.1 M CaC}. Following incubation for another 90 - 120 min ior, glycerol was added to a
final concentration of 10% (v/v), the cells wergitly frozen in liquid nitrogen, and stored in
200 pl-aliquots at -80 °C.

2.2.2. Transformation of DNA in Chemo-Competent Cés

One aliquot (200 ul) of chemo-competent cells wesved on ice before 1 -2 pl plasmid
DNA were added. After incubation on ice for 30 mn90 s-heat shock was performed at
42 °C. Subsequently, 800 ul of LB medium were addeithe cells. In the case of constructs
with a kanamycin resistance, the cells were thenbated for 1 h at 37 °C (for constructs
with ampicillin resistance incubation time was gboed to 10 - 30 min). 100 ul of cell

suspension were applied to agar plates contaihiegespective antibiotic agent and cultured
overnight at 37 °C to select for cells carrying Bi€A of interest.

2.2.3. Isolation of Plasmid DNA fromE.coli

Plasmid DNA was isolated from 3 to 5 ml of an ovght-culture of XL1-Blue or DH& cells
containing the DNA of interest. The cells were lested and the DNA was isolated using the
Plasmid Mini-Prep Kit (Jena Bioscience) accordimgthe manufacturer’s protocol. The
elution was performed with 40 MilliQ water.

2.2.4. Polymerase Chain Reaction

In-vitro amplification of DNA was carried out by polymerad®in reaction (PCR). A 50 pul-

PCR reaction contained approximately 50 ng temié@, 100 pmol of forward and reverse
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primers, 4mM MgS@ 2mM of each dNTP, and 1U polymerase (Phi4imA
polymerase or KOD Hot Start DNA polymerase, 2.1.®hHe program in the thermocycler
(2.1.11.) is shown in Table 4:

Table 4. PCR program for DNA amplification.

reaction step temperature time number of cycles
denaturation 98 °C 30s 1
denaturation 98 °C 10s
primer annealing 55-60 °C 30s 25
elongation 72 °C 45s-1 min30 s
final elongation 72 °C 5 min 1
storage 4-10 °C o0

Annealing temperatures were chosen 5 °C lower ttzdculated and elongation times were
adapted to the respective polymerase and DNA usdki reaction. In the case of a cloning
procedure, PCR reactions were purified using thAdgQick Gel Extraction Kit (Qiagen).

Visualization of the PCR reactions was carriedlmuagarose gel electrophoresis (2.2.7.).

2.2.5. Site-directed Mutagenesis

PCR reactions for site-directed mutagenesis wespgred as depicted in Table 5. The PCR
program is shown in Table 4. Visualization of theRPproducts was carried out by agarose

gel electrophoresis (2.2.7.).

Table 5. Components of a 50 pl-PCR reaction for sitdirected mutagenesis.

Volume component
1ul template DNA
1l dNTPs
2 ul forward primer
2 ul reverse primer
10 pl 10 x GC polymerase buffer
1 pl Phusioff DNA polymerase
31 ul MilliQ water

After transformation of the PCR reactions (2 - 10 mto E.coli chemo-competent cells
(2.2.2.) and antibiotic selection of cells contagithe DNA of interest, the mutated DNA was
isolated (2.2.3.) and sequenced (2.2.10.).
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2.2.6. DNA Digestion with Restriction Endonucleases

Analytical DNA digestions were performed for seqeeiconfirmation of a vector of interest,
while preparative DNA digestion by endonucleases earied out as a substep of a cloning
procedure. A typical 50 pl-digestion MilliQ water contained 4 pug of DNA (in the case of a
vector plasmid) or 30 pul of a PCR reaction (in ttese of subcloning), 5 ul of the
recommended buffer (New England Biolabs), 0.5 pAR®B recommended for the respective
restriction enzyme), and 1-2 U of the restrictienzymes (EcoRI, BamHI or Xhol,
respectively). Incubation of analytical digests weeried out at 37 °C for 3 h, while
preparative digests were incubated overnight atG37Visualization of the DNA digestion

was performed using agarose gel electrophoressr/(}.

2.2.7. Agarose Gel Electrophoresis

Separation of DNA according to their molecular siz&s performed using 1 or 1.2% (w/v)
agarose gels in 0.5 x TBE buffer (2.1.5.). The DWAs mixed with DNA sample buffer
(2.1.5.) and loaded onto the gel. Electrophoregpmasation was conducted at 200 V. Detection
of the DNA in the gels was carried out with UV liglgel documentation system Gel Doc XR,
2.1.11.) after a 30 min-incubation of the gels istaining solution containing GelGreen™
(15 ul of a 10000 x stock solution), 45 MIIlIQ water, and 5 ml NaCl [1 M]. Alternatively,

ethidium bromide was used.

2.2.8. Gel Extraction of DNA

Bands of interest were excised from the agarose @yall the DNA was extracted using the
QIAquick Gel Extraction Kit (Qiagen). Extraction waperformed following the
manufacturer’'s protocol, except for the elutiorpstia whichMilliQ water (35 pl) was used
instead of the elution buffer. Concentration deteation of the extracted DNA was
performed spectrophotometricallj € 260 nm) (NanoVue™ Plus or Ultrospec 1100 pro,
2.1.11)).

2.2.9. Ligation

Digested plasmid and insert with compatible endsewrixed at molar ratios of 1:2 or 1:4
and added to a 20 pl-reaction with T4 DNA ligasd.) in the recommended buffer. The
ligation reaction was allowed to proceed overnight6 °C. Afterwards, 10 pl of the reaction
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mixtures were transformed int.coli chemo-competent cells (2.2.2.) for antibiotic st
of cells containing the DNA of interest. Subseqlyernthe DNA was isolated (2.2.3.) and
sequenced (2.2.10.).

2.2.10. Sequencing

All DNAs used and generated in this work were seqad by the Sequence Laboratories
Gottingen (Muncl3 constructs) or the DepartmerBiothemistry in Cambridge, UK (Orai2
and 3 constructs). Analysis of the sequencing teswhs performed using the software
programGentle

2.3. Cell Biology Techniques

2.3.1. Cell Culture and Transfection

Cultivation of HEK293 cells (European Collection ©éll Cultures, Porton Down, UK) was
performed in minimal essential medium (2.1.4.) sepented with 10% (v/v) fetal bovine
serum (FBS, 2.1.4.), 100 U/ml penicillin, 100 pg/stleptomycin, and 2 mM L-glutamine.
The cells were grown at 37 °C in a humidified atpiese (95% air and 5% G Dilution of

the cells was carried out in PBS/EDTA buffer (2.1.5vhich was added to the flask after
removing the medium, in which the cells were growhe cells were collected, centrifuged,
and resuspended in fresh medium (see above). Bosiént transfection, untransfected
HEK293 cells were plated onto 25-mm coverslips edatithe-poly-L-lysine. After the cells

had reached a confluence of ~60%, 2 ug of cDNAgDbiithe YFP-tagged protein and 1 ug
of the CFP construct) were transfected using Ligai@ine™ 2000 according to the

manufacturer’s protocol.

2.3.1. Micro-FRET Analysis of Protein-Protein Interactions

Two or three days after transfection, FRET analgie interaction of two constructs (YFP
and CFP-tagged) was performed on a Nikon eclips2O0& inverted microscope equipped
with a 40 x oil immersion objective. To separatePQB70 nm) and YFP (535 nm) emission
images, the microscope was connected to an Anaor+bEMCCD camera via an Optosplit
(505DC). Prior to FRET analysis, the medium wasaesd from the coverslips and HBS
buffer (2.1.5.), supplemented with 1.5 mM CgQVas applied. The coverslips were placed
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into the microscope and washed several times WBB Huffer to remove cells that were only
loosely attached. After focussing on the cells,gegawere acquired and analyzed according
to the three-cube micro-FRET metho#0®). First, a number of live cell images were
collected from cells expressing CFP or YFP aloneaiculate the values for CFP and YFP
bleed-through into the FRET signal. In the caseeatis co-expressing CFP- and YFP-tagged
proteins of interest, three separate live cell iesagere acquired: (1) the CFP image (435 nm
excitation/470 nm emission), (2) the YFP image (BO0excitation/535 nm emission), and
(3) the uncorrected FRET image (435 nm excitati8h/fm emission). After background
subtraction of all three images, the FRET image w@asected for CFP (59%) and YFP
(11.2%) bleed-through to get a corrected pseudo€dET image, FRET For quantification

of the FRET signals from different constructs, nalimed NFRET values were obtained by
dividing the average intensities of the FREMages by the product of the CFP and YFP
image intensities. All FRET experiments were adddilly conducted under conditions of
Cd* store depletion by adding HBS buffer containinguM thapsigargin (Tg) to the

coverslips.

2.4. Protein Chemistry

2.4.1. Expression of Muncl13 Variants

A 50 - 100 ml-overnight culture d.coli BL21 (DE3) Codon Plus cells containing the DNA
of the protein of interest was divided and transférinto two beakers each containing 2.5 |
LB medium. For antibiotic selection, carbenicill[@00 pg/ml) was supplemented to the
medium and cells were grown at 37 °C until the egitidensity (Olgy) reached a value
between 0.4 and 0.6. Then, protein synthesis whsced by the addition of 0.1 - 1 mM IPTG
and incubation was performed for 4 -16 hrs at 38 2C. The amount of the protein -
synthesized and located either in the soluble ivaabr as inclusion bodies - was visualized
by SDS-PAGE (2.4.4.).

2.4.2. Purification of Munc13 Variants

Cells were harvested by centrifugation at 5,000,rgrAiC for 20 min. The cell pellet was
washed with cold PBS buffer, frozen at -20 °C, atated overnight to gently break the cell
walls. After resuspension of the cell pellet in feafA (2.1.5.) and addition of Complete

Protease Inhibitor Cocktail (1 tablet in 50 ml cglispension) and 1 mM DTT, disruption of
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the cells was performed using the cell disruptigsteam type Basic-Z (Constant Systems Ltd.)
at a pressure of 2.3 kbar. Then, 0.5 mM PMSF ah% @v/v) Triton X-100 were added and
the solution was incubated on ice for 30 min. Fragts of the cell wall, cell organelles and
other particles were pelleted by centrifugatiod@000 rpm for 45 min. The supernatant was
loaded on a GST-affinity column (GSTrapFF, 1 ml)aatlow rate of 0.2 ml/min using an
AKTA FPLC system (2.1.11.). Further purification svperformed either by (1) on-column
cleavage of the GST tag by thrombin (0.33 mg/mivashing buffer (2.1.5.) containing 1%
(w/v) DDM) overnight and elution of the untagged nd 3 (flow rate: 0.5 ml/min) or (2) by
elution of the GST-tagged Munc13, buffer-exchartgegmbin cleavage (2 - 16 U in washing
buffer containing 1% (w/v) DDM) overnight at 8 °hda subsequent separation of the
untagged protein from the GST tag by anion exchaclyematography (HiTrap Q XL
column, 1 ml). The amount and purity of Muncl13 pmas were determined by SDS-PAGE
(2.4.4.). Determination of the protein concentnatiwas performed spectrophotometrically
(Ultrospec 1100 pro, 2.1.11.).

2.4.3. Buffer Exchange of Protein and Peptide Soligins

Different systems were used for buffer exchangpegpitide and protein solutions. Dialysis of
peptides prior to SPR, ITC, and CD measurementspga®rmed using Float-A-Lyzer G2
(2.1.11.) with a molecular weight cutoff of 100-5D& or 500-1,000 Da according to the
manufacturer’'s protocol. Peptide solutions usedfftine nano-ESI-MS experiments were
subjected to microfiltration (Amicon Ultra centrgfal units (3 K), Millipore, Schwalbach).
Peptide solutions were transferred to the filtmatimits and centrifuged at 13,000 x g for
30 min. After three washing steps with buffer, s were eluted by centrifugation for
7 min at 4,000 x g. The same protocol was appleedbfiffer exchange of protein solutions
for ITC, SPR, andffline nano-ESI-MS measurements using Amicon Ultra cergal units
(10 K) (2.1.11.). Concentrations of the resultingptide and protein solutions were

determined spectrophotometrically£ 280 nm) (Ultrospec 1100 pro, 2.1.11.).

2.4.4. SDS-PAGE

Protein separation according to apparent moleaiiae was performed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-EAQ@he compositions of resolving and
stacking gels are shown in Table 6. Protein samplese mixed (1:1 (v/v)) with
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Laemmlibuffer supplemented with-mercaptoethanol and loaded on an SDS gel, belhere t
electrophoretic separation was carried out at 1@0r\15 min and at 200 V for 35 - 45 min.

Table 6. Composition of resolving and stacking gefer SDS-PAGE. Volumes are given for preparing two SDS gels.

resolving gel resolving gel stacking gel

12% 15% 5%
jg%l?vrc/lsl)e/bls—acrylam|de solution 3000 pl 3750 pl 650 wl
1.5 M Tris-HCI, pH 8.8 2500 pl 2500 pl -
0.5 M Tris-HCI, pH 6.8 - - 1250 pl
MilliQ water 4340 pl 3590 pl 3000 pl
10% (v/v) SDS 100 pl 100 pl 50 pul
TEMED 10 pl 10 pl 10 pl
10% (v/iv) APS 50 pl 50 ul 25 ul

Following electrophoresis, the gels were stainesigus colloidal Coomassie-Blue-Silver

staining protocolZ10):

Fixing solution: 40% (v/v) MeOH, 10% (v/v) acetic acid

Staining solution: 2% (v/v) solution A, 98% (v/v) solution B
solution A: 5% (w/v) Coomassie-Brilliant-Blue G250MilliQ -H,0
solution B: 2% (w/v) orthophosphoric acid, 20%\(§WNH,;)>,SOy in
MilliQ -H,O

Destaining: MilliQ -H,O

The gels were incubated in the fixing solution fon, washed three times wihilliQ water,
and transferred to the staining solution for indidraovernight. Destaining was performed by
shaking the gels imilliQ water.

2.4.5.In-Gel Digestion

Bands of interest were excised from an SDS geljrtot pieces of ca. 1 mhvolume, and
washed with 100 uMilliQ water, twice with 100 pl of 50% (v/v) ACN MIilliQ water, and
incubated for 10 min. The supernatant was removert aach washing step. Afterwards,
80 ul of ACN were added and the supernatant wasovec after 5 min incubation.
Subsequently, 80 pl of NHICO; were added, an additional 80 ul of ACN were adatkber

5 min, and the mixture was incubated for 10 minteAfemoving the supernatant, the gel

pieces were dried in a vacuum concentrator for 80(&h1.11.) and (if not used immediately)
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stored at -20 °C after shock freezing. For proteisly20 ul of trypsin buffer (2.1.5.) were
added to the gel pieces and the mixture was inedbfr 10 min on ice. After addition of
30 ul ProteaseMAX™ puffer (2.1.5.), proteolysis watowed to proceed at 37 °C for
2 - 4 hrs. The supernatant was transferred intevaneaction vessel, 1 ul 10% (v/v) TFA was
added for trypsin inactivation, and analysis of tpeptide mixture was performed
immediately by nano-HPLC/nano-ESI-Orbitrap-MS/MS.5(8.) or nano-HPLC/MALDI-
TOF/TOF-MS/MS (2.5.4.).

2.4.6. Circular Dichroism Spectroscopy

Peptides were dialyzed (2.4.3.) against the CDeo#.1.5.) prior to circular dichroism (CD)
spectroscopic analysis on a Jasco J-810 CirculahrBism spectrometer (2.1.11.). The
peptide concentration was determined spectrophdtaaky at 280 nm. Far-UV CD spectra
were recorded at 4 °C in a 0.5 nm fused silica taviey accumulating 20 far-UV spectra
from 200 to 260 nm in the presence of 0-40% (WFE. A scan rate of 20 nm/min, a
4 s-response, and a bandwidth of 1 nm were usedddta acquisition. CD data were

processed with the software program Spectrum Marlage

2.4.7. Isothermal Titration Calorimetry

Proteins and peptides were dialyzed (2.4.3.) ag#mssame buffer (ITC buffer, 2.1.5.) and
degassed before their interaction was analyzedsaheérmal titration calorimetry (ITC) in
cooperation with S. Pfennig (University Halle-Witterg). A 5 - 10 pM-solution of CaM was
placed into the reaction cell of a VP-ITC systeml(P1.), while a 50 - 100 pM-solution of
the peptide of interest was filled into the ITCisge. The peptide was titrated to the CaM
solution by 10 pl-injections in 5 min-intervals. &te of dilution were measured by titration of
a buffer without peptide to the CaM solution. Thederence curve was subtracted from the

peptide titration curve. The temperature was s@btdC throughout all measurements.

2.4.8. Surface Plasmon Resonance Spectroscopy

The CaM-binding affinities of different skMLCK vamts were determined by surface

plasmon resonance (SPR) spectroscopy on a Biad®@ imstrument (2.1.11.) in cooperation

with M. Schneider (University Halle-Wittenberg). 1skMLCK peptides werdl-terminally

biotinylated using EZ-Link NHS-LC-Biotin (2.1.8.Peptide : biotinylation reagent ratios

varied between 1:10 and 10:1 (w/w). The biotinglatreaction was conducted in PBS buffer
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(pH 6.5) and allowed to proceed for 30 min on mefore excess of biotinylation reagent was
quenched with 10 - 20 mM NHCGO; (final concentration) and removed by microfiltratio
(2.4.3). MALDI-TOF mass spectrometry (2.5.3.) waedi to confirm mono-biotinylation of
all peptides. Following biotinylation, the peptidegre immobilized on a Series S Sensor
Chip SA (GE Healthcare, Freiburg) according to rim@nufacturer’s protocol. A solution of
1 M NaCl with 50 mM NaOH was applied to the chip remove non-covalently bound
streptavidin. Afterwards, the peptide solutions evarjected using a flow rate of 5 pl/min
until the immobilization rate reached 350 RU (Rthi@ary response units). For the skMLCK
F19E peptide, the maximum immobilization level w20 RU. All measurements were
performed at 25 °C using the Biacore buffer (2)1.i5. which CaM was diluted to different
concentrations (100 pM - 20 uM). CaM solutions wiejected over the chip surface at a flow
rate of 12 pl/min for 1750 s. Biacore buffer (2.1 Wwas used as a blank. Regeneration of the
chip was performed for 2 min at a flow rate of 14nin with 20 mM HEPES buffer (pH 7.4)
containing 10 mM EGTA and 0.05% (v/v) Tween20. 8featate responses were calculated
by double referencing and averaging the data o@er dt the end of the association injection.
Equilibrium dissociation constants gkwere determined by fitting the steady-state data

equation 13 using SigmaPlot 11.0.

Req = RmaxC/(Kp +C) + NC  (eq13)

Req is the steady state respongg, the equilibrium dissociation constar@, the CaM concentratiorRy.x the saturation
binding response of the high-affinity binding phasedN is the slope of the observed linear binding phase.

2.5. Chemical Cross-linking and Mass Spectrometriénalysis

2.5.1. Chemical Cross-linking with HomobifunctionalReagents

CaM (10 uM) was incubated for 10 min at room terapee in a buffer containing
10 - 20 mM HEPES and €aconcentrations between 30 nM and 1 mM*@ancentrations
in the nanomolar range were obtained using @/€leelator (EGTA) system (calculated using
the Max chelator software, 2.1.12.). The respecaM target peptide was added and
incubated with the CaM solution for 30 min at roeemperature to form the CaM/peptide
complexes. Cross-linking reactions were starteddition of a 50-fold molar excess of the
homobifunctional amine-reactive cross-linker “BS (bis(sulfosuccinimidyl)glutarate). The
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cross-linking reactions were allowed to proceed3@min at room temperature, before non-
reacted B&G was quenched with NHCO; (final concentration 20 mM).

2.5.2. Chemical Cross-linking with Heterobifunctioral Reagents

Cross-linking reactions with the heterobifunctiomahine- and photo-reactive cross-linkers
SBC (N-succinimidylp-benzoyldihydrocinnamate) and sulfo-SDA (sulfosoouidyl 4,4'-
azipentanoate) were conducted in a two-step fasiiaiM was diluted to 10 uM in 20 mM
HEPES buffer (pH 7.4) containing 30 nM to 1 mM?CaNanomolar C& concentrations
were obtained by using a €&helator (EGTA) system (calculated using the Maglator
software, 2.1.12.). After incubation at room tengpere for 10 min, CaM was reacted with
the amine-reactive site of the cross-linker (2800 uM). Excess cross-linker was quenched
with NHsHCGO; (final concentration 20 mM) and removed by mictodilion using Amicon
Ultra Centrifugation Units (10 K) (2.4.3.). ThemetCaM target peptide (10 uM) or protein
(~10 uM) was added to the cross-linker-modified Ca¥e mixture was incubated at room
temperature for 30 min and then irradiated withglevavelength UV light (maximum at
365 nm, irradiation energies 0, 4000, and 8000 mr)/to yield photo-cross-linked products.

2.5.3. MALDI-TOF Mass Spectrometry

Analysis of intact cross-linked samples was perdmby MALDI-TOF-MS on an

Ultraflex 11l mass spectrometer (2.1.11.) operatrdthe linear, positive ionization mode
(m/zrange 5,000 - 25,000). Cross-linking reaction mixturesravelesalted prior to analysis
with the help of ZipTipC4 micro columns (2.1.11ndaspotted on a steel target. Sinapinic
acid (SA) or 2,5-dihydroxybenzoic acid (DHB) wersed as matrices. Spectra from up to
2,000 laser shots were accumulated to one spectising FlexControl version 3.3 and

processed with FlexAnalysis version 3.3 (2.1.12.).

2.5.4. Nano-HPLC/MALDI-TOF/TOF Mass Spectrometry

Tryptic peptide mixtures of the cross-linking reans containing CaM and Muncl13-1 or
ubMuncl13-2 were separated by nano-HPLC (Ultimaté03®.1.11.) prior to MALDI-

TOF/TOF-MS/MS analysis. Samples were concentratedadrapping column (RP C18,
5 mm x 300 pm, 5 um, 100 A) with 0.1% (v/v) TFAaaflow rate of 30 pl/min, eluted onto
the separation column (RP C18, 150 mm x 75 um, 3 100 A) and separated using a

90-min gradient from 5% (v/v) to 42.5% (v/v) aceatale (ACN) at a flow rate of 300 nl/min.
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The eluates were fractionated onto a Bruker 800/88dhorChip target (Bruker Daltonik)
using an LC/MALDI fraction collector (Proteineer,f2.1.11.) controlled via HyStar 3.2.
(2.1.12.). Per spot, 1.1 pl of matrix [0.71 mg/l| B&€ in 90% (v/v) ACN, 0.1% (v/v) TFA,
and 1 mM NHH,PQ,] was added. MALDI-TOF/TOF-MS/MS measurements wameducted

in positive ionization and reflection mode on artréflex Il instrument (2.1.11.). Mass
spectra were externally calibrated using Peptideb@gion Standard Il (2.1.9.). Data were
acquired with WarpLC 1.2 using FlexControl (2.1.52)}d FlexAnalysis (2.1.12) scripts for
data processing. For each spot, mass spectra eeveded in the range/z 800 - 5,000 by
accumulating 2,000 laser shots. The three mostsetpeaks (signal-to-noise threshold > 10)
of each full scan were selected for fragmentatimm; every spot, a maximum of seven

MS/MS measurements were performed.

2.5.5. Nano-HPLC/Nano-ESI-LTQ-Orbitrap Mass Spectranetry

Fractionation of tryptic peptide mixtures was coctéd on an Ultimate nano-HPLC system
(2.1.11.). After desalting the samples on the tiragpgolumn (C18, 100 pm x 20 mm, 5 pum,
100 A, 2.1.11.) for 15 min with 0.1% (v/v) TFA, tipeptides were eluted onto the separation
column (C18, 75 pm x 200 mm, 3 um, 100 A). Sepamatvas carried out by applying a
90-min gradient 0 - 50% B (A: 5% (v/v) ACN contaigi0.1% (v/v) FA; B: 80% (v/v) ACN
containing 0.08% (v/v) FA) at a flow rate of 30@min. The nano-HPLC system was directly
coupled to the nano-ESI source (2.1.11.) of an IOi@Q#rapXL hybrid mass spectrometer
(2.1.11), which was operated in positive ionizatmmnde. MS data were acquired in data-
dependent MS/MS mode: The five most intense sigoélghe full scan mass spectrum
(orbitrap, R = 60,000) were isolated (isolation @ow 2.5 Th) and fragmented by CID in the
linear ion trap (LTQ). Detection of less abundams was allowed by applying dynamic
exclusion (exclusion duration 120 s, after thregeeds of fragmentation of one precursor).
Data acquisition was controlled via XCalibur 2.(271.12.) in combination with DCMS link

2.0 (Dionex, Idstein, Germany).

2.5.6.0ffline Nano-ESI Mass Spectrometry

All protein and peptide solutions used offline nano-ESI-MS experiments were dialyzed
against 20 mM NECH3;COO (2.4.3.). For binding experiments with CaM &rgeptides
(AC8, AC1, skMLCK, and Muncl3), reaction mixturesntaining 10 uM peptide, 10 uM
CaM, and 1 mM CagGlor/and EGTA (200 uM - 10 mM) were analyzed. Fiv@fiprotein or
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protein/peptide solution were filled into a metakted borosilica emitter (Proxeon, Odense,
Denmark) and sprayed into an LTQ-OrbitrapXL masscgpmeter equipped with a nano-ESI
source (2.1.11.). Mass spectra were acquired irothigrap (R = 100,000) in thea/z range
1,500 - 3,500 in positive ionization mode and sligeere deconvoluted with Xcalibur 2.0.7
(2.1.12)).

2.5.7. ldentification of Cross-linked Products

Mass spectrometry data (MS and MS/MS) were analys@tg either GPMAW 8.2148) in
combination with the software tool CoolToolBoR1() or thein-housesoftware program
StavroX version 2.0.6 or 2.3.1 (2.1.120149) together with XCalibur 2.0.7 (2.1.12.). Mass
deviation was set to 3 ppm, the maximal number isEed cleavages was set to 3 after Lys
and Arg, and the signal-to-noise ratio was defit@de higher than 2. For cross-linking
studies with homobifunctional amine-reactive criskers, Lys, Ser, and Thr residues in the
proteins/peptides were considered as potentiatiogasites of the NHS group. In the case of
structural analysis with the heterobifunctionalss<tinkers SBC and SDA, Lys residues of
CaM and Met, Ala, lle, Leu, Lys, Arg, Phe, Pro desis of the target peptides (Muncl3,
skMLCK, AC8, or AC1l) were assumed as potential tieac sites of the NHS or
benzophenone/diazirine groups, respectively. Intaddto the analysis with software tools,

all cross-links were verified manually.

2.5.8. Modeling of CaM/Target Peptide Complexes

Modeling of the CaM/Muncl3 peptide complexes wasedm cooperation with S. Kalkhof
(Helmholtz-Zentrum fir Umweltforschung, Leipzig)hd structures of the Muncl3 peptides
were modeled using the PepFold progr&i?( on the basis of secondary structure prediction
from JuFo 213 and PSIPRED214). These structures and different CaM structuremfr
various CaM/peptide complex structures (pdb entrdesll, 1ckk, 1g9s7, 1qgtx, 1wrz, 2bbm,
2f3y, and 2060; se€able Al were used as a starting point for fast globalkauar studies
with the PatchDock serve2l5. Distance constraints obtained by the cross+igki
experiments were implemented as follows: TheCsa distances of cross-linked amino acids
by BS’ or SBC were set tg 25 A, while Lys-G — Met-G: distances obtained by photo-
affinity labeling (K. Dimova, MPI for ExperimentMedicine, Gottingen) were assumed to be
<8 A. PatchDock solutions were refined by local seachging the RosettaDock server

(216), in which 2,000 structures were independentlgwated and energetically scored. The
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final model was selected from the 10 energeticalbst favored structures on the basis of its
root mean square deviations (RMSD) from the inputcsure and, additionally, by manually
evaluating the suitability of the distance consiisi In the case of structural investigations of
CaM/AC8 and AC1 peptide complexes, docking studiege performed using the PatchDock
server only 215). The structures of the AC8 and AC1 peptides weeelicted with PSIPRED
(214 and modeled using the SAM-T08 web server. Fokithgg different CaM structures
were used (2kdu, 2bbm, and a fusion of titerminal CaM domain of lcfd and the
C-terminal CaM domain of lprw; se€able Al), thereby accounting for a variety of
conformations CaM adopts in CaM/peptide complexedifferent C&* concentrations.
Distance constraints were implemented as menti@iede. Additionally Lys-G — X-Ca
distances were assumed to<b20 A in the case of SDA-linked residues. The fimaldel was
selected based on an optimum agreement with akrewrpntal distance constraints. The
cross-links obtained in the experiments with CaM akMLCK peptide variants were just
evaluated in three structures (2kdu, 2bbm, and@rfiubetween thél-terminal CaM domain
of 1cfd and theC-terminal CaM domain of 1prw; s@able AJ), inspecting the conformance

of the distance constraints using the software namog?ymol (www.pymol.org).

55



Results

3. RESULTS

3.1. CaM/Muncl13 Interaction

The interaction between Muncl3 proteins and CaMfaasd to be the link between residual
Ccd" signaling and presynaptic plasticity5. CaM-binding regions of the homologous
Muncl3 isoforms, Munc13-1 and ubMunc13-2, were iified in theN-terminal domains of
Muncl3 proteins {9, 83. Investigation of CaM complexes with peptidesresenting these
binding regions revealed a 1-5-8 CaM-binding matild an antiparallel orientation of the
Muncl3 peptides within a CaM complex that was s$tnaly comparable to that of the
CaM/NO synthase peptide compledd). In recent NMR experiments with Muncl3 peptides
that were C-terminally elongated, an additional interactiorieswas found between a
tryptophan at position 26 of the CaM-binding matifd theN-terminal CaM domain54).
This new binding mode via a 1-5-8-26 motif leadsatoextended conformation of CaM in
contrast to the collapsed CaM structure in the @¥M/synthase peptide comple&4j.
Additionally, bioinformatic predictions revealeddavCaM-binding sites in bMunc13-2 and in
Muncl13-3 {9). Recent biochemical analysis had shown that dmége binding sites are
functional, which spatially align with those of Me8-1 and ubMunc13-28¥%). In this work,
chemical cross-linking in combination with high-okgion MS was employed to characterize
the CaM binding of Muncl3-derived peptides repréegnthe functional CaM-binding
regions of Muncl13-1, ubMunc13-2, bMunc13-2, and ®LB83. Larger domains of all four
Muncl3 isoforms, surrounding their CaM-binding ets, were overexpressed and purified

in order to gain further insights into the interantof CaM with Munc13 proteins.

3.1.1. Structural Investigation of CaM/Munc13 Peptile Complexes

Munc13 peptides, composed of 21 to 24 amino acgsesenting the minimal CaM-binding
sites of Munc13 proteins (Figure 23A), were usedrss-linking experiments to investigate
their complexes with CaM on a structural level. Tieterobifunctional amine- and photo-
reactive cross-linker SBC45 was used in a two-step reaction to covalentlynech lysine
side chains of CaM with amino acids in the respeciMuncl3 peptide (Figure 23B). First,
the amine-reactive site of the cross-linker (NH&®gswas reacted with CaM, and after
guenching the reaction with NHCO;3, excess cross-linker was removed by microfiltratio
Then, the Munc13 peptide was added to the croke#ilabeled CaM and the mixtures were

irradiated with long-wavelength UV light (maximurh365 nm) to activate the benzophenone
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group of the cross-linker and to induce the phetaction (1.2.1.2. and 2.5.2.). As the photo-
reaction is not completely specific, a large numdfeamino acids can be expected to react.
1 5 8
A) Munct3-1short ~ RAKANWLRAFNKVRMOLOEAR

ubMunc13-2short QARAHWFRAVTKVRLOLOEIS

bMunc13-2 CINNFKNVLREKRLRQKKLLQELV
Munc13-3 SFKEAALRAYKKQMAELEEK

9 0

NH,

7

@ — G

~365nm

Figure 23. Muncl3 peptides and cross-linking reaatn scheme of SBC.A) Amino acid sequences of peptides
representing the CaM-binding sites of all four MuBiédoforms. The hydrophobic anchor residues aréligigted in bold
and underlined; the numbers illustrate their posgiin the CaM-binding motif. B) Reaction scheme eflibterobifunctional
amine-/photoreactive cross-linker SBC. Adapted frorauthet al. 2009 (45).

Previous photo-affinity labeling (PAL) experimeng9 had revealed a free €a
concentration of ca. 30 nM was necessary to yieakimal photo-adduct formation. To
investigate whether this €aconcentration is also optimal to yield a maximumoant of
cross-linked products for the heterobifunctionalssrlinker SBC, cross-linking experiments
using a 20- or 50-fold molar excess of SBC werdapered at free Cd concentrations of 10,
30, and 100 nM, which were adjusted by & @helator (EGTA) system. Cross-linking
reaction mixtures were separated on an SDS gel taadbands representing the 1:1
CaM/peptide complex migrating at ca. 22 kDa wermpgared between the different cross-

linking samples (Figure 24).

Results of the SDS-PAGE analysis of the cross4ligkieactions between CaM and Muncl13
peptides (shown for Munc13-3 in Figure 24) illuggra slightly lower yield of cross-linked
1.1 complexes between CaM and the Muncl3 peptidesactions with a 20-fold molar
excess of SBC compared with reactions with a 50-ftcess. Two different irradiation
energies (4000 and 8000 mJfymvere selected to induce the photo-reaction, whishilted

in slightly different yields of cross-linked compks. After irradiation of the reaction
mixtures of all four Muncl3 peptides with 4000 nm¥c a band representing the 1:1

CaM/Muncl3 peptide complex was visible in the read containing 10 nM and 30 nM
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C&”, which became more intense, but at the same tiore wiiffuse, after irradiation with
8000 mJ/crh These diffuse bands, shown for Munc13-3 (Figutel@nes 7, 8, and 14, 15),
which were most intense in the reactions contaiB®gM C&", indicated the highest degree
of cross-linking, leading to various adducts wiligtgly different migration behaviors. CaM
in water (Figure 24, lanes 9 and 16) had a diffeneobility on the SDS gel compared to CaM
in the C&" and peptide-containing reactions. This might reom different conformations
that CaM adopts with or without a peptide boundtHe CaM migrating at ca. 17 kDa the
peptide-bound conformation had been fixed by tlwssstinking reagent, although SBC did
not covalently link CaM and the Munc13-3 peptide cbntrast, the conformation of peptide-
free CaM in water is different and migrates fastéhin the SDS gel. The performed cross-
linking experiments confirmed that CaM/Muncl3-3 @ complex formation is most
efficient at a C& concentration of 30 nM (Figure 24, middle panefhjch was also true for
the other Muncl3 peptides and is in agreement prigvious photo-affinity labeling studies
(79). Although the intensity differences between theds of the 1:1 complexes of CaM and
the Munc13-3 peptide at 10 and 30 nM?Care only subtle (Figure 24), it can be concluded
that a free C& concentration of 30 nM is the optimum conditiom émnducting the cross-

linking reactions.
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Figure 24. SDS-PAGE analysis of CaM/Munc13-3 peptideross-linking reactions.Cross-linking reactions between CaM
and Munc13-3 peptide conducted at different*@ancentrations (10 nM, left; 30 nM, middle; 100 hilight) with a 20- or
50-fold molar excess of the cross-linker SBC. Theam of cross-linked complexes after irradiatioar(ds migrating at ca.
22 kDa, arrow) was maximal at a<aoncentration of 30 nM (middle panel). Bands miggat around 17 kDa represent

cross-linker-labeled CaM. Lanes 9 and 16: CaM (irewatM: molecular weight marker.

After determination of the optimum &aconcentration to yield a maxiumal amount of cross-
linked product, additional cross-linking experimenivere performed with the aim of

generating distance constraints for molecular mnodelof the CaM/Muncl3 peptide
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complexes of all four Munc13 isoforms. Again, thetdrobifunctional cross-linker SBC was
used in a 20- and 50-fold molar excess, and irtimtizenergies of 4000 and 8000 mJcm
were applied. The && concentration within the cross-linking reactionaswadjusted to

30 nM, to maximize vyields of complex formation beem CaM and the Muncl3 peptide.
Cross-linking reaction mixtures were separated g-dimensional SDS-PAGE (2.4.4.), and,
additionally, analyzed by MALDI-TOF-MS (2.5.3.) monitor the yield and stoichiometry of

cross-linked CaM/Muncl3 peptide complexes. The gaad MALDI-TOF mass spectra

were dominated by signals of labeled, but non-clioked CaM. Signals corresponding to
cross-linked complexes between CaM and the Muneliige were detected with relatively
low intensity (shown for CaM and Munc13-3 peptifiggure 25). Nevertheless, CaM/peptide
cross-linking adducts, primarily with a 1:1 stoiehmetry, were detected for all four Munc13

peptides under investigation (data not shown).
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Figure 25. MALDI-TOF-MS of cross-linking reactions beéween CaM and the Munc13-3 peptideThree MALDI-TOF
mass spectra of the cross-linking reaction mixts&sfold excess of SBC, 30 min NHS ester reactioretiand irradiation
energies of 0, 4000 or 8000 mJRrare shown for CaM and the Munc13-3 peptide. Theztsp are dominated by the signal
representing cross-linker-labeled CaM (CaM+XL). Aftdy-irradiation of the cross-linking reaction mixas (green and

purple spectra), a signal appears representingatriblexes between CaM and the Munc13-3 peptide.

In addition to mass spectrometric analysis, intaoss-linking mixtures were separated on an
SDS gel, which resulted in distinct bands for crogser-labeled CaM or cross-linked 1:1
CaM/Muncl3 peptide complexes (Figure 26). Althoutfte amount of cross-linked
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complexes differed slightly between Muncl3 isoforrf@aM binding was observed for all
Muncl13 peptides, confirming that these Muncl3 pigstiused herein represent the Muncl13
regions, which are sufficient for CaM binding. Ins&ties of the bands for the Muncl3
peptides differ between the four Muncl13 isoformkbjalv might result from the fact that the
peptides migrate in the migration front of the S@Eh leading to partial leakage from the gel.
SDS-PAGE analysis of the cross-linking reactions bdlunc13-2 showed cross-linked
complexes between the peptide and CaM even in madited reaction mixtures (Figure 26,
irradiation energy 0 mJ/cih In these cases, the benzophenone groups of $EGlneady

been activated to a certain extent by ambient ligiore irradiation.

Munc13-1 ubMunc13-2

UV-irradiation
0 0 40008000 O 4000 8000 0 4000 8000 0 4000 8000
M = Z |[mJdiem?]
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M O 4000 8000 O 4000 8000 M O 4000 8000 0 4000 8000 UV-irradiation
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Cross-Linker

Figure 26. SDS-PAGE analysis of CaM/Munc13 cross-lking reactions. The cross-linking reactions were conducted at a
free C&* concentration of 30 nM to maximize the yield ofss-linked CaM/Munc13 peptide complexes. Bands nifugat

ca. 22 kDa (marked with arrows) represent crodeetincomplexes between CaM and the Muncl3 peptidée whnds
migrating at ca. 17 kDa represent cross-linker{edbeCaM. CaM (in water) was used as reference. Bambigh were
excised andh-gel digested are framed by black boxes. M: molecukight marker.

The bands of the 1:1 CaM/Muncl3 peptide complekégufe 26, upper black boxes) were
excised andnh-gel digested with trypsin and its enhancer ProteaséMéx.4.5.). Afterwards,
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the extracted proteolytic peptide mixtures werelyaea by nano-HPLC/MALDI-TOF/TOF-
MS/MS (2.5.4.) and nano-HPLC/nano-ESI-LTQ-Orbitidf/MS (2.5.5.).

Assignment of cross-linked CaM/Muncl13 peptides ags@ different numbers of identified
intra- and intermolecular cross-linked products fitve four Muncl3 variants under
investigation. Nevertheless, analogous contacs sitth CaM were found for all four Munc13
variants (Table AandTable A3).

The cross-linked products identified for Muncl13+idaubMuncl13-2 peptides are consistent
with previous data and validate the recently pastad model of the CaM/Muncl3-1 and
CaM/ubMunc13-2 peptide complexey.

Furthermore, for the two Muncl13 variants bMuncl18M Muncl13-3, which had not been
studied so far, four and 13 cross-links were ideatj respectively, and the contact sites
between these two Muncl3 peptides and CaM are aindl the cross-links found for
Munc13-1 and ubMuncl13-2. The amine-reactive sit¢hef cross-linker SBC (NHS-group)
had reacted with thid-terminal lobe (amino acids 21, 30), the cendraklix (amino acids 75,
77), and theC-terminal domain (amino acid 94) of CaM, which @nsistent with previous
studies. In the second cross-linking reaction steppenzophenone group of SBC had mainly
reacted with lysine, leucine, alanine, isoleuciargd phenylalanine in the Muncl3 peptides
(Table A2).

Two cross-links, identified between CaM and Mund13a which the amine-reactive site of
SBC had reacted with the Munc13 peptide, demormesthat quenching and removal of excess
cross-linker was not complete in these reactioeforb the Muncl3-1 peptide was added.
Therefore, SBC was able to react with its aminetrea site with the Munc13-1 peptide.
However, in the cross-linking reactions with theetMunc13 isoforms such “reverse” cross-

links were not identified.

MS and fragment ion MS data of a cross-linked pobdietween CaM and bMuncl3-2 are
shown in Figure 27. Eventhough the signal of tressi#linked product did not dominate the
mass spectrum, this cross-link was unambiguousntified by MS/MS sequencing due to
dynamic exclusion of highly abundant peptide mas&eS.5.). Spectra of cross-linked
products between CaM and all other Munc13 isofoanesillustrated in the appendix (Figure
Al,Figure A2, and Figure A3).
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Figure 27. MS and MS/MS analysis of a cross-linkegrroduct between CaM and the bMuncl13-2 peptideNano-
HPLC/nano-ESI-LTQ-Orbitrap-MS/MS analysis of a crieked peptide mixture between CaM and the bMun2X&ptide
(20-fold molar excess of SBC, 30 min, irradiation @@Q/cri). A) Mass spectrum recorded at 72.0 min. The &nadiof
the cross-linked product a/z 929.451 is shown enlarged. B) Fragment ion masstrsipecf the cross-linked product

between lysine-94 of CaMi{sequence 91-106, red) and isoleucine-2 of b-Mu&§Bsequence 1-6, blue).

The distance constraints obtained by chemical dimoksig and previous PAL experiments
(K. Dimova, MPI Goéttingen) were used as a basigriotecular modeling studies to generate
structures of all four CaM/Munc13 peptide compleiagure 28).
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Figure 28. Structures of CaM/Muncl3 peptide complegs. Structures of CaM complexes with four Muncl3 pegsid
(Munc13-1, ubMunc13-2, bMunc13-2, and Munc13-3)evendeled on the basis of the CaM/NO synthase meptichplex
(pdb 2060). A) Superposition of CaM/Muncl3 peptidenplexes of all four Muncl3 isoforms demonstratmgommon
CaM-binding mode for all Munc13 peptides. Cross-linksained for the CaM complexes with B) Munc13-1, BYuncl13-

2, D) bMunc13-2 , and E, F) Munc13-3 are shownatted lines with the &Ca distances between connected amino acids
(green sticks) given in A. Additionally, the PAL rstraints (K. Dimova, University Géttingen) areudtrated (connected
residues are shown as purple sticks). CaM is showney, the Munc13 peptides in color (A) or in b{BeF). Adapted from
Lipsteinet al, 2012 85).

For modeling of the Munc13-1 and ubMuncl3-2 peptdeplexes with CaM, the cross-
links found in previous experiments with the criskers BS and BSG (84) were combined
with those obtained with SBC (Table A2). In the emllar modeling studies (2.5.8.)g-Ca.
distances of BSor SBC-cross-linked amino acids were set 6 A, while Lys-G: - Met-Ce
distances obtained by PAL experiments were asstmiee< 8 A.
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The structures of all Muncl3 peptides were modelgidg the PepFold prograr@12). An
a-helical structure of all Muncl3 peptides couldetabe confirmed by CD spectroscopy
(K. Kdlbel, University Halle-Wittenberg86)). Afterwards, a fast global docking of the four
Muncl3 peptide structures to various CaM structwas performed using the Patchdock
server (2.1.12.). Then, the resulting models werBned by local searches using the
RosettaDock server216). Final models for the CaM/Muncl3 peptide comptexeere
selected based on the RMSD from the starting streciand the conformance with
experimental distance constraints (2.5.8.). Theltieg model structures for Munc13-1 and
ubMunc13-2 (Figure 28B, C) with the highest scawbjch best accommodated all cross-
links, are those based on the structure of the Gaibnal NO synthase peptide complex
(pdb 2060). These models are in agreement withiquely determined structures84),
demonstrating that Munc13-1 and ubMuncl13-2 peptlied to CaM via a 1-5-8 motif in
antiparallel orientation, forming a complex struetitcomparable to that of the CaM/NO
synthase peptide complex. Interestingly, the matieictures determined for the complexes
between CaM and bMunc13-2 and Munc13-3 also shoanéiparallel binding mode of both
peptides (Figure 28D - F) comparable to that of M1 and ubMunc13-2 (Figure 28B, C).
Although the 1-5-8 CaM-binding motif is not obvious the bMuncl13-2 and Muncl13-3
peptides (Figure 23), the binding mode of all Muhddoforms is similar, as evidenced by an
alignment of the four CaM/Muncl3 peptide complex@sigure 28A). Moreover,
intramolecular cross-links between tie and theC-terminal CaM domain (Table A3)
confirm a collapsed conformation of CaM in the céempcomparable to that of the CaM/NO
synthase peptide complex, in which both domain€a&¥l are in close proximity and can be
connected by the cross-linker SB1H).

In summary, chemical cross-linking in combinatioithwMS, PAL, and molecular modeling
revealed a common CaM-binding mode for all four EIL® isoforms, which is characterized

by an antiparallel orientation of tlaehelical Munc13 peptide in the CaM/Muncl13 complex.

3.1.2. Expression and Purification of Munc13 Domais

Recent NMR studies had revealed an additionalantem site between a tryptophan residue
of C-terminally elongated (34-amino acid) Muncl13-1 ansMuncl3-2 peptides with the
N-terminal domain of CaM54). Apparently, the CaM-binding mode of these longlemcl3
peptides is characterized by an interaction via caeh 1-5-8-26 CaM-binding motif.

Moreover, the CaM conformation in these CaM/Munp&ptide complexes (pdb 2kdib4)
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is extended compared to that in the complexes thélshorter (21 to 24-amino acid) peptides
described above (3.1.1.). The intriguing questioeea whether the 1-5-8-26 motif is also
found in bMunc13-2 and Muncl3-3 and if additionahtact sites are present between the
N-terminus of Muncl3 and CaM. In order to address tjuestion, Muncl3 domains
comprising theN-terminal region of Muncl3 (Figure 29) were oven@gsed as GST fusion

proteins and purified to investigate their intel@ctwith CaM.

I N } c 1
Munc13-1
Ptac GST
ubMunc13-2
lac19 Munc
PEEA AT bMunc13-2
pBR322 ori Munc13-3
Amp" CSFKEAALRAYKKQMAELEEK

</

Figure 29. Munc13 constructs.The C-terminal parts of th&l-terminal Munc13 domains (green boxes) were ovaesged

as GST fusion proteins using a pGEX-4T-1 plasmidh(\an ampicillin resistance (Afjp a pBR322 origin of replication
(ori), a Lac operon (laf), and a tac promoter region (Ptac)). The MunclBalos contain the minimal CaM-binding
regions of Muncl3 proteins (amino acid sequenagesn fwhich the Muncl3 peptides (3.1.1., Figure 2®) @erived, are

shown). Adapted from Dimovat al. 2006 {9) and the addgene vector database (http://www.angeg/vector-

database/2876/).

3.1.2.1. Expression and Purification of bMunc13-2rad Munc13-3 Domains

First, constructs of bMuncl13-2 (aa 366 - 780, Fegi¥) and Muncl3-3 (aa 711 - 1063,
Figure A5) @17) were overexpressed Ha.coli BL21 (DE3) Codon Plus cells (Figure 29).
Cultivation conditions (namely, temperature, IPTGoneentration, and time of
overexpression) were optimized to yield maximal ante of Muncl3 proteins. Cells were
grown at 37 °C until the optical density (@) reached a value between 0.4 and 0.6. Then,
Muncl3 gene expression was induced by addition of 0.inML IPTG and allowed to
proceed for 4 hrs, 6 hrs, or overnight at 18 °GdfC. Optimum conditions were found to be
those that allowed the cells to produce the degiretein slowly (4 hrs at 18 °C, induction
with 0.1 mM IPTG) (2.4.1.). The purification of thduncl3 domains was optimized in a
second step (2.4.2.). After harvesting and lysimg ¢ells, cell debris was pelleted and the
supernatant was loaded on a GST column using anAARFLC system (2.1.11.). The

resulting fractions of the washing and elution stegere analyzed on an SDS gel (2.4.4.),
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demonstrating that the GST fusion proteins co-dlutgh a number of impurities (Figure 30).
Characterization of the bands migrating betweera@8 50 kDa was performed hiy-gel
digestion (2.4.5.) and nano-HPLC/nano-ESI-LTQ-QaptMS/MS (2.5.5.), revealing that
these impurities ar€-terminally truncated GST-Muncl3 constructs. Thekerter GST-
Munc13 proteins might result from proteolytic cleage (in the cells or during the purification
procedure) or, alternatively, they represent incetafy synthesized proteins due to
malfunctions in transcription or translation. Torccimvent these problems, low
concentrations of ethanol (0.5 - 1% (v/v)) were extido the cell cultures upon induction,
which should slightly stress the cells and induceiracreased expression of chaperones,
resulting in larger amounts of correctly folded tpio and, thus, protect Muncl3 from
proteolysis. However, neither the addition of etilashuring overexpression of the proteins,
nor the application of different protease inhibétan all purification steps led to reduced

amounts of truncated Muncl13 domains, necessitafingdditional purification step.

3 N 2 9
M © E S # H* H®
<— GST-Munc13
r—r—t truncated
==a GST-Munc13

—= variants

Figure 30. GST affinity purification of the GST-bMuncl3-2 domain. SDS-PAGE analysis of the GST affinity
purification revealed that the GST-Muncl13 domairetited with truncated GST-Muncl3 variants. M: noalar weight
marker, FT: flow-through fraction.

GST is a 26-kDa protein, which might interfere wille CaM interaction of Muncl13 domains

if it is not removed. Thus, a thrombin cleavage $iad been inserted into the fusion protein
between the amino acid sequences of GST and MufitiS.cleavage site has the sequence
H-H-P-R[-K]-X-X, with H being hydrophobic residuesd X being non-acidic amino acids
(218). The Muncl3 constructs used in this study conepais optimal thrombin cleavage site
with the sequence LVPRGS (Figure A4 andFigure A%Qwever, thrombin cleavage of
pooled elution fractions of the GST affinity pucidition step revealed only minor amounts of
full-length, untagged Muncl3 protein (Figure 31)ieh do not differ between reactions
containing 1 or 2 U thrombin (slight intensity @ifences between the bands are only due to
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slight differences in the amounts loaded on the §BIy A band for thrombin, which should
migrate at 37 kDa, was not visible because the atweas too low to be detected.
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Figure 31. Thrombin cleavage of GST-Muncl3Cleavage of the GST tag was performed with O, 2 Orthrombin and
was allowed to proceed for 2, 4, 6 hrs, or overnjgin.). A band representing untagged Munc13sghié in all reactions
containing thrombin (1U, 2U). In lane 2, an aligodthe pooled elution fractions from the GST affirpurification (Figure

30) is shown. M: molecular weight marker.

Membrane-associated proteins like Muncl3 can beligeed by the presence of detergents
such as Triton X-100 or DDMn{dodecylf-D-maltoside). Therefore, the thrombin cleavage
reactions were repeated with different amounts BVDor Triton X-100, resulting in slightly

higher amounts of untagged Muncl3 protein. TheveléaGST tag, thrombin, and the
truncated Muncl3 proteins had to be removed frofhldngth Muncl3 in a subsequent

purification step (Figure 32).

A combination of GST affinity and anion exchangeorthatography was chosen to purify the
full-length, untagged Munc13 protein. On the GSfinél/ column, the free GST tag as well

as GST-Munc13 fusion proteins should bind, whilemhbin, other impurities, and untagged
Munc13 protein will not bind to the column and thegn be separated by their isoelectric

points on a second downstream column (anion exa)ang

As shown in Figure 32, separation of the GST flowotigh fraction resulted in three peaks
during anion exchange chromatography, but unfoteipa SDS-PAGE analysis (2.4.4.)
revealed that the concentrations of the proteinsevixelow the detection limit (data not

shown).
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Separation of the flow through fraction of the GST column

Binding to the GST column/
on the anion exchange column using a salt gradient

flow through of untagged protein
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Figure 32. FPLC chromatogram of a combined GST affiity and anion exchange purification.Separation of thrombin
cleavage reaction products by a combination of @8ifity and anion exchange chromatography. Thegged Muncl3
protein, thrombin, and other impurities flowed thgh the GST column and were separated by theileisivie points on the

second column (anion-exchange) if a salt step griidvas applied. The absorption at 280 nm (blde,concentration of

buffer IEX B (2.1.5.) (green), and the conducti(ityown) are presented.

For optimization of the purification procedure, tinencated GST-Munc13 proteins should be
removed prior to the thrombin cleavage reactioartbance cleavage of the full-length fusion
protein. Therefore, pooled elution fractions of ®&T affinity purification step (before

thrombin cleavage) were separated by anion excheimgenatography. Due to differences in
their isoelectric points, the truncated Muncl13 domahould not bind to the anion exchange
column, while the majority of the full-length fusigrotein should bind to the column and can
be eluted separately by applying a salt gradiga®)( The challenge with this purification

procedure originated from the buffer exchange atter anion exchange chromatography,

which was necessary to lower the salt concentrgiraor to thrombin cleavage, resulting in

high sample losses.

Since truncated Muncl13 domains might result froosomplete transcription and translation
processes, the DNA of the Munc13 constructs shooidprise codons, which are optimized
for expression irkE.coli. The nucleotide sequences of the respective Mudch3ains were
derived from the full-length mammalian proteins efdfore, an adaption of the DNA codons
to those used ik.coli might lead to enhanced translation and, thus, redaced amount of
truncated Muncl3 domains. Adapted DNAs of GST-bMi2 and GST-Muncl3-3
domains were transformed inExcoli BL21 (DE3) Codon Plus cells and the proteins were

overexpressed under the conditions described ab@gditionally, the circumvention of
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frequent buffer exchanges was achieved by on-coltmombin cleavage of the GST fusion
protein. For this, thrombin was added to the waghiaffer (2.1.5., containing 0.5% DDM),

which was applied to the GST column after bindimg GST-Muncl3 proteins to the column,
and the column was incubated with this thrombintaiming buffer A overnight (2.4.2.).

Elution of the non-bound fraction from the GST c¢ohu followed by SDS-PAGE analysis
(2.4.4.) revealed high amounts of untagged MuncaiBains, yet impurities remained (Figure
33, fractions #ET1-7). Both the GST tag and untdgikincl3 were eluted with reduced

glutathione (fractions #GST1-5 or 7), indicatingnan-covalent interaction between both

proteins.
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Figure 33. SDS-PAGE analysis after on-column thromini cleavage of bMuncl3-2 and Munc13-3 domaindAfter
thrombin cleavage overnight, the unbound fracti@as wluted from the GST column (fractions #ET1-79.aAsecond step,
the proteins that had bound to the GST column waltged with reduced glutathione (fractions #GSTbi5 7).
A) Purification of the Muncl13-3 domain and B) pusétion of the bMuncl3-2 domain is shown. M: moleculveight

marker, ET: elution after thrombin cleavage.

In order to remove truncated Muncl3 domains andnthin, two elution fractions (Figure
33B, fractions #ET3 and 6, asterisks) were arhijrachosen and pooled to test the

purification of untagged bMuncl3-2 by a combinat@hGST affinity and anion exchange
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chromatography. Although most impurities were sasfidly removed, the concentration of
the untagged bMunc13-2 was low after purificatiod $he subsequent desalting step. Elution
fractions from the first GST affinity column (#GS#] Figure 33B) containing the majority
of the co-eluted, untagged bMuncl3-2 were pooled separated by anion exchange
chromatography. Nevertheless, no pure untagged bMiR protein was obtained.
Therefore, these purification procedures were natinued with Munc13-3.

In conclusion, untagged bMunc13-2 and Muncl13-3 dosavere obtained by GST affinity
purification and on-column thrombin cleavage inudfér containing 0.5% DDM. Although
this purification procedure yielded high amountsMiincl3 domains, impurities - mainly
from GST and truncated Muncl13 domains - could motdmoved without significant protein

losses.

3.1.2.2. Expression and Purification of Munc13-1 ahubMunc13-2 Domains

In parallel to bMuncl13-2 and Muncl3-3, overexpmssof GST-Muncl3-1 and GST-
ubMuncl13-2 domains was performedHrcoli BL21 (DE3) Codon Plus cells. As full-length
proteins could not be obtained using the conditidescribed for GST-bMunc13-2 and GST-
Munc13-3, optimization of the expression was att@upby varying the -cultivation
temperature, medium, IPTG concentration, and thratihg use of different additives (e.g.
sugars) 219. Despite these attempts, no conditions coulddestified that allowed full-
length GST-Munc13-1 and GST-ubMuncl13-2 domains doobtained. These problems in
overexpressing GST-Muncl13-1 and GST-ubMunc13-2 trhiglve been caused by the DNA
constructs used, in which the nucleotide sequehduacl3-1 and ubMuncl13-2 was inserted
into a pGEX-KG vector (K. Dimova, MPI for ExperintahMedicine Gottingen) compared to
bMuncl13-2 and Muncl13-3 whose DNA was inserted amjpGEX-4T-1 vector (Figure 29).
Hence, the DNA fragments encoding Munc13-1 and uidd3-2 domains were amplified
from the full-length Muncl3 constructs by PCR (2.2. digested with restriction
endonucleases (2.2.6.), purified by agarose getrefghoresis (2.2.7.), extracted (2.2.8.), and
ligated into the pGEX-4T-1 vector (2.2.9219. The resulting DNA constructs were
transformed into chemo-competdatoli XL-1 Blue cells (2.2.2.) the corresponding plasmid
isolated (2.2.3.) and the insert DNA sequenced.1R.2 This subcloning strategy was only
successful for Munc13-1. The plasmid encoding M@atvas transformed inti6.coli BL21
(DE3) Codon Plus cells (2.2.2.) and protein syrithegas allowed to proceed (2.4.1.).
Unfortunately, however, no full-length protein walstained 219). Thus, as it was shown for
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bMunc13-2 and Munc13-3, optimization of tMeinc13-1landubMunl13-2genes tcE.coli’'s
codon usage seems to be indispensable and mighbvephe overexpression of complete
GST-Muncl3-1 and GST-ubMunc13-2 domains.

3.1.3. Cross-links between Muncl13 Domains and CaM

Chemical cross-linking in combination with MS wased to investigate the interaction of
bMunc13-2 and Muncl3-3 domains with CaM. Althougtoss-linking experiments are
preferably performed with pure proteins, this methas the advantage that identification of
cross-linked products is also feasible with prosatutions containing impurities. In general,
the cross-linking reaction mixtures are separatgdme-dimensional SDS-PAGE (2.4.4.),
bands of interest are excised anebel digested (2.4.5.). Afterwards, the resulting pepti
mixtures are analyzed by MS. In the case of untadiduncl3-2 and Muncl13-3 domains,
the protein solutions contained a number of impsi(Figure 33A and B, fractions #ET2,
each). Nevertheless, in the range between 50 arkD&0where a cross-linked product
between CaM and the Muncl3 domains is expecte@waband arising from cross-linking
should be readily visible (Figure 33 andFigure 34).

12 3 4 5 6 7 8 9 10 11 12

i

0 4000 8000 0 4000 8ooo| YV-irradiation
M M [mJ/cm’]

bMunc13-2 Munc13-3

Figure 34. Cross-linking between bMunc13-2 and Murit3-3 domains and CaM Cross-linking reactions conducted with
SBC (amine-reactive site 30 min, 50-fold excess)evieradiated with UV-A light (0, 4000 or 8000 mJAmA gradient gel
(4 - 15% resolving gel) was used for SDS-PAGE @&sialyto improve separation. Between 40 and 50 kDdarad
representing the GST-free Muncl3 domains was deatg@trrow). In the case of reaction with bMuncl3v2ak bands at
60 kDa were visible after irradiation that mighpresent the CaM/Munc13 complex (black boxes). Fon®18-3, the bands
between 50 and 70 kDa did not change upon irradiativhich indicates that they do not represent Glad/Muncl3
complex. The bands, which were excisedifegel digestion and MS analysis, are highligted by blackes. Lanes 1 and 7

contain molecular weight marker.
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The cross-linking experiments were conducted whin heterobifunctional cross-linker SBC
(149 in a 50-fold molar excess. First, the amine-ngacsite was reacted with CaM for
30 min - as has already been described for thesdimsng experiments with the Muncl13
peptides (3.1.1.). Due to the impurities presenthi@ solution, the concentrations of the
bMunc13-2 and Muncl13-3 domains could not be unaothigly determined, but they were
estimated to range between 10 to 20 pM. Solutidnthe Muncl3 domains were added to
SBC-labeled CaM and incubated for 30 min, befoeeréaction mixtures were irradiated with
UV light (~365 nm). SDS-PAGE analysis revealed i thand at 60 kDa for bMunc13-2,
which might represent a cross-linked product betw@aM and the Munc13 domains (Figure
34). This band is also present in the non-irradiagaction mixture, which might indicate an
activation of the benzophenone group of SBC by antdight. For Munc13-3 it was difficult
to determine the formation of cross-linked produstth CaM, as a distinct band was not
visible for untagged Munc13-3. Instead, bands rgreng impurities or truncated Munc13-3
constructs (Figure 33, fraction #ET2) indicate ttie¢ untagged protein is unstable. Bands
that might represent a cross-linked product betwednncl13-2 and CaM or where a cross-
linked product between Muncl3-3 and CaM should ategwere excisedn-gel digested
(2.4.5.), and analyzed by MS.

Nano-HPLC/nano-ESI-LTQ-Orbitrap-MS/MS analysis bé tgel bands of Munc13-3 did not
reveal cross-linked products. A distinct band o 8DS gel (Figure 34), which might have
indicated the formation of such a product, was visible. However, the parts of the gel
where a cross-linked product between Munc13-3 aald Ghould have migrated (Figure 34,
black boxes) were nevertheless analyzed to cortfiah no cross-link had been formed and
was identified by MS, which is much more sensitithan the staining of the SDS gel.
Although both proteins, CaM and Muncl3-3, were idex in the excised bands, the
interaction between them could not be confirmedbalysis of the MS data. MS analysis of
the band corresponding to the CaM/bMuncl13-2 compdeealed one intermolecular cross-
link (Figure 35). Interestingly, the adduct shownFigure 35 contains a part of the sequence
of the confirmed CaM-binding motif of bMunc13-2 ¢samino acid sequence, 3.1.1., Figure
23). Apparently, this region of the bMunc13-2 dombad reacted with the amine-reactive
site of the cross-linker, whereas lle-125 in CaM heacted with the benzophenone group,

indicating that the cross-linker had not been reedosompletely after the labeling of CaM.
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Figure 35. MS and MS/MS analysis of a cross-linkegroduct between CaM and bMunc13-2 Nano-HPLC/nano-ESI-
LTQ-Orbitrap-MS/MS analysis of a cross-linked pdptimixture between CaM and the bMunc13-2 domainf¢&Dmolar
excess of SBC, 30 min, irradiation 8000mJtm) Mass spectrum recorded at 80.7 min. The gnaliof the cross-linked
product aim/z972.981 is shown enlarged. B) Fragment ion masdrspeof the adduct between Lys-358 of bMuncl1$-2 (
sequence 353-362, blue) and lle-125 of CaMdquence 107-126, red). m: oxidized Met, k: trimiketted Lys.

Although one cross-link is certainly not sufficietd draw detailed conclusions on the
interaction between CaM and bMunc13-2, this preiamy result confirms the CaM-binding
motif in bMunc13-2. Nevertheless, the identifiedss-linking product gives a first hint that
the bMunc13-2 domain interacts with CaM through @aé-binding motif, which was found
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by bioinformatic prediction and was confirmed bydhemical studies and cross-linking
experiments (3.1.1.). One drawback was that GSTalasfound in the analyzed gel band of
the CaM/bMunc13-2 complex, indicating that the imgpparently present throughout the gel

lane.

Due to the instability of the GST-free Muncl3 donsiespecially Muncl3-3, the cross-
linking experiments were repeated with GST-taggedans. Therefore, the GST-bMunc13-2
and GST-Muncl3-3 fusion proteins were purified @&sadbed (GST affinity and anion
exchange chromatography, 3.1.2.) and used in ¢irdseg experiments with CaM. These
experiments revealed similar results compared ¢sdhwith the untagged proteins. SDS-
PAGE analysis of the cross-linking reaction mixtu¢Eigure A6) showed bands representing
the GST-bMunc13-2 and GST-Munc13-3 fusion protand bands for the CaM/bMunc13-2
complex, which appeared upon UV-irradiation. In tase of Muncl13-3, a band migrating at
ca. 75 kDa corresponds to the GST-Muncl3-3 fusiooten, however, a distinct band
corresponding to the CaM/Muncl13-3 complex was mbdected. MS and MS/MS analysis of
the excised bands confirmed the cross-link for ®Mincl3-2 that had already been
identified in the experiments with untagged bMunl3Figure 35). Again, for GST-

Muncl13-3 no cross-link was identified.

In conclusion, investigation of the interactionweeén CaM and Munc13-3 did not reveal any
cross-linking products, which might be due to thstability of this domain. For bMunc13-2,

the importance of the already identified CaM-bimgdimotif was confirmed.

3.1.4. Introduction of Bpa-Encoding Amber Stop Codas into Munc13

The distance constraints obtained by chemical diokmg with SBC are in the range of
15 - 25 A. A more precise identification of an iatetion site is achieved by using shorter
spacers between the reactive groups of the cnoksrlior, alternatively, by introduction of
unnatural photo-reactive amino acids suclp-&enzoylphenylalanine (Bpa, 1.2.1.3.) into the
protein. Upon UV-irradiation, these amino acids cteavith other residues in their
environment, thereby bridgingo&Ca distances of up to 8 A. Constraints obtained b th
photo-reaction can be used in molecular modelindiss to allow a more detailed structural

analysis of interaction sites in protein complexes.

Thus, DNA codons of hydrophobic residues at impurganchor positions of the known CaM-

binding motifs were exchanged to the amber stopiedd)AG) in order to incorporate Bpa
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during the overexpression of Muncl3 domains acogrdo the method developed in the
Schultz group 154). Different variants of GST-bMuncl13-2 and GST-MWLA&3 domains,
containing one amber stop codon were establishesitéygirected mutagenesis (2.2.5.). DNA
constructs of domains of bMunc13-2 (aa 366 - 7&jie A4) and Muncl3-3 (aa 711 - 1063,
Figure A5) @17) that had already been used for overexpressitinese variants (3.1.2.) were
used as templates in the PCR reactions. After apdtion of the PCR reaction, several
variants were created (Table 7). Upon sequendingas observed that in the DNAs of GST-
bMunc13-2 the translation stop codon of the comstwas also UAG, the amber stop codon.
For this reason, pairs of primers were designegktinange this translation stop codon UAG
to UAA, which does not interfere with Bpa incorptoa.

Table 7. Munc13 variants containing the amber stopadon. Codons of different bulky hydrophobic residuesjclihare
confirmed to be the anchor residues of the CaM-hipdiotif or which present potential additional naigtion sites of the

Muncl13 domains with CaM, were exchanged to the arstiogr codon that encodes Bpa.

Residue exchangq Position of the anchor residue in tllle

Construct to Bpa CaM binding motif
pGEX-bMunc13-2 (366-780) F580Stop F580 position 1 of the 2nd predicted mofif
i i i potential second bulky anchor resique
pGEX-bMunc13-2 (366-780) W619Stop W619 of the 2nd predicted motif
pGEX-bMunc13-2 (366-780) F723Stop F723 position 1 of the confirmed motif
PGEX-bMunc13-2 (366-780) W775Stop W775 potential second bulky anchor resique

of the confirmed motif

pGEX-bMunc13-2 (366-780) F580Stop 1063TA/

=

F580 position 1 of the 2nd predicted mofif

potential second bulky anchor resique

pGEX-bMunc13-2 (366-780) W619Stop 1063TARA W619 of the 2nd predicted motif

pGEX-bMunc13-2 (366-780) F723Stop 1063TAA F723 position 1 of the confirmed motif

PGEX-bMunc13-2 (366-780) W775Stop 1063TAA wr7s | Potential second bulky anchor residuie

of the confirmed motif
pGEX-Munc13-3 (711-1063) F787Stop F787 position 1 of the 2nd predicted mofif
) ) ) potential second bulky anchor resique

pGEX-Munc13-3 (711-1063) F823Stop F823 of the 2nd predicted motif
pGEX-Munc13-3 (711-1063) F962Stop F962 position 1 of the confirmed motif
PGEX-Munc13-3 (711-1063) F1012Stop F1012 potential second bulky anchor resique

of the confirmed motif

Residues F723 (bMuncl13-2) and F962 (Muncl13-3) sgmteanchor residues at position one

of the confirmed CaM-binding motifs. The exchanf¢hese two amino acids to Bpa and the

use of photo-cross-linking reactions should allogtatled insights into the interaction site

between bMuncl13-2 and Muncl13-3 domains and CaMetgdned. Additional residues in

the Muncl3 domains (Table 7) were exchanged to tBpavestigate their role as potential
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CaM-interaction sites of bMunc13-2 and Muncl13-3thAugh at position 26 of the CaM-
binding motif of bMunc13-2 and Munc13-3 no bulkydngphobic residues are located, bulky
amino acids close to position 26 of each investigaaM-binding motif were exchanged to
Bpa. An Investigation into whether an additionalMCanteraction site of bMunc13-2 and
Munc13-3 can be detected, which is comparable e¢outiique 1-5-8-26 motif of Munc13-1
and ubMunc13-2, should be conducted in the futaneguthe purified variants in photo-cross-

linking experiments.

For bMunc13-2 and Munc13-3, a second CaM-bindingifnmo the N-terminal region of the
proteins had been predicted. Preliminary biochehstalies had indicated that these motifs
are not functional as Gadependent CaM interaction sites. In order to comfihese

predictions, amino acids at distinct positionshase motifs were also exchanged to Bpa.

In summary, 12 variants containing the amber stafon were constructed from the template
DNAs of GST-bMuncl3-2 and GST-Muncl3-3 domains. tAe template DNA was not
optimized forE.coli's codon usage, this might lead to an impaired oyeession of these
variants as described for the proteins without Bpd.2.). Therefore, overexpression and
purification of these variants was not conducted. fliture experiments, site-directed
mutagenesis (2.2.5.) should be repeated with tlaptad template DNA that allows an
improved overexpression of GST-bMuncl3-2 and GSThd3-3 domains inE.coli
Afterwards these variants should be overexpressedparified and their interaction with

CaM should be investigated by photo-cross-linking.
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3.2. CaM/skMLCK Interaction

Investigations of CaM/target interactions are comipperformed with peptides representing
the minimal CaM-binding sequence. In recent NMRd®&s of the CaM/Muncl3 peptide
complex, a CaM-binding peptide of Muncl3 was useldich wasC-terminally elongated
(54), compared to the one used in previous crossHmlstudies §4). The NMR structure
(pdb 2kdu) had revealed a more extended conformafi€CaM in the CaM/peptide complex,
compared to that found in the model structuresvddrirom cross-linking experiments with
shorter Munc13 peptide54). In the CaM complex with the longer Munc13 peetid second
bulky hydrophobic anchor residue at position 26tled CaM-binding motif, which is not
present in the shorter peptide, was found to intenath the N-terminal CaM domain54).
The following questions arise: |) is this novel -B26 CaM-binding motif of Muncl13 also
found in other CaM targets?; Il) can the 1-5-8-26timbe introduced in other CaM target

peptides by simpl€-terminal elongation and amino acid exchanges?

A classical, well-characterized CaM target is thelstal muscle myosin light chain kinase
(skMLCK). The minimal CaM-binding region was narredvdown to a 26-amino acid peptide
(M13), possessing a 1-5-8-14 CaM-binding mo88,(99. For this study, four different
skMLCK peptides were constructed withGaterminal elongation compared to M13 and
amino acid exchanges at positions 14 and 26 ofCakl-binding motif. Replacement of
Phe-19 (corresponding to position 14 of the motifth alanine (skMLCK F19A) or
glutamate (skMLCK F19E) should remove the secorthanresidue at this position and, in
the case of skMLCK F19E, mimic the respective anaail of Muncl13 (Glu). The additional
exchange of Leu-31 (position 26 of the motif) typtophan (SkMLCK F19E/L31W)
introduces a second bulky hydrophobic anchor residhereby mimicking the 1-5-8-26
CaM-binding motif of Munc13.

Recently, a general model was proposed for the ocordtions CaM can adopt in its
complexes with target peptides and proteins. Thigleh describes the dependence of the
CaM conformation on the distance between the &inst second hydrophobic anchor residue,
leading to a more extended CaM conformation if thedance increaseS§3). In the skMLCK
F19E/L31W peptide variant used in this study, trecosd bulky anchor residue is
C-terminally shifted (position 14~ position 26) compared to the skMLCK peptide, which
should lead to different CaM conformations in treeMISkMLCK peptide complex compared
to the complex between CaM and the skMLCK F19E/L3i&futide.
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A combination of CD spectroscopy, chemical craskihg, and surface plasmon resonance
(SPR) spectroscopy was used for a structural ametikiinvestigation of CaM binding to the

four different skMLCK peptide variants.

3.2.1. Circular Dichroism Spectroscopy

CaM target regions usually have a high propensitjotm a-helical structures. In order to
investigate the secondary structure of the four ISEM peptide variants, circular dichroism
(CD) spectroscopy was performed. The skMLCK pepgtidere dialyzed against phosphate
buffer (pH 7.5, 2.1.5.) and far-UV CD spectra (Fe36) were recorded on a Jasco J-810 CD
spectrometer (2.1.11. and 2.4.6.).
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Figure 36. CD spectra of skMLCK peptide variants.Far-UV CD spectra were recorded between 200 afdn@6 for A)
the skMLCK peptide, B) the skMLCK F19A peptide, C) tleMLCK F19E peptide, and D) the skMLCK F19E/L31W
peptide. Different amounts of TFE [% (v/v)] weredad to evaluate the propensity of the peptide m&gido form an

a-helical structure95).

All four skMLCK peptide variants possess a randanit-gtructure under the buffer conditions
used (2.1.5.) (Figure 36, black spectra). Upon HeéHdition, the structures of all peptides
changed (Figure 36, colored spectra). With increpsIFE concentrations, as-helical
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structure was induced in the skMLCK peptide, reaglda maximunmu-helical content at 40%
(v/v) TFE (Figure 36A). Similar results were obtihfor the two peptide variants with single
amino acid exchanges at position 14 of the CaMibgdhotif, SkMLCK F19A and skMLCK
F19E, indicating that the replacement of the phadayine residue at this position has no
major impact on the secondary structure of theigept(Figure 36B, C). In the case of the
skMLCK F19E/L31W peptide, the amino acid exchangesilted in considerable structural
changes and a dramatic decrease of the peptidepemsity to form am-helix (Figure 36D),
as had already been suspected by secondary seyetdictions (PSIPREP).

In conclusion, the CD experiments revealed a higipgnsity of SkMLCK, skMLCK F19A,
and skMLCK F19E to form am-helical structure. In contrast, the skMLCK F19EIN3
peptide showed major differences in secondary strecand a decreased propensity to form
an a-helix. This raises the question whether thesectiral variations between the peptides

have an effect on the structures of the respeCaid/peptide complexes.

3.2.2. Cross-links between CaM and skMLCK Peptide &riants

Structural investigation of the complexes betweahM@nd four different skMLCK peptide
variants was performed by chemical cross-linkingombination with MS. As a first step, the
influence of C& on the CaM/skMLCK peptide interaction was analyz€d" titration
experiments, conducted with the homobifunctionabsstlinker BSG, showed that
CaM/skMLCK peptide complexes are formed at low @ranlar) and high (millimolar) Ga
concentrations, but they seem to differ in thein&ures as evidenced by variations in their
electrophoretic mobilities in SDS-PAGE analys22@). Therefore, a more detailed structural
examination of the CaM/peptide complexes at twéed#t C&" concentrations (30 nM and
1 mM) was conducted using the homobifunctional sidotker BSG and the

heterobifunctional cross-linker SBC yielding compéntary structural information.

Analysis of BSG and SBC cross-linking reactions by SDS-PAGE &)4howed bands for
cross-linker-modified CaM (~17 kDa) and CaM/peptm@nplexes (~22 kDa), respectively
(Figure 37). For skMLCK F19E/L31W and the other dkBK variants (Figure A7), distinct
bands for 1.1 CaM/peptide complexes were visibletlie reactions conducted with 30 nM
cd”*, while corresponding bands were more diverse dactions with 1 mM CA. This had
already been found in &atitration experiments2@0). Additionally, the 1:1 CaM/peptide
complexes formed at 30 nM or 1 mMZdiffer in their electrophoretic mobilities, indiiag
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different conformations of the complexes. The baodsesponding to CaM/peptide (1:1)
complexes were excised, washed, andjel digested (2.4.5.), and the resulting peptide
mixtures were analyzed by nano-HPLC/nano-ESI-LT@Hbap-MS/MS (2.5.5.).

1 2 3 5 6 7
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25kDa - CaM/skMLCK (1:1)
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all cross-links
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Figure 37. SDS-PAGE of cross-linking reactions betveen CaM and the skMLCK F19E/L31W peptide. The cross-
linking reactions were conducted with SBC at freé*@ancentrations of 30 nM and 1 mM and irradiatethwdV-A light
(maximum at 365 nm, irradiation energies of 0, 4608000 mJ/cR). Bands migrating at ca. 22 kDa represent crosed
1:1 complexes between CaM and the skMLCK F19E/L31\ige, while bands migrating at ca. 17 kDa corresbto

cross-linker-labeled CaM. M: molecular weight marker

MS analysis of the cross-linking reaction mixtuidsntified a number of cross-links between
CaM and all four skMLCK peptide variants under istigation (Table A4,Table A5,Table
A6, andTable A7). For the skMLCK peptide, Lys-21d&@0 in theN-terminal lobe of CaM,
Lys-75 and 77 in the central linker region, and-Bysin theC-terminal CaM domain were
connected through different residues of the pep(itble A4), which is consistent with
cross-linking studies using the shorter skMLCK Miptide 97). As an example, the cross-
link between Lys-21 of CaM and Ala-12 of the skML@kptide is shown in Figure A8.0E€
Ca distances between cross-linked amino acids wesenzed to be up to 25 A for both cross-
linking reagents (SBC and BS) (84-85. These distance constraints are in agreement with
the NMR structure of the CaM/M13 peptide complebd@bbm, 98)) shown in Figure
A9A, B). Some slightly longer distances (up to 3l dan be explained by the inherent
flexibility of the helix and both CaM lobes. Thefiadings, and the fact that theotCa
distances between connected residues of the skMh€i€ide and thé&l-terminal CaM are
not in agreement with the NMR structure of the CslMinc13 complex (pdb 2kdu54),
Figure A9C), clearly indicate that CaM is collapsabund the skMLCK peptide in the

complex. Furthermore, the structure of the CaM/skMLpeptide complex does not depend
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on the C&" concentration as evidenced by similar cross-lighimoducts found in reactions
with low (30 nM) and high (1 mM) Gaconcentrations (Table A4).

Cross-links identified in the reactions with skMLOKL9A and skMLCK F19E (Table A5
andTable A6) lead to the same conclusions as ®skiMLCK peptide. The &Ca distance
constraints are in agreement with the NMR structfrthe CaM/M13 peptide comple98)
(Figure AlOandFigure Al11l) and are not consistent with theredéd CaM conformation in
the CaM/Muncl3 peptide comple®4) (Figure A10C andFigure Al11C). Representative
cross-linked products are shown in Figure At2IFigure A13. According to these results, the
exchange of the hydrophobic anchor residue atipaosit4 of the CaM-binding motif (Phe-
19) to alanine or glutamate does not induce a sreicsimilar to that of the CaM/Muncl3

peptide complex.

Analysis of the cross-links between CaM and the ISk F19E/L31W peptide revealed a
number of cross-linked products (Table A7). Thessflink between Lys-94 of CaM and
Leu-1 of the skMLCK F19E/L31W peptide is shown iigure 38. As for the other skMLCK
peptide variants, all cross-links identified were agreement with the CaM/M13 peptide
complex structure (Figure 39A, B). Moreover, thstaince constraints are not consistent with
the CaM/Muncl3 peptide complex, which exhibits arenextended CaM conformation
(Figure 39C). These results indicate that evenMLElK peptide, which strongly resembles
the 1-5-8-26 CaM-binding motif of Munc13, can notliice a complex structure comparable

to that of the CaM/Munc13 peptide complex.

At nanomolar C& concentrations, CaM is only half-saturated witf*Cin order to generate
the structure of half G&loaded CaM bound to the skMLCK F19E/L31W peptitiee
N-terminus of apo-CaM (pdb 215321)) was docked with th€-terminus of holo-CaM (pdb
2bbm, 08)). Afterwards, the cross-links obtained at a‘Ceoncentration of 30 nM were
evaluated for their agreement with this halfGlaaded structure (Figure 39D). The distance
constraints between theé-terminal CaM domain and the peptide are consistgtit the
structure of half Cd-loaded CaM, while the distance between the skML@iptide and
amino acids in thé&l-terminal lobe of CaM cannot be bridged by the s#iiskers. Due to the
fact that the two CaM domains were simply docked o further structural refinement was
performed, it cannot be excluded that the struatfitealf C&*-loaded CaM is more compact,

which would be in agreement with all cross-links.
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Figure 38. MS and MS/MS analysis of a cross-linkingeaction between CaM and the skMLCK F19E/L31W peptie.
The cross-linking reaction was conducted with afd@@-molar excess of SBC for 30 min at 1 mM?Céirradiation:
8000 mJ/crf). A) The mass spectrum was recorded at a reteritiom of 59.94 min. The 4+ signal of the cross-idk
product aim/z635.577 is highlighted. B) Fragment ion mass spetwf the adduct between Lys-94 of Cadsgquence 91-
106, red) and Leu-1 of the skMLCK F19E/L31W pepfiflesequence 1-4, blue).
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LYS-75

Figure 39. Identified cross-linked products betweerCaM and the skMLCK F19E/L31W peptide. Ca-Ca distances (in
A) between cross-linked amino acids, identified M C&*, are depicted as dotted lines in the NMR structofes), B)
the CaM/M13 peptide complex (pdb 2bbrag) viewed from two angles and C) the CaM/Munc13-fitjgke complex (pdb
2kdu, 64)). CaM is colored in grey, the peptide is showryéliow. Reacted amino acids in CaM are displayedrasrny
sticks, while those of the peptide are shown impfaurD) Gi-Ca distances of cross-linked amino acids identifie@@nM
Cé&" are depicted in the half-Ealoaded CaM K-terminal domain of apo-CaM (pdb 2I522(1), aa 1-77; green) and
C-terminal domain of holo-CaM (pdb 2bbr®8gj, aa 78-147; grey)). The skMLCK F19E/L31W peptidashown in rainbow

colors.
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In summary, the cross-linking experiments, condlicte CA" concentrations of 30 nM and
1 mM with two different cross-linking reagents, ealed that the 1-5-8-26 CaM-binding
motif of Munc13 cannot be induced in the skMLCK pegs byC-terminal elongation of the

peptide and amino acid exchanges. Even the skMLEpige, which closely mimics the

sequence of Muncl3’'s 1-5-8-26 motif did not induse extended CaM conformation as
found for the CaM/Munc13 peptide compledd). All four skMLCK peptide variants under

investigation created complexes with CaM that aragreement with the NMR structure of
the CaM/M13 peptide comple2g).

3.2.3. Surface Plasmon Resonance Spectroscopy

In addition to the structural characterization ¢ tCaM/skMLCK peptide complexes, the
binding affinities between CaM and all four skMLQd¢ptides were examined by surface
plasmon resonance (SPR) spectroscopy. The skMLCK Méptide has a dissociation
constant (lg) for CaM binding of <10 nM&8), which had also been found for the Munc13-1
peptide by NMR titration experiments4). SPR measurements were performed with the four
skMLCK peptide variants immobilized (2.4.8.) and\MCan the running buffer to determine
the dissociation constants. Comparison of the nbthi, values for the skMLCK peptide
variants with these of the skMLCK M13 and Muncl®dptides for CaM binding, should
clarify the influence of the exchanged anchor nessd(Phe-19, Leu-31) on CaM affinity.

SPR measurements of the dissociation constant bettheC-terminally elongated skMLCK
peptide and CaM revealed g Kalue in the nanomolar range (4.2 (£0.6) nM; FegdbDA)
comparable to the shorter skMLCK M13 peptide, iatitg that the additional-terminal
residues do not influence the binding behaviothef SkMLCK peptide. Aside from the high-
affinity binding event, a second linear phase efdlependence of the steady state response on
the CaM concentration was detected (Figure 40A)gssting a low-affinity binding event. In
previous cross-linking studies, the binding of addiaonal CaM target peptide to a 1:1
CaM/peptide complex had been described as a namfispkinding event 79, 84, which
might also be the case herein. The CaM affinityedeined for the skMLCK F19A peptide
was found to be reduced compared to the skMLCK igeptas evidenced by apKof
85 (£9) nM (Figure 40B), underlining the importarafethe phenylalanine residue at position
14 of the CaM-binding motif of SkMLCK. These resulire confirmed by the fact that the
exchange of the hydrophobic phenylalanine to adiaglutamate residue in the skMLCK
peptide F19E further reduces the binding affinityhe skMLCK peptide to CaM. In the case
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of the skMLCK F19E peptide, only the linear bindipgase was observed, while the high-
affinity binding event was no longer detectableg(ffe 40C). Moreover, an additional
exchange of the leucine residue at position 26hef €aM-binding motif to tryptophan
(skMLCK F19E/L31W peptide) showed an essentialleniical result (Figure 40D),
demonstrating that a tryptophan residue is not &bléunction as second anchor site in

SKMLCK.

skMLCK skMLCK F19A

a E 0.6 4
2 2
0.4
02 Kp: 4.2 (+0.6) nM 02 Kp: 85 (9) nM
0.0 § 0.0
0 5e.8 te7 1,5le-7 207 2,567 0 207 se7 fo-7 8e-7
[CaM]in M [CaM]in M
skMLCK F19E skMLCK F19E/L31W

Q) 12 D) 12
Dé :)E
x [
z z

; T T T
0 2e-7 4e-7 6e-7 8e-7

[CaM]in M [CaM]in M
Figure 40. Analysis of the binding of CaM to the sKILCK peptides by SPR. The dependence of the steady-state
response on the CaM concentration is illustrated4yrthe skMLCK peptide, (B) skMLCK F19A, (C) skMLCK FE9 and
(D) skMLCK F19E/L31W. The dissociation constants)Kor skMLCK and skMLCK F19A, determined by fittinge data
(eq13 (2.4.8.): solid lines), are given * standarr from two individual binding curve measurenge(filled and open
circles). For skMLCK F19E and skMLCK F19E/L31W onhgetlinear binding event was detected.

It is therefore concluded that the extraordinar$-8-26 CaM-binding motif of Muncl3
cannot be introduced in the classical CaM targ&dlsBK by C-terminal elongation and

amino acid exchanges.
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3.3. Interaction of Adenylyl Cyclases with CaM andOrail/STIM1

Adenylyl cyclases (ACs) are regulated by a numbetifferent factors such ass; protein
kinases, and G&(105. Although the membrane-bound AC isoforms (AClp@ssess a
common predicted structurd(l), they are differently regulated. AC1 and AC8 &uah
stimulated by C& in a CaM-dependent manner, but their mechanisnetfation by CaM
are different £07). In order to extend the current knowledge abbat@aM interaction with
AC1 and ACS8, different methods were used, namely, pectroscopy, ITC, and chemical
cross-linking/MS. Furthermore, the interaction oE& with the store-operated £4SOC)
channel protein Orail and the endoplasmatic retimulER) C&" sensor STIM1 was
investigated by FRET to gain insights into the nesism of store-operated €aentry
(SOCE).

3.3.1. CaM Binding to AC1 and AC8

The two AC isoforms, AC1 and ACS8, are both stimethby CaM and comprise diverse
mechanisms of regulation by the®aensor. While CaM binding to AC1 occurs in the C1b
subdomain 108-109, AC8 exhibits two CaM-binding motifs - one in tNeterminus and one
in the C2b subdomairi10 (Figure 41).

CaM/AC8-Nt

Figure 41. Schematic presentation of CaM binding t&AC8. AC8 possesses two CaM-binding motifs,Nwterminal one
(red ellipse, AC8-Nt) and one in the C2b domain (elellipse, AC8-C2b). The catalytic center is forntydan interaction
between the Cla and C2a domains (grey). AC8 is memanachored by two bundles of sixhelices (cylinders). At low
C&" concentrations half-G&loaded CaM (green) binds to AC8-Nt only, while AC8-Gg&tbound to the catalytic center of
ACS8, inhibiting the cAMP production. At higher €aconcentrations, G&CaM also binds to AC8-C2b, activating the
CcAMP production.
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The N-terminus of AC8 exhibits a typical 1-5-8-14 CaMling motif and was found to
interact with the C#-loaded C-terminal lobe of CaM. In contrast, the AC8-C2b dom
interacts with the CGa-loadedN-terminal CaM lobe via an 1Q-like motifL{0, 223. These
findings, and the fact that thi-terminal CaM-binding motif of AC8 is not necessari
required for the Ca sensitivity of the protein, support a model thasetibes thé-terminus

of AC8 as CaM trap, which transfers the CaM moledol theC-terminal AC8-C2b domain,
thereby activating cAMP productionlX?2) (Figure 41). This model raises the question
whether both CaM-binding regions of AC8 bind simankously during the transfer of CaM
from the N-terminus to the C2b domain of AC8 or whether Nuerminus of AC8 only
serves to raise the local CaM concentration inetfironment of AC8-C2b to ensure a fast
activation of the enzymatic function. In order tairg more detailed insights into the
mechanism of CaM-dependent activation of AC1 andBA& structural and thermodynamic
characterization of the CaM complexes with peptic@sprising the CaM-binding regions of

both ACs was carried out using CD spectroscopy, Ar@ chemical cross-linking/MS.

3.3.1.1. Circular Dichroism Spectroscopy

Secondary structure predictions using PSIPRED tfedetihat the peptides comprising the
CaM-binding regions of AC1 and AC8 (Figure 42) shiamgh propensities to forra-helical
structures, which is typical for CaM targe#9{50. Experimental confirmation of these

predictions was delivered by circular dichroism jGpectroscopy (2.4.6.).

AC8-Nt (M =306551) GSRPQRLLWQTAVRHITEQRFIHGH
AC8-C2b (M,=2882.35) YSLAAVVLGLVQSLNRQRQQLLNE
AC1-C1b (M = 3454.41) IKPAKRMKFKTVCYLLVQLMHCRKMFKA

Figure 42. Amino acid sequences of the AC peptidesed in this work. AC8 exhibits two CaM-binding regions - one
1-5-8-14 motif in theN-terminus (AC8-Nt) and an IQ-like motif in the C2bbsiomain (AC8-C2b). In contrast, AC1
possesses only one CaM-binding (1-18) motif in théd Gbdomain (AC1-Clb). The hydrophobic anchor resicare

highlighted in bold and underlined and the relativ@ecular masses (Mare shown in brackets.

As illustrated in Figure 43, both AC8 peptides dmel AC1 peptide show a high propensity to
form a-helices. With raising TFE concentrations, the miaiof the CD signal at 208 and
220 nm become more pronounced, indicating that aamelical structure is induced.
Differences between the peptides consist in the déit€entrations that are required to reach
the maximurmu-helical content, indicating that AC8-Nt has thghast propensity to form an

a-helix, while for AC8-C2b and AC1-C1b this propegss less pronounced.
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Figure 43. CD spectra of AC peptidesFar-UV CD spectra were recorded between 200 andng6@or A) AC8-Nt, B)
ACB8-C2b, and C) AC1-C1b. The addition of different TREhcentrations [% (v/v)] allows an estimate of thegensity of

the peptide variants to formhelical structures.

3.3.1.2. Isothermal Titration Calorimetry Measurements

In addition to secondary structure investigatiohthe AC peptides by CD spectroscopy, the
CaM interaction with peptides of AC1 and AC8 commg the CaM-binding regions was
thermodynamically characterized by isothermal tira calorimetry (ITC). The AC peptides

were titrated into a CaM solution in the ITC reanttell.

Analysis of the interaction between CaM and the AG&eptide revealed one binding event
with a stoichiometry of nearly 1:1 (N = 1.23 + Q)@&nd a dissociation constantg)Kin the

nanomolar range (30.12 + 8.95 nM) (Figure 44), Wh&ccomparable to typical CaM targets
(4, 99. A strongly negative value for the changes irhalfty indicates an enthalpically driven
binding event, which lowers the flexibility of CaNuring complex formation, as evidenced
by the negative value for the changes in entropy.the AC8-C2b peptide, the CaM affinity
was too low to obtain reliable data in the ITC expents (data not shown), confirming the
differences in CaM-binding affinities between AC8-&hd AC8-C2b iroffline nano-ESI-MS

studies (3.3.1.3.). The AC8-C2b peptide was alsatéid to a preformed CaM/ACS8-Nt
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peptide complex to investigate whether both AC8tigdep can bind simultaneously to CaM
or whether AC8-Nt can transfer CaM to AC8-C2b, asl lbeen hypothesized12). In
agreement with the results frooffline nano-ESI-MS (3.3.1.3.) and cross-linking experitaen
(3.3.1.4.), no simultaneous CaM binding of both A@8&ptides was observed (data not
shown). In the case of the AC1-C1b peptide titraee@aM, a binding event was detected at a
stoichiometry of 1:10, which indicates an oligorzation of AC1-C1b peptides (Figure A18).
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Figure 44. ITC analysis of the CaM/AC8-Nt peptide iteraction. The AC8-Nt peptide (100 uM in the syringe) was
titrated to CaM (10 uM in the reaction cell). Onading event was detectable with g &f 30.12 + 8.95 nM, stoichiometry
N =1.23 +0.01AH =-11.6 £ 0.18 kJ/mol, an&lS = -19.09 J/mol/K.

3.3.1.3.0ffline Nano-ESI-MS

In order to address the differences in CaM-dependetivation of AC1 and AC8, CaM
binding of peptides comprising the CaM-binding e of the two isoforms was examined at
two different C&" concentrations. AC peptides (Figure 42) were added CaM solution
containing either 200 uM EGTA (free [€hca. 2.4 nM; low C& concentration) or 1 mM
cd* (high C&" concentration) and the mixtures were analyzedofijne nano-ESI-MS
(2.5.6., Figure 45).
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Figure 45. Interaction between CaM and AC peptidesOffline nano-ESI-MS experiments of CaM solutions in thecabe
(A, B) or presence of AC peptides (C - H) were perfed at low (200 uM EGTA; free €aconcentration ca. 2.4 nM:; A, C,

E, G) or high C¥ concentrations (1 mM &4 B, D, F, H). Deconvoluted mass spectra, presersingly charged species,
show CaM complex formation with AC1-C1b (B, C), AC8-Nt (g, and AC8-C2b (G, H). Taken from Masastaal. 2012

(222
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At a C&" concentration of 1 mM, CaM is fully loaded with*an addition to the four G4
ions that are specifically coordinated via the ERdis of CaM, up to six Gaions are bound
non-specifically to CaM. This is often observed foations such as calcium, sodium,
ammonium or potassium (Figure 45B). In contrappruaddition of 200 uM EGTA, CaM
was detected in the €afree form with only sodium ions or EGTA moleculeghich were
probably non-specifically attached to CaM (Figub&X (222). CaM complex formation was
shown for all three AC peptides at low (Figure 45%€;,G) and high G4 concentrations
(Figure 45D, F, H). No signal was visible for ‘Géoaded CaM in the solutions containing
200 uM EGTA without peptide (Figure 45A242). Nevertheless, CaM/peptide complexes
with two coordinated C& ions were observed in the solutions containing PBDEGTA
(Figure 45C, E, G). This confirms that the affinitiyCaM for C&" is increased when a target
peptide is bound. The peak intensities of CaM/jgeptiomplexes are higher in comparison to
peptide-free CaM in the presence of 1 mMQ&igure 45D, F, H). As shown in Figure 45D
and F, no signal for the non-peptide-bound CaM detectable for AC1-C1lb and AC8-Nt,
which indicates a higher CaM affinity of these pe@s in the presence of €aln the
solutions containing EGTA, the ratio between sign&nsities of the CaM/peptide complex
to peptide-free CaM was highest for AC1-C1b anddstfor AC8-C2b, which indicates that
the relative affinities of the peptides for CaM aefollows: AC1-Clb > AC8-Nt > AC8-C2b
(222. In order to investigate whether both AC8 pegidan bind simultaneously to CaM,
both peptides were added to a CaM solution comtgirither 1 mM C& or 200 pM EGTA
(Figure Al14). No signals were detectable that gpoad to a 1:2 complex between CaM and
both AC8 peptides (Figure Al14), which underlineattthere is no simultaneous binding of
both CaM-binding motifs of AC8 to CaM. This emplms the assumption that the
N-terminus of AC8 raises the local CaM concentratiothe environment of AC8-C2b, but

does not directly transfer the CaM molecule (Figid®

3.3.1.4. Chemical Cross-linking of CaM and AC1/AC®eptides

Two complementary heterobifunctional cross-linke88C and sulfo-SDA (Figure A15),
were used for structural investigation of the iatdion between CaM and the AC1/AC8
peptides. The cross-linking reactions were condlitea two-step fashion in the presence or
in the absence of €4 First, the amine-reactive site of the cross-linkas reacted with CaM.
After quenching and separation of excess cros®iirdamples were irradiated with UV light
(4000 or 8000 mJ/cn?2.5.2.). High C& concentrations were adjusted by addition of sljght
more than 1 mM Cagl(1.4 mM), while addition of 10 mM EGTA resulted D& -free
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solutions. Intact reaction mixtures were analyzgdSBDS-PAGE (2.4.4.) and MALDI-TOF-
MS (2.5.3.).

MS measurements revealed different amounts of d¢imdesd CaM/peptide complexes for the
three AC peptides (Figure A16). In the presence&Cdf, the signal of the CaM/ACS8-Nt
peptide complex was slightly higher than that ajssrlinker-labeled CaM. Additionally, a
signal was observed representing a 1:2 complewhich two AC8-Nt peptides bind to one
CaM molecule (Figure A16A). Apparently, the sec@@8-Nt peptide binds non-specifically
to the CaM/AC8-Nt peptide complex, as has alreaglgnbdescribed for other CaM target
peptides such as Muncl13-84}. In the reaction mixtures containing 10 mM EGTAexe
literally no free C& is present, the signal intensity of cross-linkevdified CaM was
significantly higher than that of the CaM/AC8-Ntppele complex (data not shown). This
observation confirms the results of tloéfline nano-ESI-MS measurements, which had
revealed a higher affinity of CaM to AC peptideshégher C&" concentrations. For the
ACB8-C2b peptide, the signal of the cross-linkerelad CaM was higher compared to that of
the CaM/AC8-C2b peptide complex, and a 1:2 complas not detected (Figure A16B).
Reaction mixtures containing both AC8 peptides vearalyzed (Figure A16C) and confirmed
the findings of theffline nano-ESI-MS experiments where no CaM complex waad with
both peptides binding simultaneously (Figure AlEgsentially, identical signals were
obtained in the reaction mixtures with the AC8-Nppde alone (Figure A16A), indicating
that a 1:2 complex containing both AC8 peptidesna formed in the cross-linking
experiments. However, it cannot be ruled out coieplethat the broad signal, labeled with
CaM/2AC8-Nt (Figure A16C), corresponds to a mixpdaes between CaM and either of the
two ACS8 peptides.

MALDI-TOF-MS analysis of the reaction mixtures caiming the AC1-C1b peptide revealed
signals of cross-linker-modified CaM, but not foc@nplex between CaM and the AC1-C1b
peptide (Figure A16D). This result was unexpectedabse in theoffline nano-ESI-MS
experiments a non-covalent CaM/AC1-Clb peptide demphad been detected. One
explanation might be that addition of the cros&ihg reagent (SBC or sulfo-SDA) caused
oligomerization of the AC1-C1b peptide, as obselveitie SDS-PAGE analysis (Figure 46).

SDS-PAGE analysis of the cross-linking reactionshwi.4 mM C&" before irradiation
(0 mJ/crd) showed bands at around 15 kDa correspondingetalifferent C&'-loaded states
of CaM, which are not present in the absence & C&80 mM EGTA) (Figure 46). Upon
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irradiation with UV-A light, the photo-reaction wasduced and bands representing CaM/AC
peptide complexes were observed. In the presend@ddf (Figure 46A), the cross-linked
complexes showed different electrophoretic moksiton the SDS gel, while distinct bands
were visible in the absence of 410 mM EGTA) (Figure 46B).

A) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
= | &=
] =3
e —
o+ 30 kDa
— ~25 kDa
20 kDa
CaM/AC peptide
complexes
Different Ca2*- — 15 kDa
loaded states of { [ — —— — -|:| |:|
caM - e 10 kDa
AC8Nt __ T
peptide B - .
0 4000 8000 0 4000 8000 O 4000 8000 0 4000 8000 UV-irradiation
M M| [mJicm?]
AC8-Nt+AC8-C2b ACB8-Nt AC8-C2b AC1-C1b

B) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
—
— — =
— = —
it — — 30 kDa
s i b 25 kDa
CaM/AC peptide
complexes — Ij I:I —_— l:l I:I e l:l I:I _— I:I I:] 20 kDa
Cross-linker g SESS S0 — — —— i ——— — -
modified CaM i — - 15 kDa
- ‘
- 10 kDa
ACENt _ e I, g R
peptide
0 4000 8000 0 4000 8000 0 4000 8000 0 4000 8000 UV-irradiatzion

AC8-Nt+AC8-C2b AC8-Nt AC8-C2b AC1-C1b

Figure 46. SDS-PAGE analysis of cross-linking reacn mixtures between CaM and AC peptidesThe cross-linking
reactions were conducted at a 50-fold molar exeeSBC in the presence of A) 1.4 mM<ar B) 10 mM EGTA. Reaction
mixtures were irradiated with UV-A light (0, 4008 8000 mJ/cr). Please note that €doaded CaM and CaM complexes

exhibit higher mobilities on the SDS gel due toithgore compact structures compared to th&-@Gae states.

For AC8-C2b and AC1-C1b, bands migrating at cakl2& were detected in the presence of
ca&* (Figure 46A), which correspond to intramoleculadsoss-linked CaM species that
exhibit higher electrophoretic mobilities comparted non-modified CaM. Additionally, a
band was observed for the AC8-Nt peptide in thetreas conducted with this peptide, while
the AC8-C2b peptide was too small to be detectedhe reactions containing the AC1-C1b
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peptide, high-molecular weight aggregates werélasindicating an oligomerization of the
AC1-C1b peptide, which is in agreement with the IM@asurements (3.3.1.4.) and explains
that no band was observed for the monomeric peplidis might also be the reason for the

absence of cross-linked products between CaM angeftide (Figure A16).

For the reactions containing one or both of the A@eptides, the bands representing the
CaM/AC8 peptide complexes were excised, washed, iargkl digested (2.4.5.). The
resulting peptide mixtures were analyzed by nana&lRano-ESI-LTQ-Orbitrap-MS/MS
(2.5.5.).

Several cross-linked products were identified fa teactions between CaM and the AC8-Nt
(Table A8) and AC8-C2b (Table A9). Two examples iresented in Figure 47Figure Al7.
In the cross-linked products, Lys-21, Lys-77, Lys-@nd Lys-148 residues of CaM were
found to be connected with different amino aciddhie AC8-Nt peptide. In particular, the
benzophenone group of SBC reacted mainly with ismiee and arginine residues, whereas
glutamate and valine were found to have reactek sutfo-SDA.

For the AC8-C2b peptide, similar cross-linked praduwere identified, which also showed
differences in the reactivities of SBC and sulfoAS(Oable A9). Most of the cross-links were
found in the reaction mixtures containing 1.4 mM?Cavhile only a few cross-links were
identified in the absence of €aThis confirms recent results of GST-pulldown ekpents,
which revealed an AC8 interaction with CaM onlyr(A&C8-Nt peptide) or mainly (for AC8-
C2b peptide) in the presence ofG@22).

In the reactions containing both AC8 peptides, yagross-links between CaM and the
ACB8-Nt peptide were detected (Table A10), as haehbexpected from MALDI-TOF-MS
data (Figure A16). The cross-links identified irdl reactions are similar to those found in
the reactions containing only one AC8 peptide, dating that the interaction interfaces
within CaM/AC8 peptide complexes are comparablebath reactions. Moreover, these
findings confirm the results of theffline nano-ESI-MS experiments (Figure 45), which
showed a higher CaM affinity for the AC8-Nt peptide

The distance constraints obtained in the crossAmkeactions of the AC8 peptides were used

for molecular modeling studies (2.5.8.).
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Figure 47. MS and MS/MS analysis of a cross-linkingeaction between CaM and the AC8-Nt peptideThe cross-
linking reaction was conducted with a 50-fold matacess of SBC for 30 min at 1.4 mM?%5ahe mixture was irradiated
with UV-A light (8000 mJ/crf). A) The 3+ signal of the cross-linked productrelz 941.120 is annotated in the highlighted
part of the spectrum recorded at a retention tifm@7® min. B) Fragment ion mass spectrum (CID-MS/MBbhe adduct
between Lys-21 of CaMufsequence 14-30, red) and Arg-3 of Merminally acetylated (Ac-) AC8-Nt peptidp-éequence
1-6, blue).

The structures of AC8 peptides were modeled andirooed the CD experiments that had
indicateda-helical structures for both AC8 peptides were fedn{3.3.1.1.). Different CaM
structures were used for the docking models (pdbesn2kdu, 2bbm, as well as a fusion

construct of theN-terminal CaM domain of 1cfd and tli&terminal CaM domain of 1prw;
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pdb entries defined in Table Al) that representeceht conformations CaM can adopt in
different CaM/peptide complexes at different?Caoncentrations. The assembled-Co
distances of cross-linked amino acids were set26 A (SBC) andk 20 A (sulfo-SDA). The
final model was selected based on an optimal ageeemwith all experimentally obtained

distance constraints (Figure 48).

Figure 48. Model structures of the CaM/AC8 peptidecomplexes.The complex between CaM and A) AC8-Nt or B) AC8-
C2b is similar to the structure of the CaM/skMLCK Md&ptide complex (pdb 2bbn98§)). CaM is shown in grey, the AC8

peptides are shown in blueao distances (in A) between the connected amino acildlustrated as dotted lines.

It could be demonstrated for both AC8 peptides that CaM/peptide complex structure
showing the best conformance with all identifiedss-links, is based on the structure of the
CaM/skMLCK M13 peptide complex (pdb 2bbm). Althoutite CaM-binding motifs of the
two ACS8 peptides are different, the overall stroetof the complex with CaM is clearly
similar for both AC8 peptides. The two CaM/AC8 pdptcomplexes differed only in the
orientation of the anchor amino acids of the AC®tues: The first three hydrophobic
residues of the 1-5-8-14 motif of AC8-Nt are orghttowards the methionines of the
C-terminal CaM lobe (Met-109, 124, 144, and 145) dnel phenylalanine in position 14
binds to theN-terminal CaM domain. On the other hand, the AC® @2ptide interacts via
its 1Q-like motif mainly with theN-terminal CaM lobe (Met-36, 51, 71, and 72) (Figd#,.
These results confirm recent finding{, 222, showing that théN-terminal CaM domain
has to be Cé-loaded to allow for AC8-C2b peptide binding, white AC8-Nt binding the
C-terminal CaM lobe has to be €doaded.
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A) B)

: A\ I '
Figure 49. Detailed presentation of the binding oAC8 peptides to CaM.The complex between CaM and A) AC8-Nt or
B) AC8-C2b is similar to the structure of the CaM/sk@K.M13 peptide complex (pdb 2bbn®8)). TheN-terminal domain
of CaM is shown in green, the-terminal CaM lobe in yellow, and the AC8 peptides ahown in rainbow colors. The

hydrophobic anchor amino acids of the AC8 peptideshown as purple sticks.

In conclusion, ITC,offline ESI-MS, and cross-linking experiments indicatet tthee CaM
affinity of the three AC peptides, comprising theNGbinding regions of AC1 and ACS, is
higher in the presence than in the absence 6fiBas. The order of relative CaM affinities is
the following: AC1-C1b > AC8-Nt > AC8-C2b2R2). Furthermore, the structures of the
CaM/ACS8 peptide complexes of AC8-Nt and AC8-C2b eveyund to be comparable to the
CaM/skMLCK M13 peptide complex with an antiparallehding mode of the peptide. The
binding affinity of AC8-Nt is in the nanomolar ramgas evidenced by ITC measurements.
Additionally, the mechanism of AC8 regulation byNMCapparently does not include a 1:2
complex, in which both AC8 CaM-binding motifs bisanultaneously to CaM. Therefore, it
was shown that AC8-Nt does not directly transfer @aM molecule to AC8-C2b, but raises
the local CaM concentration in the vicinity of AGQ&b. This might be necessary to allow a
fast activation of AC8 by ensuring that AC8-C2b silo®t have to compete with other CaM

target proteins because of a high CaM concentratids environment422).
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3.3.2. Interaction of AC8 with Orail and STIM1

AC8 is not only regulated by the €&aM system, but also by an increase irf'Gavels
originating from store-operated €aentry (SOCE) 113-114, which are both sensed by
proteins located in the plasma membrane or the mamebof the ER, namely Orail and
STIM1. Due to the fact that AC8 is sensitive tovea®SIOCE, the interaction of Orail and
STIM1 with AC8 was investigated to gain insightsoithe mechanism of AC8 regulation by
Ccd" ions originating from SOCE. In recent experimefsail, identified as the major pore-
subunit of SOC channel§X5-117, was found to interact with thé-terminal region of AC8.
A second protein that was shown to affect the agtnf AC8 in human embryonic kidney
(HEK) 293 cells is STIM1X14, 124. FRET experiments with STIM1 and different trutezh
variants of Orail and AC8 were conducted to shelt Ionto the interaction of these three
proteins and the effects of Orail and STIM1 on A&gulation.

3.3.2.1. Fluorescence (Forster) Resonance Energyafhisfer Experiments

The interaction of Orail and STIM1 had been studisidg fluorescence (Forster) resonance
energy transfer (FRET) and was found to occur uPefi store depletion by thapsigargin
(Tg) (125, 223. Tg is a non-competitive inhibitor of a class@&*-ATPases in the ER and
the sarcoplasmic reticulum, which are responsibtepfimping C&' into the C4&" stores. By
addition of Tg, these enzymes are blocked and &tares are depleted, leading to clustering
of STIM1 at ER-plasma membrane junctions and tmteraction between STIM1 and Orail.
Investigation of the known interaction between O/@FP and STIM1-YFP by FRET was

used as positive control.

First, CFP bleed-through into the YFP channel arféP Ycross-excitation of CFP were
calculated to correct the FRET images (data notvelnoThe correction factors obtained for
CFP (59%) and YFP (11.2%) bleed-through were ir@ment with the values calculated in
previous experiments (63% and 5.7%224)). Likewise, FRET analysis of the interaction
between Orail-CFP and STIM1-YFP revealed normalizedected FRET (NFRE) values
indicating that the proteins mainly interact upaat ‘Gtore depletion, which is consistent with
previous experimentd 25 (Figure A19).

The interaction between AC8 and Orail had recebégn identified to occur in a €a
independent manner via tidterminal regions of both proteins, as evidencedpbptide

array, GST-pulldown, FRET, and knockdown experira¢b25). To further narrow down the
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interaction site between AC8 and Orail, differésterminal truncation variants were
analyzed by FRET together with the full-length pios. Since deletion of more than the 73
N-terminal residues from Orail causes a disruptidh® channelling functior23), only 20,
40, or 60 amino acids were deleted in the truncasthnts. First, STIM1 interaction with
these truncated Orail proteins was analyzed by FRSI surprisingly, as Orail/STIM1
interaction had been found to occur in derminal part of Orail223), the experiments
showed FRET signals comparable to those observiddtiag full-length Orail protein (data
not shown). For the OraA#0 variant, the expression in HEK293 cells recordedhe
absence of Tg was too low to obtain NFRE/RIues. Therefore, this experiment will have to
be repeated. FRET measurements of the Orail/AC&aition showed no significant
differences in the FRET signals between AC8 int&was with full-length Orail or

N-terminally truncated Orail variants (Figure 50).

YFP-AC8 and Orai1-CFP variants

B without Tg
Bwith Tg

NFRETc

AC8 & Orai1 AC8 & Orai1A20 AC8 & Orai1A40 AC8 & Orai1A60

Figure 50. FRET analysis of the interaction betweelYFP-AC8 and Orail-CFP truncation variants. The experiments
were conducted under two different conditions: v{ireen) and without (red) €astore depletion by thapsigargin (Tg). The

numbers in brackets represent the numbers of sialjie which were averaged.

Due to a high variation between the single cellghea experiment, the errors are large.
Therefore, the experiment was repeated as folléws:a better visualization of &astore
depletion upon Tg addition, HA-tagged STIM1 was rexpressed in HEK293 cells in
addition to AC8 and the Orail variants, to faciBtdormation of detectable ER-plasma
membrane junctions, called puncta. Analysis of BRET signal in these cells revealed
different results compared to the experiment with8TIM1, showing decreased FRET
signals upon Tg addition (Figure A20). These prlary findings indicate an effect of
STIM1 on Orail/ACS8 interaction, which might be cadsoy a direct interaction of STIM1
with the N-terminus of AC8 (where the Orail interaction s#ealso located) or a structural

change of the AC8 interaction site within Orail n®TIM1 binding.
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Recent peptide array analysis of the interactita lsetween AC8 and Orail had identified an
arginine-rich sequence stretch (GSRRS) of Oraibdocrucial for Orail/AC8 interaction.
This sequence comprises amino acid 26 - 30 of Oaamd its deletion should cause a
decreased FRET signal in interaction studies. Resabtained in this work (Figure 50
andFigure A20) show no significant differences lesw Oraii40, OrailA60, and the full-
length protein in respect to AC8 interaction, whioight indicate the presence of a second
AC8 binding site in the Orail protein that is lamhtoutside the cytosolic amino acid
sequences investigated in the peptide array. Rthefuanalysis of the interaction between
Orail and AC8 via theiN-termini, the AC8 truncation variant AC8M1, lackitige first 106
amino acids, was investigated by FRET. These meamnts showed NFRENalues that
were not reduced compared to those of the expetsweth the full-length proteins (data not
shown). Although this FRET analysis was only perfed once and has to be repeated in
order to draw reliable conclusions, the resultsegé first hint that there has to be an
interaction of AC8 and Orail beyond the one idédiin theirN-terminal regions. To test the
hypothesis of a second AC8 binding site in the dma@mbrane regions or the extracellular
loop of Orail, the two other Orai isoforms (Orailé8) were investigated. The Orai isoforms
are homologous in their sequences, except for tii¢@rminal regions. Therefore, an ACS8
interaction site beyond thé-terminus should be similar in all three Orai igofig, leading to
comparable NFREJvalues. Constructs of Orai2 and Orai3 were cloed¥erexpression of
CFP-tagged proteins and FRET experiments were evediuwith Orai2-CFP and STIM1-
YFP or YFP-ACS to investigate their interactiongy(ffe 51).

In the case of the Orai2/STIM1 interaction, a higRRET signal was obtained before store
depletion compared to Orail/STIM1, which was du€EP signals in the ER, indicating that
Orai2 is expressed in identical amounts in the B& the plasma membrane. Analysis of the
interaction between AC8 and Orai2 showed no diffees in detected FRET signals
compared to AC8/Orail FRET experiments (Figure Fhese preliminary results indicate
that there is a second ACS8 binding site in the Dmbtein beyond thé&l-terminal region,

which is also present in Orai2.

In FRET measurements with the Orai3-CFP constr@ggi3 overexpression was only
observed in the ER, which is not consistent witkvpus studies where heteromultimers of
Orai isoforms were observed in the plasma membr@mee the experiments in this work
were only conducted once, the results have to hd#iroeed by repeating the FRET

measurements.
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STIM1-YFP / YFP-AC8 and Orai1/2-CFP

H-Tg
H+Tg

NFRET.

STIM1-YFP & STIM1 & Orai1 YFP-AC8 & ACB8 & Orai1
Orai2-CFP Orai2-CFP

Figure 51. FRET analysis of the interaction between BM1-YFP / YFP-AC8 and CFP-tagged Orai isoforms.
Calculated NFRE{J values for experiments conducted with (green) ithaut (red) addition of thapsigargin (Tg) are simow

The numbers in brackets represent the numbersiglestells, which were averaged.

In summary, the interaction of AC8 with Orail wasown not to be restricted to the
N-terminal regions, as had been suggested by peatidg and GST-pull down experiments,
but there exists evidence that a second ACS8 binslitggis present in the transmembrane or

extracellular domains of Orail.
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4. DISCUSSION AND OUTLOOK

In order to extend our current knowledge on how@€ signal is converted into different
cellular responses, three different CaM/target dergs (CaM/Muncl3, skMLCK, AC1 and
AC8) were investigated. AC8 is not only regulatgddz/CaM, but also by increasing €a
concentrations originating from store operatedGantry (SOCE), which are sensed by
STIM1 and Orail. Therefore, the interactions betwdbese proteins and AC8 were
additionally investigated to gain further insightto AC8 regulation by SOCE.

4.1. CaM/Muncl3 Interaction

Previous cross-linking and PAL studies on the Cablraction with peptides comprising the
CaM-binding regions of the two homologous Muncl#asms, Muncl13-1 and ubMuncl13-2,
had revealed the formation of a CaM/peptide com@exC&" concentrations in the low
nanomolar range (30 nMY9, 84. The structures of the CaM complexes created thidse
two Muncl3 peptides were similar to the complexneein CaM and a peptide derived from
the NO synthase, showing an antiparallel orientatibthe peptide. In those studies, a 1-5-8
CaM-binding motif had been identified in the Mungieptides §4).

In this work, cross-linking studies with peptidesrgrising the CaM-binding sites of all four
Munc13 isoforms (Muncl13-1, ubMunc13-2, bMunc13-2¢ Muncl3-3) were performed to
investigate and compare the structures of the réifte CaM/Muncl3 peptide complexes.
Cross-linking experiments between CaM and all fisluncl3 peptides, conducted at three
different C&" concentrations (10, 30, and 100 nM), showed tBathd C&* is optimal for
complex formation (Figure 24), which had also bémmd for Munc13-1 and ubMunc13-2
(84). Further experiments revealed cross-linked prtsdbbetween CaM and the Muncl3
peptides (Table A2) and within the CaM molecule b[€aA3), which allowed molecular
modeling of the four CaM/Muncl13 peptide complexégre 28). The resulting structures of
CaM/Muncl3 peptide complexes demonstrate that geptof all four Muncl3 isoforms
exhibit similar CaM-binding modes, which are chéesized by an antiparallel orientation of
the Muncl3 peptide within the CaM/peptide complexes had previously been shown for
Muncl13-1 and ubMuncl3-284), the model structures of the CaM/Muncl3 peptide
complexes are comparable to that of the complewdsrt CaM and an NO synthase peptide
(85). These results confirm that the different symagtiasticity phenomena observed for

different Muncl3 isoforms66) do not result from variations in the structurefs tie
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respective CaM/Munc13 complexeB5) and that the optimal Gaconcentration for CaM
complex formation is similar for all Munc13 isofosmRegulation of the function of Muncl3
proteins, if not realized on the structural levelapparently based on variations of the CaM
affinities between different Muncl3 isoforms. Thigpothesis should be confirmed by
performing ITC and SPR measurements. Moreover oitle be interesting to compare the
short (21 to 24-amino acid) Muncl3 peptides withirtlC-terminally elongated (34-amino
acid) counterparts regarding their CaM affinitids such, the influence of the additional
hydrophobic anchor residue at position 26 of th@ehdl-5-8-26 CaM-binding motif in
Munc13-1 and ubMunc13-2, which had recently beemtified 64), would be revealed. In
addition to studying the CaM affinities of the faduncl3 isoforms, their affinities for other
interacting proteins of the synaptic release maalyine.g. Muncl8 or syntaxin-1) could
differ between the Muncl3 isoforms, leading to atoins in synaptic regulation.
Furthermore, the composition of the synaptic redeasachinery might differ between
synapses expressing different Munc13 isoforms. Ating to Maet al. (73) the composition
of these release complexes could be investigatea dymbination of NMR and fluorescence

spectroscopy, but also by cross-linking/MS.

In the NMR structures of the CaM/(34-aa) peptidmplexes of Muncl13-1 and ubMunc13-2,
CaM adopts a more extended conformation comparéaeteomplexes with shorter Muncl13
peptides %4, 85. The question arises whether the novel 1-5-8-26A®inding motif of

Muncl3-1 and ubMuncl3-2 and the extended CaM cordtion in the CaM/peptide

complexes are also observed for bMunc13-2 and M2i3cl

To address this question and to elucidate whetti@édiaional CaM interaction sites might be
identified in the Muncl13 isoforms, GST-tagged damaof theN-terminal Muncl13 regions
(Figure 29) were overexpressedhrcoli and purified. Various cultivation conditions were
tested and the purification procedure was optimiZdte greatest challenge arose from the
occurrence of shorter Muncl13 variants, which hatdécseparated from full-length Munc13
domains (Figure 30). Separation of these truncaggnts resulted in high protein losses.
Additionally, different attempts to reduce the gpesd translation inE.coli cells to allow
expression of full-length proteins did not redube aamount of truncated Muncl3 variants.
The reason might be that ihcoli tRNAs encoding specific amino acids (especiallyg,Arys,
and Pro) of the mammalian constructs are presenbvatconcentrations, leading to an
impaired translation process. Using DNA for the M@ constructs, in which the codons are

optimized for usage ik.coli as well as on-column cleavage of the GST tag bynthin to
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avoid buffer exchange steps, yielded protein fomgicontaining high amounts of untagged
Muncl3 domains. Nevertheless, impurities, mainlygioating from truncated Muncl3
variants, were observed (Figure 33). These findimgicate that not only an impaired
translation of Muncl13 domains is responsible fa& pnesence of truncated Muncl13 variants,
but also that proteolytic digestion during overeegzion and purification of the proteins is an
iIssue that has to be considered.

On the one hand, separation of truncated GST-Murad®ains from full-length GST

proteins resulted in protein losses. Otherwise gaudhr masses and isoelectric points of full-
length and truncated untagged Muncl3 domains diifidy slightly, making their separation

difficult. For these reasons, cross-linking expenms were performed without further
purification of the fractions containing the high@snounts of untagged Muncl3 domains.
Analysis of cross-linking reaction mixtures contagthe bMunc13-2 domain revealed one
cross-linked product that confirms the previousyedmined CaM-binding site (Figure 35).
Although these results are still preliminary an@acly a higher number of cross-links
(especially intramolecular ones within the Muncl8main) is needed to draw reliable
conclusions, identification of the known CaM-binglirsite of full-length bMuncl13-2

underlines the strength of the cross-linking apginoa

In addition to the occurrence of truncated Muncl8iants during overexpression and
purification of Muncl3 domains, the stability ofethag-free proteins was a major issue.
Muncl3 proteins are membrane associated proteids therefore, comprise hydrophobic
regions. Addition of detergents such as Triton X-10.1% (v/v)] and DDM [0.1 - 1% (v/v)],
revealed reasonably stable untagged Muncl3 domahintshigh detergent concentrations
above the critical micelle concentration (CMC) ntigave hindered the removal of truncated
Munc13 variants. Therefore, a purification protoaoiuld be favored, where no Triton X-100
is added after cell disruption. Instead of usintedgents, a pH shift could be envisioned to
lower the electrostatic interactions of the Mungi8teins (peripheral membrane proteins)
with membrane-spanning proteins after cell disauptand the head groups of the plasma
membrane425). Alternatively, low concentrations of glycerol polyethylenglycol might be

used to stabilize the untagged Munc13 proteins.

Using site-directed mutagenesis, different bMun2l3&nd Muncl3-3 variants were
constructed containing an amber stop codon thaidmscthe photo-reactive amino acid Bpa

(Table 7). These variants do not yet comprise fiter@l codon usage for overexpression in

104



Discussion & Outlook

E.coli, which could lead to problems during expressiond gourification. Hence,
overexpression and purification of the Bpa-variamtas not conducted. Nevertheless,
overexpression and purification of Bpa-variants taonng E.coli-optimized codons, will
allow a more detailed investigation of the intei@ttbetween CaM and bMuncl3-2 and
Munc13-3 to be conducted.

Furthermore, a peptide array could be envisionesipplement the cross-linking experiments
with Muncl13 domains and to identify potential addial CaM interaction sites. Although
only linear binding motifs can be identified withis method, it should allow identification of

CaM-binding regions in the Munc13 domains becauskl-Binding motifs are usually linear

(29).

In conclusion, the knowledge gained concerning @&M/Muncl3 interaction of the
homologous isoforms, Munc13-1 and ubMunc13-2, wasreled and novel insights into the
CaM interaction were achieved for the non-homolagsoforms, bMunc13-2 and Munc13-3.
Although different synaptic phenomena are obseffeedthe four Muncl3 isoforms, their

interaction modes with CaM are similar, at leastifunstructural level.

4.2. CaM/skMLCK Interaction

Previous studies had shown th@&terminally elongated Muncl3 peptides exhibit a elov
1-5-8-26 CaM-binding motif, which is not found ihater Muncl3 peptides. The structures
of the resulting CaM/Muncl13 peptide complexes diife the conformation that CaM can
adopt in the complex. While CaM exhibits a comsaicture in complex with short Munc13
peptides, the conformation of CaM is more extendedhe complex withC-terminally
elongated Muncl13 peptides (pbd 2kde4)J. Usually, short peptides are used in CaM/target
interaction studies, which comprise the minimal Clhikding region alone. This raised the
question whetherC-terminal elongation of a classical CaM target mipt SkMLCK,
combined with amino acid exchanges to resembld #h&-26 motif of Munc13 results in an
altered CaM complex structure, in which CaM exlsilz@itconformation comparable to that of

the CaM/Munc13 peptide complex.

CD experiments, cross-linking studies, and SPR oreasents with peptide variants
comprising the CaM-binding region of the classiCaM target skMLCK (termed M13) were
performed to address this question. These skMLCgtiges wereC-terminally elongated
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compared to M1398). Furthermore, amino acid exchanges in the skML&gtides were
performed at positions 14 and 26 of the CaM-bindiragif to resemble the 1-5-8-26 motif of
Munc13. CD secondary structure analysis of fouttidepvariants, skMLCK, skMLCK F19A,
skMLCK F19E, and skMLCK F19/L31W, revealed a highogensity to forma-helical
structures for all peptides, except for skMLCK FAGHEW. In contrast, analysis of cross-
linking reaction mixtures between the skMLCK peptiariants and CaM showed that the
structures of CaM/peptide complexes of all four &KNK peptides are similar and
comparable to the CaM/M13 peptide complex (Fig@d-Bure A9Figure A10Figure Al1l).
The distance constraints obtained in the crossAgkxperiments clearly demonstrate that an
extended CaM conformation comparable to that ofGlad/Muncl3 peptide compleX4)
does not exist for any of the four CaM/skMLCK pépticomplexes. Even in the skMLCK
F19E/L31W peptide, which contains hydrophobic amelsidues at positions 1, 5, 8, and 26,
cross-linked amino acids between the peptide aatderminal CaM lobe do not agree with
the NMR structure of the CaM/Munc13 peptide comgjeko 2kdu) (Figure 39). Therefore, it
is concluded that the 1-5-8-26 CaM-binding motif Mdiuncl3 cannot be introduced in
skMLCK by C-terminal elongation of the CaM-binding motif anthiao acid exchanges.
Additionally, these findings demonstrate that tlyerbophobic anchor residues and the basic

cluster are not the only determinants for the CaMling mode of a target peptide.

Although chemical cross-linking revealed that theictures of the CaM/skMLCK peptide
complexes are similar between the four skMLCK pptiariants, SPR measurements
revealed differences in the CaM affinities of thariants. C-terminal elongation of the
skMLCK peptide did not result in a changed CaMraf§i compared to M13, while exchange
of the hydrophobic anchor residue in position 14tleé CaM-binding motif to alanine
(skMLCK F19A) resulted in a reduced CaM affinityigére 40). For both peptides, skMLCK
and skMLCK F19A, a high- and a low-affinity (lingabinding phase was observed,
indicating that a second skMLCK peptide might bindhydrophobic patches on the CaM
surface beyond the methionine-rich peptide bingiagket, as was described previousi9,(
84). In the case of the skMLCK F19E peptide variamiwhich the phenylalanine at position
14 was exchanged to glutamate, which is preseNunc13, the high-affinity binding phase
was no longer detectable in the concentration rgngdo 10 puM) investigated. A drastically
reduced CaM-binding affinity was observed for tk&IECK F19E (Figure 40) compared to
M13 and the Muncl3 peptide. Moreover, the addifiam@oduction of a bulky hydrophobic
tryptophan at position 26 of the CaM-binding matitl not restore high-affinity binding,
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indicating that the 1-5-8-26 motif of Munc13 canbetintroduced into the skMLCK peptide.
These results underline the importance of the Ipfasbic anchor residue at position 14 of the
skMLCK CaM-binding motif, which had previously beeonfirmed by peptide array analysis
(100). Apparently, the CaM-binding mode of a targettmhpis not exclusively determined by
its hydrophobic anchor amino acids or by the bakister, but also by the amino acids in
between. In a recent study, the distance betweem#jor hydrophobic anchor residues of the
CaM-binding motif was found to be decisive for thenformation CaM adopts in the
CaM/target complex. The larger this distance, tleeenopen the CaM conformation. In this
work, it was shown that the identity and distantéhe hydrophobic anchor amino acids does
not exclusively determine the CaM conformation witthe CaM/target complex. For further
investigation, Muncl3 peptides with amino acid exuyes at positions 14 and 26 of the
CaM-binding motif (e.g. Glul4Phe and Trp26>Ala) could be synthesized and tested in
cross-linking experiments to evaluate whether tladonformation in the CaM/Muncl3

peptide complexes with these peptide variantstsneled or closed.

4.3. CaM/AC1 and ACS8 Interaction

AC1 and AC8 are both stimulated by CaM, but the aeism of regulation by the €a
sensor is different for both proteing0{). While AC1 possesses only one CaM-binding
region, AC8 exhibits a 1-5-8-14 motif in théterminus (AC8-Nt) and an 1Q-like CaM-
binding motif in the C2b domain (AC8-C2b) (Figuré)4 CD measurements of peptides
comprising the CaM-binding regions of AC1 and A@®wed that the propensity to form an
a-helical structure is highest for AC8-Nt, whereas AC1 and AC8-C2b this propensity is
lower, as evidenced by the TFE concentrations\ilesie needed to reach maximahelical
content. Inoffline nano-ESI-MS experiments with the AC1 and ACS8 pigstj CaM affinities
were ranked as follows: AC1-C1b > AC8-Nt > AC8-C222). The different CaM affinities
of the two AC8 peptides were confirmed by ITC meaments, which revealed aKalue
for the CaM/ACS8-Nt interaction in the nanomolar ganFor AC8-C2b, a significantly lower
CaM-binding affinity was observed. These difference CaM-binding affinities might be
caused by different CaM-binding modes of both A@Btmles. Cross-linking experiments and
molecular docking studies showed that the strustafdooth CaM/AC8peptide complexes are
comparable to the structure of the CaM/skMLCK MXEpide complex, with an antiparallel
orientation of the target peptide within the compl@lthough these complexes are similar
with respect to their overall structures, theresretle differences in the interactions between
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the hydrophobic anchor residues of the AC8 peptateds the CaM lobes. While the amino
acids at positions 1, 5, and 8 of AC8-Nt interagthwthe methionine residues of the
C-terminal CaM domain, Phe-13 and lle-14 are origntsvards theN-terminal methionines.
In contrast, the AC8-C2b peptide mainly interactdvihe N-terminal CaM lobe via Val and
GIn residues of the 1Q-like motif. These differescan the orientation of the named
hydrophobic residues in the AC8 peptides confirmeng findings where a Galoaded
N-terminal CaM domain was shown to be a requiref@mAC8-C2b peptide binding, while
the C-terminal CaM lobe has to be €doaded for AC8-Nt peptide bindingLQ7, 223.
Moreover, the cross-linking and ITC results showleat the CaM affinity of a CaM target
peptide depends on the orientation of the hydrojhabchor residues of the target peptide
within the CaM/peptide complex.

Nevertheless, the current model of AC8 regulatigrClaM that describes AC8-Nt as a CaM
trap was confirmed and extended. AC8-Nt seemsdease the local CaM concentration in
the environment of AC8-C2b by binding to CaM witighh affinity, even at low C&
concentrations. Upon raising the“Caoncentration, th&l-terminal CaM lobe is loaded with
C&* and binds to AC8-C2b, thereby activating cAMP prctibn of AC8. This activation is
fast because AC8-C2b does not have to competeothdtr CaM targets due to a high CaM

concentration in its environment.

In the case of the AC1 peptide, the thermodynanai@peters of CaM binding and the
structure of the CaM/AC1 peptide complex could b@idetermined due to oligomerization of
the peptide. In ITC measurements, CaM binding ajomhers with up to 10 AC1 peptides
was detected (Figure A18) and SDS-PAGE analysith@fcross-linking reaction mixtures
revealed high-molecular weight oligomers (Figuré. dthese findings stand in contrast with
the offline nano-ESI-MS experiments, which showed oligomeionabf the AC1 peptide only
when the peptide was added in a 10:1 (w/w) excesSaM. Nevertheless, a tendency to
oligomerize was observed in all experiments coretlicThe reason why no 1:1 CaM/AC1
peptide complex was detected in the cross-linkiegctions might be due to the higher
oligomerization tendency of the AC1 peptide aftédiion of the cross-linker. Furthermore,
in the ITC experiments 100 mM KCI was added to embacomplex formation, which might
result in a higher oligomerization tendency of th€1 peptide. For AC8-Nt, addition of
100 mM KCI was necessary to increase the ionicngthe and, thus, to enhance complex
formation, which was rarely observed without addiitof salt. As ITC experiments of CaM
and the AC1 peptide in the absence of KCl would mte been comparable to the AC8
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measurements, they were not performed. One passioilcircumvent oligomerization would
be to conduct SPR experiments, in which the ACtigeps immobilized and CaM affinities
are determined with a buffer containing 100 mM K&lcould be envisioned to study the
structure of the CaM/AC1 peptide complex by NMR esments, in which no cross-linking
reagent is needed and conditions comparable te thioheoffline nano-ESI-MS experiments
could be used.

4.4. AC8/Orailand STIM1 Interaction

In addition to the regulation of AC8 by €&CaM, there is also regulation by increasingCa
concentrations resulting from SOCE1B-114. The proteins STIM1 and Orail, which are
involved in SOCE, had previously been found to fiomally colocalize with AC8X14, 123.

The localization of AC8 at regions of the plasmambeane, which contain Orail, a protein
that forms junctions between the ER and the plas®@brane with STIM1, brings ACS8 into
vicinity of the location of C& ion entry during C& store refilling. This allows a fast
activation of AC8 upon store-operated?Cimflux. On the basis of previous experiments that
had shown an interaction between termini of AC8 and Orail, FRET measurements were
performed with truncated variants of AC8 and Oi@ias).

The experiments with full-length YFP-AC8 and CFBged, N-terminally truncated Orail
variants revealed no significant changes in the FRifnals for the variants compared to full-
length Orail (Figure 50). Also, no differences iRRET: values were detected before and
after Tg-induced store depletion. In contrast, updditional overexpression of HA-tagged
STIM1 together with YFP-AC8 and the CFP-Orail vatsa NFRET values were lower after
store depletion with Tg, compared to those withbgit(Figure A20). These data indicate an
influence of STIM1 on the AC8/Orail interactionther through a direct interaction of
STIM1 with theN-terminus of AC8 (where the AC8/Orail interactioainly takes place) or
via an induction of a conformational change of A@8 binding site in Orail, which needs to
be further investigated.

CFP-tagged constructs of two additional Orai isoferOrai2 and Orai3, were used in FRET
experiments with YFP-AC8 to investigate whetherréhes an additional interaction site
between AC8 and Orail beyond tRaéerminus of both proteins. Different NFREValues of
the interaction with AC8 would be expected for theee Orai isoforms if the interaction

between AC8 and Orail were restricted to theterminal regions. The reason for this is that
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the N-terminal sequence of Orail is missing in the otie¥ homologous proteins Orai2 and
Orai3. However, no significant differences wereeaskied between the interactions of Orail
and Orai2 with ACS, indicating that a second AC&iaction site is located beyond the
N-terminus of Orail (Figure 51). This was confirmieg an interaction that was observed
betweerN-terminally truncated AC8 (AC8M1) and Orai2.

Clearly, FRET experiments will have to be repeatedconfirm the preliminary results
obtained in this work. In future studies, the iat#on between AC8, Orail, and STIM1 could
be investigated by peptide array analysis or edactmicroscopy. The expression and/or
purification of at least one of these proteins M challenging because they are integral
membrane proteingn-vivo cross-linking studies using unnatural amino acidt® Bpa, at
various positions in the proteins will give furthesights into the interaction sites between
ACS8, Orail, and STIM1, and will, therefore, allownclusions to be drawn about the
regulation of AC8 by SOCE.
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APPENDIX

Tables

Table Al. CaM and CaM/target peptide complexes useid molecular modeling studies.

pdb entry structure
- C&*-CaM bound to a peptide analog of the CaM-bindegjan of chicken
smooth muscle myosin light chain kinase (smMLCK)
1cfd C&’- free CaM (Xenopus laevis)
1ckk C&*-CaM in complex with C&-CaM-dependent kinase kinase
lprw closed compact structure of nativé @@aM (bovine)
1gs7 C&*-CaM/rs20 peptide complex
1gtx C&*-CaM/rs20 peptide complex
Lwra Ca*-CaM complexed with a peptide from a human deasivaiated protein
kinase
2bbm C4&'-CaM /skMLCK M13 peptide complex
. C&*-CaM bound to the hydrophobic I1Q domain of the @ardCa(v)1.2
calcium channel
oI53 apo-CaM in complex with the 1Q motif of Human CadiSodium Channe
NaV1.5
2kdu C&*-CaM /Muncl3-1 peptide complex
2006 C4&'-CaM bound to a peptide from neuronal nitric oxégathase
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Table A2. Intermolecular cross-links between CaM andMunc13 peptides.

[M+H]" ey [M+H]" heor. CaM Munci13-1 | ubMunc13-2 | bMunc13-2 Munc13-3
K75 A10/F11
1375.730 1375.775
KMK”’ AENKVR™
2163.062 2163.069 K30 A3
(1 Met oxid.) | (1 Met oxid.) 2DGDGTITTKELGTVMR®’ s
2454.225 2454.219 K21 A2
: ' “EAFSLFDKDGDGTITTK® 'RAK®
1059.540 1059.591 K75 AL0
. . 75KMK77 10AVTK13
1357.732 1357.687 K75 ASIF8
: : PKMK SAHWFR®
K21 A10/K13
2753.404 2753.403 1 % 10 s
EAFSLFDKDGDGTITTK AVTKVR
K21 K12
2781.419 2781.409 1 - 1 15
EAFSLFDKDGDGTITTK EKRLR
K94 12
2785.332 2785.329 o 106 ) o
VFDKDGNGYISAAELR CINNFK
K94 K12
2691.393 2691.388
VFDKDGNGYISAAELR® MEKRLR™
K94 L9
2748.410 2748.399
'VFDKDGNGYISAAELR™® ’NVLREK'?
2709.235 2709.227 K75/77 M15/A16
(1 Met oxid.) | (1 Met oxid.) *KMKDTDSEEEIR®® M QMAELEEK*
K94 M15/A16/L18
2967.430 2967.408 o 106 1 o
VFDKDGNGYISAAELR QMAELEEK
K94 AB/ATIL8
2911.463 2911.462 o 106 s 1
VFDKDGNGYISAAELR EAALRAYK
K94 ABIAT
3039.563 3039.557 o 106 s 1
VFDKDGNGYISAAELR EAALRAYKK
K21 M15/A16/L18
3057.433 3057.429 1 - 1 o
EAFSLFDKDGDGTITTK QMAELEEK
K77 M15/A16
3068.393 3068.386 -, % 1 ”
MKDTDSEEEIREAFR QMAELEEK
K77 A10
3071.415 3071.422
MKDTDSEEEIR®® °AYKKQMAELEEK?!
K94 K13/M15/A16/L18
3095.507 3095.503
LVFDKDGNGYISAAELR'® BKQMAELEEK®
K21 AB/A7/L8
3129.584 3129.578
“EAFSLFDKDGDGTITTK® SEAALRAYKK™
3185.526 3185.503 K21 K13/M15/A16
: : “EAFSLFDKDGDGTITTK®® BKQMAELEEK®
K94 A10/K12/K13/M15
3457.705 3457.698 o1 106 10 o
VFDKDGNGYISAAELR AYKKQMAELEEK
4014.002 4013.955 K94 ABIATILS
(1 Met oxid.) | (1 Met oxid.) LVFDKDGNGYISAAELR® *EAALRAYKKQMAELEEK?
K21 AG/AT/L8
4674.323 4674314 | , 30 5 13
ADQLTEEQIAEFKEAFSLFDK EAALRAYKK
2062.970 2062.972 185 K12
: : ®DTDSEEEIR® *AFNKVR™
127 K12
2748.384 2748.377
2pGDGTITTK™ °AFNKVR™
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Table A3. Intramolecular cross-links within CaM.

[M+H] "oy [M+H]" theor. CaM CaM2
4407.114 4407.116 K94 M109/L112
' : *IVFDKDGNGYISAAELR'® 07"HVMTNLGEKLTDEEVDEMIR*?®
K94 L32/M36
2795.392 2795.371 o1 106 a 2
VFDKDGNGYISAAELR ELGTVMR
2981.392 2981.383 s K7sir7 o o 1100 106
KMKDTDSEEEIR DGNGYISAAELR
K94 M109
4391.152 4391.121 o1 106 107 126
VFDKDGNGYISAAELR HVMTNLGEKLTDEEVDEMIR
448118 4481.141 K21 M109
: (4497.136) YEAFSLFDKDGDGTITTK® ’"HVMTNLGEKLTDEEVDEMIR*?®
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Table A4. Cross-linking sites identified between CaMand the skMLCK peptide.

me':sléred [M+HT eor C;aa’[ge Mass(pd;r‘:")a"m [ca®] Ccam cam SkMLCK SkMLCK Fragments Sample
N-term K8 Yat» Yoz Yo Yaw Yas» Yoo Yar Vgor bas) 2
550.643 1676.915 3+ 03 1mm
LvK® °KNFIAVSAANR'® bas bus, bag by Bs’e
K8 K20 Yazr Yoz Yads Yas» Yass Yar» Yo Das, Das 8
569.989 1707.954 3+ 01 1mm g
*KNFIAVSAANR'® EKK™ A Bse
N-term K21 Yazr Yo Yair Yasr Yaer Yoz Yaw Das, Daa 2
860.474 1719.938 2+ 10 1mM
LMK “'KISSSGALMALGV™ Das, bag: bur, Dass bas Bs’G
K75 K21 Y Yot Vs Daz-H20, by, by, bgs, 2
867.979 1734.949 2+ 0.9 1mm
PKMK"" *'KISSSGALMALGV™* g1 Dp1, bz BS'e
K7 K21 bas-H20, bag, bazs bag, bag, baros bars, 2
895.498 1789.988 2+ 0.9 1mM BS’G
SWKK® 2/KISSSGALMALGV™ baiz b
2026.941 K77 K3 Yat OF Vg1 Yoo Yp2r Dz D Hz0, bes, 2
507.492 5 4+ 29 30nM
(2 Met oxid.) " "*MKDTDSEEEIR® LMKR* byt Lo
Ko4 K20 Yoz Yaz Yab Yas Yae Yar Yais Daz,
568.796 2272.161 4+ 05 1mm 2
™ “'VFDKDGNGYISAAELR'™ OEKK? bas-NHs, bug, baro, by burz Bs'G
2351.156 K75 K30 Y Vet Yoor Yats Yoo Hz0, YaazHz0,
BRI (1Met oxid.) o a5 Y] TSKMK™T ZDGDGTITTKELGTVMR®" a3 SECUISECS
K75 K94 Va2 Vet Yot YasHo0 01 beg"NH3,
599.805 2396.195 a+ 0 30nM atr Yar Dasy DatoH20, ba1NHz, by SBC8
n KT Sy EDKDGNGYISAAELRI® Vats Yar: bao 10 b Nt b
3
K75 @ Ves: Yaer Yar Yaawr Yarz Yars Yaa4Hz0)
! . + 0. bag, bag-NHs, bato, buas-Hz0, bars- A
622.303 2486.190 4 0.3 1mm e R ot DR Rk BS’G
5
K94 M36 Yoz Va3 Yatr Yas» Yawr Yar Do H0,
699.598 2795.372 4 03 30nM / 1mM SBC4, SBC8
* i 7 Ami “'VFDKDGNGYISAAELR'® FELGTVMRY bo-H;0, byioH,0
K77 K21 Yas Yp3 Yo Ypor bpa-NHs, bes, beg, a
703.105 2809.396 4+ 05 1mM BS’G
"KMKDTDSEEEIR® *'KISSSGALMALGV™ Dg10 OF bz, by byiz
2908.450 K13 K21 Yaz Yats Yaw Yar2s Yarz Yao~H20, Yaro, 2
727.866 4+ 2.0 30nM
(1 Met oxid.) " 'ADQLTEEQIAEFK™ 2IKISSSGALMALGV™ Vit bag-2H50, ba1o-Hz0, bar, bas BS’G
3040.439 K75 132 Yos7H20, Yo Yato Yarzs Yars Vars™
760.865 . 4+ 0.1 1mM SBC4
(1 Met oxid.) m T*KMKDTDSEEEIREAFR™ FELGTVMRY H,0, Yars, batg-H,0
K148 P Yai1 Yar3 Yars Yare Yas'H20, Yp bas)
1021.465 | 3062.376 3+ 12 1mM #*EADIDGDGQVNYEEFVQMMTAK] o8 bass bator bagz, busHz0, bis-Hz0, BS’G
148 WKK'
baiz-Hz0
K94 M30 Yab Yaw Yaw Yar Yaw YasNHa, Ypo-
1032519 | 3095539 3+ 12 30nM SBC8
" “'VFDKDGNGYISAAELR'™ *ISSSGALMALGV ™ H0, Va1, Varz-2NHs
K21 K8 Yaz Yas Yass Yaws Yoo, Yar1-H20, Yarz
. . . 015 Ypu Y You Vs Yoo Das pr 3
783.398 3130569 a+ 0.7 1mm MEARSLEDKDGDGTITTIC® NFIAVSAANRE® Yasss Yo Yo You Vs Yoo Das Dpr BS'G
H;0, byz, by, by, byg-H,0
K148 N-term Ya10 Yarr: Yaiz Yars Yars Yais Ve
1050148 | 3148.427 3+ 0.9 1mM *EADIDGDGQVNYEEFVQMMTAK] A T Stz Sk 3 ein F o Sz BS’G
R KR Yaaw Yers Yazo besH20, beg ber
Yasr Yas-NH3, Yo Ho0, Yar-2H,0,
K94 L1 Ya4-2H50, Yargs Yaro OF Yaa-Ha0, bs,
640.132 3196.633 5+ 10 30nM sBCs
" “EAFRVFDKDGNGYISAAELR'™ 'LMKRR® barHz0, bag~Hz0, buig-2Hz0, buay-
2H;0, basy
3328.640 K75 K21
832917 . 4+ 10 1mm s Yt Yo, D s D10, b1, b i
(IMet oxid.) i "*KMKDTDSEEEIREAFR™ 2KISSSGALMALGV™ R I
K21 AL2 Yes» Yo Yoo Yo Yoo Yar1» Yaiz OF b
850.674 3399.674 4+ 08 1imm 1 50 s 20 Yata Yats, bas-21120, Das, DasH20, bas, SBC4
EAFSLFDKDGDGTITTK NFIAVSAANRFK
bars, Yo Yo D ba-NH;
K75 K20
854.671 3416.690 4+ 20 1mm » bgs, b7, b1y, byas-NH. %
i "*KMKDTDSEEEIREAFR® NFIAVSAANRFK? Ya Yp10 Dgs D7 Bern, DgasNH; BS’G
K94 K21 Ya2 OF Yjus, Va3 OF Yarz Yas Yass Yasr 2
924.45 3694.776 4 05 1mm
" m “'VFDKDGNGYISAAELR'™ “EAFSLFDKDGDGTITTK™ Yar Yars Yoo Yoar Yoo Ypsw Ynz Das Bs’c
K21 e Yes: Yas: Yas Yaro Yara Yazo, Yaz1-Hz0)
977.486 3906.917 4+ 11 1mM *ADQLTEEQIAEFKEAFSLFDKDGD ot buasNH3, Yaas, Yazes Yazr Yazss bas BSG
GTITTK® bas, Baigs barzs bary
K77
L a2 Yas» Yabs Yas) Yass Yar, Yoo Daos D
878.629 4390.112 5+ 0.2 30nM/1mM  |™°MKDTDSEEEIREAFRVFDKDGNG i Yar Ve Yo Yo Yoo Yer Yoo Do Deo| - gy
(1 Met oxid.) 06 LMKR NHy, by,
YISAAELR
K77 Ve Yo Yats Yas Yas Yo Yoor Yarz™
4406.107 76 L1 NH;, byH;0, begH;0, beys-2H,0 orf
831828 | ) \ier i) 5+ 13 300M MKDTDSEEEIREAFRVFDKDGNG] s ors-NHo by ZH,0, sy 2H.0, SBC8
YISAAELR
bazs-2H0
K21 s1 Yaw Yoo Yazzs Vazw Yazs Yz Yaar
1169.583 4675.305 4+ 15 1mM 'ADQLTEEQIAEFKEAFSLFDKDGD) SKNFIAVSAANRY Vai2-H20, Ypo, Bats Bugs Dator Bt by BS’G
GTITTK™ NH,
K75 Yao Yaaz'H20, Vs YareHaO, Vo
L1 2H,0, Vs Veas-3Hz0, big or by,
975.255 A 5+ 11 30nM/1mM | **SLGQNPTEAELQDMINEVDADG L 20 a0 Yass 320, D OF Bt | gp oy opeg
(3 Met oxid.) NGTIDFPEFLTMMARK™ LMK’ bag, barn, baigH20, baig-H20, bazs-
H;0, buar-NH; or by;-2H;0
K148 Neterm Yatr Yaz Ya Yas Yoo H20, YaoH20,
1340143 | 5358.487 a+ 17 1mm "HYMTNLGEKLTDEEVDEMIREA i baser Dazzs azes basos basss buse ban | BS?G
DIDGDGQVNYEEFVQMMTAK basg, bass, baas, bys, by
K75 Vao-H20, Ya10"NH3, YazeH:20, Y3, bas
967.801 (15321";;3) 6+ 01 1mM 5| GQNPTEAELQDMINEVDADG “KISSS;AZEMALGV“ buaa buaw buas: baze bz buss bys | BS%G
NGTIDFPEFLTMMARKMK'" bga-NH3, byi,-NH;

4: irradiation energy of 4000 mJ/én8: irradiation energy of 8000 mJ/ém
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Table A5. Cross-linking sites identified between CaMand the skMLCK F19A peptide.

me:s/fued [M+H] reor CZQZ? Mass(:pen‘:‘)auon [ca”] caMm cam SkMLCK F19A Fragments sample
Yaz Yas Yas OF Dag Yas OF Bat1, Yasr
K94 K20
549.787 2196.13 4+ -1.0 1mm Va1 Pag Daz, Dags Datos Darzs bz g
m U EDKDGNGYISAAELR'® pRK? Yar Ve Pas 7 Do b B BS’G
e
K77 K20 Yat» Yad Yai0 Vet Yaizs Yais Yaiss Da 2
575.033 2297.108 4 05 1mM
* m "*MKDTDSEEEIREAFR® AKKH bas, bazNH3, bey1-NH3, b, L)
2351.156 K75 K30 Y Ya9» Yaiz» Yar Yao-H20, Yar2H20,
44 8 4 - 4,
588.5 (1 Met oxid.) + 28 30nM / 1mM MK 2DGDGTITTKELGTVMRY bus SBC4, SBC8
K77 K7 Yaz Yoo Ya17 Ya10 Ya11 Yai2 Yar 2
603.793 2412.15 4 -04 imMm
* m "*KMKDTDSEEEIREAFR® ‘WK’ Yars baz-Hz0, bazo BS'C
K94 M36 Yoz Ya Yat Yas Yoo Yar Yger Yos~H20)
699.508 2795.371 4+ 06 1mm bug-2H,0, beg-2NHy, byig-H,0, by | SBC4, SBCS
" *'VFDKDGNGYISAAELR'™ SELGTVMRY o e
50, buyz-3Hy
Yas Yot Yass Yass Yar Yo Yaor Dazs Dara
Ko4 M30 OF Yo OF by, bes2Hy0, bygo-Ho0,
1032.181 3095.539 3 22 30nM SBC4, SBC8
* " “'VEDKDGNGYISAAELR'® ZISSSGALMALGV®  [bursH0, bys-Hz0 or by Hy0, byso
H,0
K148 K3 Yao Yar0 Ya12» Yai3 Yara Yais Ve
1044.817 3132.432 3+ 09 1mMm “*EADIDGDGQVNYEEFVQMMTA oo Jaie Juid Jats Sy T Jud 2
Qe LMKR' Ve Ve, Yeao basHa0, bes bisortz0f  BSC
K94 L1 [Ya11 Yaz0 OF Ypa-H20, Yar3-2H;0, Yar4]
640.132 3196.633 5+ 16 30nM SBC8
*’EAFRVFDKDGNGYISAAELR'® 'LMKRR® 2H;0, bas, bu, Bato-2H;0, bas1-2Hz0
Yaz» Yaar Yos: Yaor Yar Yoo Yai v Yar3~
K94 M30 H20, Ya15-2H;0 or byis-Hz0, beg-Hz0)
1074.209 3223.634 3 0.5 30nM SBC4, SBC8
* " *'VFDKDGNGYISAAELR'® KISSSGALMALGY® | BasrHz0, ba1-Hy0, bisa-NHs or by
NHj, bgss-NH; or byyy-NHy
K77 Yaz: Yats Yas» Yaer Yar Yaon YaasHz0,
L1
878.63 (1“;2'35 ) 5+ -1.0 30nM ®MKDTDSEEEIREAFRVFDKDGN LR bas, bate ato"NHs, bezo, bazz, bz SBC4
. GYISAAELR'® Dbaso-Ho0 or bys-H,0
K77 A16 Yar, g7, Ya1a-Hz0, baz-2H;0, bag-
901.465 4504.276 5+ 24 30nM sBCa
" "*MKDTDSEEEIREAFRVFDK®* WKKNFIAVSAANRAKK® | H;0, buio-2H,0, bers, byis or bsg
K21 A Ve Ya13-2Hz0, Yate Yarr Yazr, Yazzr
1169.584 4675.305 4+ 15 1mm 'ADQLTEEQIAEFKEAFSLFDKDGD) NFIAVSAANR® Yzt Vet Yazs Yazer Yazr Yaos-NHs, BS%G
GTITTK® Y84 bas bas, Dg10 b1y
K75 Yar Yoo Yai2-Hz0, Va3 Yars-H20, Yazy
L1 2H,0, Yu20-3H;0, Y30, Yeaz-3H20, by,
975.254 4872.240 5+ 09 30nM/1mM | ®SLGQNPTEAELQDMINEVDADG s 2% Yaror= a0 Yaao Ve B0 el spcy speg
(3 Met oxid.) 75 LMK or bg1, bag, baiy, baig-Hz0, bazr-NH;
NGTIDFPEFLTMMARK
or by,-2H,0
T70 Yas5-NH3, Yaz1, Yazs-H20, Yazr-H20,
. K3
896.587 (25,379‘: ;'f; ) 6+ 16 1mm > ELGTVMRSLGQNPTEAELQDMIN WS Yas ¥p1-H20, bag, bezo, bara-Hz0, BS?G
b EVDADGNGTIDFPEFLTMMAR™ buts Pazz, Dazs, Dasar Dasor b oo

4: irradiation energy of 4000 mJ/én8: irradiation energy of 8000 mJ/ém
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Table A6. Cross-linking sites identified between CaMand the skMLCK F19E peptide.

me;"slired M+H] eor C:;;Ze Mass(::;')am" [ca®] cam cam SkMLCK F19E Fragments Sample
K94 K20 Yat, Yaz Yas Yass Yaer Yarr Yaror e 2
564.289 2254.135 4+ 0.1 1mMm
™ *'VFDKDGNGYISAAELR'® PEKK? bag, baro Barts barz-H20, baz, bais BS°G
2351.162 K75 K30 Yaw Yoo Yais Yais OF bars, Yao-Hz0,
. -+ 2.
588545 | (1 Mot oxid) 4 26 oMt TKMKT #DGDGTITTKELGTVMR® Yarz H20, bu SBC8
Koa 1 Yaz Ya Yats Yas or bp2s Yasr DaaNHs,
596.051 2381.185 4+ 0.8 30nM o 106 1 s beo-Hz0, beio-NHs, bato-Hz0, baas- SBC8
'VFDKDGNGYISAAELR LMK NI
s
K75 F92 Yo Yo Yo YasH20, Yasr Yar Bas-
599.805 2396.196 4+ 0.2 30nM SBC8
TKMKT *'VFDKDGNGYISAAELR'*® NH3, bgyo-NHs, bygp-NHs, bags-Ho0
K77 K7 Yazs Ve Y Yo Yaro Yatts Yoz Yars™ 2
603.793 2412.150 4+ 0.2 1mMm
"°MKDTDSEEEIREAFR® SWKK® NH3, Vi Yo bz B et Bse
K77 K20 Yas» Yar-H20, Yas Yarv Yaie Bags Bars 2
414.707 2483.208 6+ 0.3 1mM
"*KMKDTDSEEEIREAFR® TOEKK® bag by 8s'e
2556.240 K77 K7 Yt Yaor Yo, Yad Yoor Yaror Yerus Yarze 2,
852.752 3+ 06 1mMm
(1 Met oxid.) "KMKDTDSEEEIREAFR® SWKK® Ya13-H20, Yas-H20, ygoHo0 Bs’e
Koa M36 Yaz Ya Yat Yas» Yaor Yar Yoo YpsHaO,
. . + . beg-2H,0, byo-2NHg, byy1-H;0, by s
699.344 2795.371 4 05 1mMm e e T S GTYMRY AR D e SBC4, SBC8
2
Koa M30 Yoz Yass Yats Yas Yae Yoz Yp11-2Hz0
. . byg-2NHy, byg-H;0, byoHz0, by ,
4.641 3095.539 4 05 30nM o1 DKDGNGYISAAELRI® 2sscamaLgye |07 P 2NHy P10 b0 sy SBC4, SBC8
2
K148 Yas, Yas Ya10, Yai 1, Yai2, Yaaz Yai7,
3148.427 128 K3 3
. b NHy, boyH,0, bes-H,0, byl
787863 | (1 viet oxid) 4+ 0.5 1mM EADIDGDGQ[XANBYEEFVQMMTA gt Yas baa-NH3, SRR BS°G
ats
K94 L1 Va1 Yazo OF Yp4-H20, Yar3-2H20, Ve
640.132 3196.636 5+ -0.9 30nM/ 1mM SBC4, SBC8
iz am #EAFRVFDKDGNGYISAAELR'® LMKRR® 2H,0, by, bz, bea1-2H;0
Yas Yoo Yar Yarv Yar3Hz0, Yars-
b M30 2H,0 or byy5-H;0, ¥p12-2H;0, bes-
1074.88 3223.634 3+ 0.9 30nM SBC4, SBC8
“'VFDKDGNGYISAAELR'® 2KISSSGALMALGV®  [NHs, byto-NHs, bers-NH or bgo-NHs
bpo-NH3, by1o-NH, bgyi-NH
4 a2 Ya3r Yos Yas Yaor Yarr Yot Yaor Yp101
827.916 3309.654 4+ 0.6 30nM o K9 106 o k20 o |V Yo Yo Yas Yeo Yo Yo Yoo Y| gy speg
'VFDKDGNGYISAAELR NFIAVSAANREK Yp3-H20, by, bes
K77 K21 Yp3 Yaar Yos Ypor Dar"NH3, B, bats, 4
663.335 3312.645 5+ 0.2 1mM
"KMKDTDSEEEIREAFR” *'KISSSGALMALGV* bgi-Hz0, byio, byaz BS°G
K94 AL2 2 Yess Yats Yass Yo Yot Doz by, b
688.086 3437.749 5+ 15 30nM o 06 N g Ve Yo Yo Yo Yoo Vi gz bys Dol - g g
'VFDKDGNGYISAAELR NFIAVSAANREKK baso, Darz
K75 ko4 Yaz OT Yz Ya3 OF Yy Yasr Yas Yas Yar
694.730 3470.642 5+ 0.1 30nM . Doz, bag"NH3, bo-NH3, baoNHz|  SBC8
SKMKDTDSEEEIR®® *1VFDKDGNGYISAAELR'® TESERS A
aitNH;
Yaz OF Yz Yas Yatr Vs Yoo Yar Yaor
3496.767 K94 K21
874.948 A 4+ 0.4 30nM 12 Vet bag2H20, bagNH3, buas- sBC8
(1 Met oxid.) " *VFDKDGNGYISAAELR'® 9EKKISSSGALMALGYH | Y e s
4 or byy3-NH;
K21 N-term Yoo Yo YarzH20, Yaro, Yazu Yazs
1012.75 4047.974 a+ 0.6 1mM 'ADQLTEEQIAEFKEAFSLFDKDG 1L MKR® Yoz Yazs: Yazr: Yazs H20, bas, bar- BS’G
DGTITTKY H;0, by, by, byr-H,0
K77 Yazs Ve Yoo Y Yaor Var Yaor Yazo™
L1 H;0, Y5, azzs et NHs, beay-NHs,
878.627 4390.112 5+ 0 30nM "MKDTDSEEEIREAFRVFDKDGN N " 20 Yusy Dz ST PN | gpog speg
(1 Met oxid.) 106 LMKR buzs~NH3, buag-NHs, buso-H0 or bgs-
GYISAAELR 1.0
B
K77 Al6 Yar: Yp7: Yara-H20, Yar7-H20, beo-
| § + ]
RORCES ER0EZIC = 22 o "*MKDTDSEEEIREAFRVFDK®* SWKKNFIAVSAANREKK? | Hy0, b1g-2H;0, bays, bgss or bysg SBC4
K75 Yoo O YaasHo0, Y1220, Yars Yaor-
L1 2H,0, Ye29-3H50, Vs Vaas-3H;0, b,
975.255 4872.240 5+ 1.3 30nM/1mM | ®SLGQNPTEAELQDMINEVDADG P 20 Yaor S0 Yaao Yass 500 D gy speg
(3 Met oxid.) NGTIDFPEFLTMMARK™ LMK or by, beg, bai1, bareHz0, beor-NHy
or bz -2H,0, bus-Hz0, bearNH
K148 N-term Ya1 OF baty, Yoz, Yas-Hz0, Yazs OF baza,
1072.505 5358.487 5+ 16 1mMm %8HVMTNLGEKLTDEEVDEMIREA| W 8 8 i W s B s BS’G
DIDGDGQVNYEEFVQMMTAK'*® DBazer Daz Duzss baar, bg1
K75 K3 Yaz Va3 Yab Yas orbgs Y DaaNH3,
1072.505 5358.498 5+ 05 1mMm *ELGTVMRSLGQNPTEAELQDMI Lmie bag-Hz0, baso-NHs, basgrHe0, basy- BS’G
NEVDADGNGTIDFPEFLTMMAR™* NH;

4: irradiation energy of 4000 mJ/én8: irradiation energy of 8000 mJ/&m
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Table A7. Cross-linking sites identified between CaMand the skMLCK F19E/L31W peptide.

m/z " Charge Mass deviation 24,
measured [M+H]"heor state (opm) [Ca™] CaM skMLCK F19E/L31W Fragments Sample
K77 L1, M2 Yat: Yaz: Yaa: Yas: Yasr Yoor Das=H20
527.507 2107.009 4+ 1.3 1mM SBC4
"*KMKDTDSEEEIR® Lmk® 0r Ygz, Bz, Dag-Hz0, bag-NH3, byso
Yat, Yoz O Yai1, Y3 O Ya1z'Hz0, Yo
K94 L1, M2 O ba1g-NHs, Yos OF bga, Yag: Yar: Dag,
596.051 2381.185 4+ 0.7 1mM '| sBC4, SBC8
“VFDKDGNGYISAAELR'® LMK® bag, ba1o: ba11NHa, Da1o-2NHg, basa,
bulA'HZO
Yazr Ya3, Yaa OF Darz, Yas-Hz0 Yae:
K21 Yao: Ya10, Yai1: Yaiz: Yara-Hz0 OF baya
603.552 2411.188 4+ 0.5 1mM “RR® ' SBC8
YEAFSLFDKDGDGTITTK® RR NHa, bs-H;0, bgr-H;0, begHz0,
Des-NHg
2431.185 K13 K3 Yaa Yar-NH3 OF b, Yoo, Ya12-NH3, 2
608.551 A 4+ -0.9 1mM
(1 Met oxid.) m LADQLTEEQIAEFK® LMKR* bgs, Dag-NHg, be7-2H,0, by 56
K21 L1 M2 Yaz: Yas, Yoo Yoor Ya11-Hz0, Yaiz-
. 471. . , ’ H,0, Ya14-H20, Ya15-H;0, bus-H,0, 4,
618.557 2471.205 4+ 0.3 30nM, 1mM MY AFSLFDKDGDGTITTK® LMK 20, Ya14H20, YarsH:0, bes-H0, | SBC4, SBC8
beg-H,O or bgy-H,0
K77 L1, M2 Yo+ Ya9 OF Va4 Ya0 Yai1 Ya12: Yaus,
621.296 2482.161 4+ 0.6 30nM | secs
"MKDTDSEEEIREAFR* LMK? bgs-NHa, bg,
Koa n Yaz OF Yau1: Yaa: Yaar Yas OF bga, Yae:
635.577 2537.286 4+ 0.4 1imm o1, 106 1 4 Ya7, Pag"H20, Da10-H20, ba1i-NH;, SBC8
'VFDKDGNGYISAAELR LMKR
Dg12-NH, ba1a-NHs, by
K75 L1, M2 Yaz: Yos, Ya10: Ya12: Yas OF Ygo-NHs,
870.757 2610.258 3+ 0 30nM / 1mM g sBc4
"®KMKDTDSEEEIREAFR® Lmk® b,
K21 L1, M2 “H20, Yai1, YarzHz0, bag-H0,
657.582 2627.306 4+ 0.2 1mM " 2 Pt Yaro 2D Yo Yao oD Basho: | spy speg
EAFSLFDKDGDGTITTK LMKR bg7-H;0, bags, Dara
Ya1'H20, Yoa3-H20, Yae-NHa, Va1~
H20, Ya12-H20, Ya13-H20, Ya14-H20,
3132.389 K148 L1, M2 NH. NH NH.
1.044.802 &k 3+ 07 30nM/1mM | ’EADIDGDGQVNYEEFVQMMTA A it St ik Ve Vet | e spre
(1Met oxid.) o LMK’ Ya19"NHa, Ya20-NHs, Yao1-NHa, bag-
H;0, bes-H,0, ba7-H20, byg, buio
H,0
Ko4 L1 M2 Yaa Yoo, Ya11-H20, Yarz: Ya1a-2H,0,
640.132 3196.633 5+ -16 30nM ’ -2H,0, Ya15-3H,0, bys, bag bars,|  SBC4
ul 97 AFRVEDKDGNGYISAAELR% 1L MKRR® Ya14-2H20, Yars N 0, bas, bag, Dass
'al8
Yaz'H20, Yaa, Yas: Yas: Yar OF Bgio,
K94 Al12,V13
828.168 3309.654 4+ 1.2 30nM @ oD 9 ) 20 Yag OF Ygg 1 Yai1, Das~H20, beg-H,0, SBC4
'VFDKDGNGYISAAELR NFIAVSAANREK!
ba10H20, Yg10, bga, bea, Pes, bge
Va3, Yaa Yae: Yas: Yas, Ya11, Yarz OF
K21 Al6 bgs, Yara, Yars: Paa-2H20, bos, bee-
850.674 3399.672 4+ 0.6 1mM SBC4, SBC8
“EAFSLFDKDGDGTITTK*® *NFIAVSAANREK? H,0, bag, bays, Ygor Y10 bpar Dpa
NH,
K148 $23, S04 Yaz-3H20, Ya6-H20, Ya7-120, Yara:
945.675 3779.676 4+ 0.2 1mMm SEADIDGDGQVNYEEFVQMMTA TR Ya1ar Ya1: Baao™NHg, byg-3H;0, BS2G
K® Do, Yge-H20, Ype, bg7, Dp10-2NH3
Yoo, Ya12H20, Ya13, Ya14H20, Yars
4872240 K75 L1 H20, Ya202H20, Ya23-H20, Yazor
975.254 e 5+ 0.9 30nM/1mM | ®*SLGQNPTEAELQDMINEVDADG PR Yas3-3H20, Yase-NHs, bgy OF by, | SBC4, SBC8
(3 Met oxid.) 75 LMK
NGTIDFPEFLTMMARK bag, Par1, ba16-H20, Dazg-Ho0, baze,
D320, buar-NH; or bgy-2H,0
4: irradiation energy of 4000 mJ/én8: irradiation energy of 8000 mJ/ém
Table A8. Cross-linking sites identified between CaMand the AC8-Nt peptide.
m/z + Charge Mass deviation 24,
measured [M+H]" heor. state (ppm) [Ca™] CaMm Cam AC8-Nt Sample
689.682 K77 E11
‘ 2067.031 3+ 0.7 1.4mM SDA 4,8
(1 Met oxid.) m KMK? 'ADQLTEEQIAEFK* '
K94 116
694.095 2773.358 4+ 0.5 1.4mM SBC 4
*'VFDKDGNGYISAAELR'%® SHITEQR?
K21 116/R20
903.784 2709.337 3+ 0.4 1.4mM M . 15 2 SDA 4
EAFSLFDKDGDGTITTK HITEQR
K21 R3
941.460 2822.363 3+ 0.3 1.4mM SBC 4
“EAFSLFDKDGDGTITTK®® 1GSRPQR®
955.132 2863.378 3+ 1.0 1.4mM ka1 116 SBC 4
’ ) ’ ’ “EAFSLFDKDGDGTITTK® PHITEQR®
3467.552
K148 R6
1156.522 3483.547; 3+ 0 1.4mM SBC 4
( . m 12"EADIDGDGQVNYEEFVQMMTAK® 1GSRPQR®
3499.542)
1086.529 4343.095 K21 V108
) 4+ 03 1.4mM SDA8
(1 Metoxid) | (4359.089) “EAFSLFDKDGDGTITTK® "HVMTNLGEKLTDEEVDEMIR'?®

4: irradiation energy of 4000 mJ/én8: irradiation energy of 8000 mJ/ém
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Table A9. Cross-linking sites identified between CaMand the AC8-C2b peptide.

m/z " Charge Mass deviation o
measured [M+H] theor. state (opm) [Ca™] CaM CaM AC8-C2b Sample
2220.025 K77 L22/L23
555.762 4+ 05 1.4mM SBC O
(2236.020) ®MKDTDSEEEIR®® ZQLLNEU?
K21 R18/K20
660.580 2639.299 4+ 0.3 1.4 mM SBC 8
YEAFSLFDKDGDGTITTK® 'QRQK*
2051.037 K77 19/E11/F12
684.350 3+ 0.1 1.4mM SDA4, 8
(2067.031) SKMK? 'ADQLTEEQIAEFK"™
3125.483 K77 E11
782.126 4+ 0 1.4 mM SDA 4,8
(3141.478) ®KMKDTDSEEEIR®® 'ADQLTEEQIAEFK"™
K94 R18
850.431 2549.278 3+ 0.8 - o 106 . 2 SBC 4
VFDKDGNGYISAAELR QRQK
K21 R18/K20
880.437 2639.299 3+ 0.8 1.4 mM ” w 0 o SBC 8
EAFSLFDKDGDGTITTK' QRQK
3628.732 K75/K77 L4/K13
907.939 4+ 0.6 1.4mM SDA 4, 8
(3644.727) "SKMKDTDSEEEIREAFR* 'ADQLTEEQIAEFK"™
K94
932.462 2795.371 3+ 0.3 1.4 mM - - a VR o SBC 8
VFDKDGNGYISAAELR ELGTVMR
4: irradiation energy of 4000 mJ/én8: irradiation energy of 8000 mJ/ém
Table A10. Cross-linking sites identified between Q4 and both AC8 peptides.
m/z " Charge Mass deviation o4 g g
measured [M+H]" heor state (ppm) [Ca™] CaM Cam AC8-Nt AC8-C2b Sample
2238.254 K77 Vi3
560.318 (2254.249) a+ 0.9 1.4mM KT TLLWOTAVRHITEQR® SDA 4
655.584 2619.316 4+ 0.7 1.4mM o Ko 106 5 116R20 2 SDA 4
VFDKDGNGYISAAELR HITEQR
K21 R18/K20
660.580 2639.299 4 0.8 1.4mM M ARSLFDKDGDGTITTK® Y ORQK® SBC 8
678.089 2709.337 4+ 03 14mM/ - 1 K21/K30 2 ',156/E18’R222 SDA 4,8
EAFSLFDKDGDGTITTK HITEQR
2051.037 K77 E11/F12
684.350 (2087 031) 3+ 0.1 14mM/- KT \ADQLTEEQIAEFK® SDA 4,8
694.094 2773.358 4+ 1.0 1.4mM o Ko 106 5 16 2 SBC4,8
VFDKDGNGYISAAELR HITEQR
K21 R3
706.346 2822.363 4+ 0.1 1.4mM LEARSLFDKDGDGTITTK® 1GSRPOR® SBC4,8
716.601 2863.378 4+ 0.8 1.4mM 1 k21 2 5 16 2 SBC 8
EAFSLFDKDGDGTITTK HITEQR
2217.045 K77 116R20
739.687 (2233.040) 3 04 ) ®MKDTDSEEEIR®® BHITEQR® SbA4. 8
782.125 3125.483 4+ -1.0 1.4mM 5 K7 o . E1l = SDA 4
KMKDTDSEEEIR ADQLTEEQIAEFK
787.716 K77 R20
(L Metoxia) | 2361135 3 03 LAmM TSKMKDTDSEEEIR® SHITEQR? SbA4
847.385 k48 R20
g 127
(2 Met oxid.) 3386.515 4+ 0.4 1.4mM EADIDGDGQ}z/ll‘\laYEEFVQMMTA 15HITEQR2° SDA 4
K21 L112
1090529 | 4559 0gg 4 08 - “ w | *HVMTNLGEKLTDEEVDE SDA4
(2 Met oxid.) EAFSLFDKDGDGTITTK MIR12®
1167.186 R R3
- 127y
(2 Met oxid.) 3499.542 3+ 0.7 1.4mM EADIDGDGQ;ANEYEEFVQMMTA 1GSRPQR® SBC 4

4: irradiation energy of 4000 mJ/én8: irradiation energy of 8000 mJ/ém
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Figure Al. Fragment ion mass spectrum of a crossAk between CaM and Muncl3-IMS/MS data were recorded at a
retention time of 116.5 min, the triply charged qunesor (n/z818.746) was selected that represents a crossdipkoduct
between CaM and Munc13-1. The reaction containe@-@lf excess of SBC and was irradiated with 8000cn#)/The
cross-linked product is composed of amino acid8d4f CaM ¢-peptide, red) and 1-3 of Muncl13-f-fgeptide, blue), in
which the cross-linker at Lys-21 of CaM had reactéth Ala-2 of Munc13-1.
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Figure A2. Fragment ion mass spectrum of a crossrk between CaM and ubMunc13-2MS/MS data were recorded at a

retention time of 77.3 min, the quadruply chargeecprsor fn/z689.107) was selected, representing a cross-lipkeduct
between CaM and ubMunc13-2. The reaction was caoti¢avith a 20-fold excess of SBC and irradiated 8800 mJ/crh
The cross-linkedproduct is composed of amino ati#t#80 of CaM ¢-peptide, red) and 10-15 of ubMunc13f2peptide,

blue), in which Lys-21 of CaM is connected with ubMd@3-2. The exact cross-linking position could betdetermined

based on MS/MS data.
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Figure A3. Fragment ion mass spectrum of a crossAk between CaM and Munc13-3MS/MS data were recorded at a

retention time of 67.7 min, the quadruply chargeecprsor fn/z760.646) was selected, representing a cross-lipkeduct

between CaM and Muncl3-3. The reaction was condweittda 20-fold excess of SBC and irradiated with @a@/c.

The cross-linked product is composed of amino aBH406 of CaM ¢-peptide, red) and 5-13 of Munc13-8-geptide,
blue), in which Lys-94 of CaM is connected with Aasr 7 of Munc13-3.
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GST-bMunc13-2

MBPI LGYWKI KGLVQPTRLLLEYLEEKYEEHL YERDEGDKWRNKKFEL GLEFPNLPYY!I DGDVKLTQS
MAI | RYl ADKHNML GGCPKERAE! SMLEGAVLDI RYGVSRI AYSKDFETLKVDFLSKLPEM_KMFEDR
L CHKT YL NGDHVTHPDFML YDAL DVWL YNDPMCL DAFPKLVCFKKRI EAl PQI DKYLKSSKY! AWPLQ
GNQATFGGGDHPPKSDL VPRGSPEFHQGL SFL PKDGSAKQSDVSKL QDEVKGTSGAPQVI SDPCGELS
LLHQLEGSSPVLI PKEEDCGKLQ FKQDSQEHKACNVTKL QSDCNNAI KASSCL SLSGPLKAEKVNAE
DRVLGGEDGLDI L SPKQLEDLLADKSRRFATLNPDSAVEEV! | GPETFSNMVHI DLNEEETCTAQVLK
NVFDKSSCVL GGSQEDEDVE! KFHTTKLSRAI HHFRLAL QGVFQKLENNGS! SPEDLESNESGSQSEN
SDRL LWI'VSSGGAHDCSVESPASQGSESL L SVWSGGVG SVQGEDQTPQAPSNFSLASNNSPLTNSLLS
FPLAPGLGNETCSRPDSPNQGKL SLEQVCAET! YLNKCI NNFKNVL REKRLRQKKLLQELVQTASHLS
VEDI PSEGKREALQ SDDGDPSL PQW.PEGP

Figure A4. Sequence of the GST-bMunc13-2 domairthe bMuncl13-2 domain used in this study was oyaessed as
GST fusion protein containing the GST tag (italit)yombin cleavage site (red), and amino acids-3880 of full-length
bMunc13-2.

GST-Munc13-3

MBPI LGYWKI KGLVQPTRLLLEYLEEKYEEHL YERDEGDKWRNKKFEL GLEFPNLPYY! DGDVKLTQS
MAI | RYl ADKHNML GGCPKERAEI SMLEGAVLDI RYGVSRI AYSKDFETLKVDFLSKLPEM_KMFEDR
L CHKTYLNGDHVTHPDFML YDAL DVWL YMDPMCL DAFPKLVCFKKRI EAl PQI DKYLKSSKY! AWPLQ
GNQATFGGGDHPPKSDL VPRGSPEF SPCPGL DNEPQGQWGQYDSYQKTNSNDL YPNQSHPSMWRSQ
SEL QSDDSEAAQPKSWHSRL S| DL SDKTFKFPKFGSTL QRAKSAL EVWWNKSTQSL SGCEDSGSSLMG
RFRTLSQSTANESSTTLDSDI YTEPYYYKAEEEEDYCEPVADSETDYVEVVEQVLAKLENRTSVTEVD
EHI KEYDHPSYETPYETPQDEGYDGQADDI | SEGEL ETLNEPAVEMEL VEDESQNL PVEPPEVVKPKR
| RPSFKEAAL RAYKKQVAEL EEKI LAGDSSSVDEKAR! VSGNDL DASKFSAL QUFGGAGRGLYG DSM
PDLRRKKTLP! VRDVAMILAARKSGLSLAMVI RTSLNN

Figure A5. Sequence of the GST-Munc13-3 domaiThe Munc13-3 domain used in this study was oveesqed as GST
fusion protein containing the GSTtag (italic), thmoin cleavage site (red), and amino acids 711 3166 full-length
Munc13-3.

Xi
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M M [mJ/cm’]

bMunc13-2 Munc13-3

Figure A6. Cross-linking experiment between and CaMand GST-Muncl3 domains.Cross-linking reaction mixtures,
conducted with SBC (30 min reaction time, 50-foldess), were irradiated with UV-A light (0, 4000, 8800 mJ/crf). A
band migrating at ~75 kDa was detected represetti@@ST-Muncl3 domains (asterisks). In the cagbefeaction with
GST-bMuncl13-2, a band between 80 and 100 kDa ibl&ishat might represent the CaM/Munc13 (1:1) carplblack
boxes). For Munc13-3, no distinct band appearechupadiation. Lanes 1 and 7 contain molecular Wweigarker (M).

A 1 2 3 4 5 68 7 B) 1 2 3 4 5 6 7
50kDa wes ! 50kDa
30kDa .
25KDa 350
50KkDa CaM/skMLCK ____
(1:1) complexes s 20kDa
intramolecular
15kDa } CaM/skMLCK CaM cross-links P "“ . 15kDa
" " o (1:1) complexes
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10kDa——agﬂ'—- intramolecul
CaM cross-inks M 1 0kDa
UV irradiation UV irradiation
M 4000 8000 4000 8000 4000 8000 (mJicm?] 4000 8000 4000 8000 4000 8000 M [mJlcm?2]
skMLCK skMLCK  skMLCK skMLCK skMLCK skMLCK
F19A F19E F19A F19E

Figure A7. SDS-PAGE analysis of cross-linking reaatins between CaM and different skMLCK peptide varians.
Cross-linking reaction mixtures resulting from SBQ@ (8in reaction time, 50-fold excess) were irradiateith long-
wavelength UV light (4000 or 8000 mJ/&mA) Reactions at 1 mM Ghrevealed different bands for cross-linker-modified
CaM (intramolecular cross-links) and CaM/peptide ctexgs. B) Reactions at 30 nM €aevealed distinct bands for cross-
linker-modified CaM (intramolecular cross-links) a@&M/peptide complexes. The control reactions (withcradiation;

0 mJ/cni) were not loaded on the gel. M: molecular weighrker.
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Figure A8. Fragment ion mass spectrum of a crossrAk between CaM and the skMLCK peptide.MS/MS data were

recorded at a retention time of 73.5 min, the quplgrcharged precursom{z850.674) was selected, representing a cross-
linked product between CaM and the skMLCK peptides Témction was conducted at 1 mM?Qaith a 50-fold excess of
SBC (30 min reaction time; amine-reactive site) fokal by irradiation with UV-A light (4000 mJ/én The cross-linked
adduct contains amino acids14-30 of Calvpéptide, red) and amino acids 9-20 of skML@Kpeptide, blue), in which Lys-

21 of CaM is connected with Ala-12 of the skMLCK pdpt

Xiii



Appendix

Figure A9. Identified cross-linked products betweerCaM and the skMLCK peptide. Ca-Co distances [in A] between
cross-linked amino acids are depicted in the NMRcstires of (A, B) the CaM/M13 peptide complex (pdibrab ©8));
viewed from two angles and (C) the CaM/Munc13-1 mptiomplex (pdb 2kdu54)). CaM is colored in grey, the peptide is
shown in yellow. Reacted amino acids in CaM are digi as green sticks, while these of the peptielslzown in purple.
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Figure A10. Identified cross-linked products betwee CaM and the skMLCK F19A peptide. Ca-Cuo distances [in A]
between cross-linked amino acids are depicteden\IMIR structures of (A, B) the CaM/M13 peptide comp(eeb 2bbm,
(98)); viewed from two angles and (C) the CaM/Munc13eptile complex (pdb 2kd&4)). CaM is colored in grey, the
peptide is shown in yellow. Reacted amino acids ik @ge displayed as green sticks, while those ofpiqatide are shown

in purple.
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LYS-77

Figure Al11. Identified cross-linked products betwee CaM and the skMLCK F19E peptide. Ca-Ca distances [ in A]
between cross-linked amino acids are depictedenNIRMIR structures of (A, B) the CaM/M13 peptide comp(eeb 2bbm,
(98)); viewed from two angles and (C) the CaM/Munc13eptile complex (pdb 2kdu54)). CaM is colored in grey, the
peptide is shown in yellow. Reacted amino acids iN@ge displayed as green sticks, while those ofpqatide are shown
in purple.
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Figure A12. Fragment ion mass spectrum of a crosgk between CaM and the skMLCK F19A peptide.MS/MS data

were recorded at a retention time of 78.6 min ttipdy charged precurson{/z1074.209) was selected, representing a cross-

linked product between CaM and skMLCK F19A. The rieactvas conducted at a €aoncentration of 30 nM and with a

50-fold molar excess of SBC (30 min reaction time tfee amine-reactive site) followed by irradiatiaith UV-A light

(4000 mJ/crf). The cross-linked adduct contains amino acidd®d-of CaM ¢-peptide, red) and amino acids 21-34 of
skMLCK F19A (-peptide, blue), in which Lys-94 of CaM is connecteith Ala-27, Leu-28, or Met-29 of the skMLCK

F19A peptide. The exact cross-linking position doubt be determined based on MS/MS data.
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Figure A13. Fragment ion mass spectrum of a crosfak between CaM and the skMLCK F19E peptide. MS/MS data

were recorded at a retention time of 75.0 min, fihefold charged precursom(z 878.627) was selected, representing a

cross-linked product between CaM and skMLCK F19E. faetion was conducted at a*Ceoncentration of 30 nM and

with a 50-fold molar excess of SBC (30 min reactiiome for the amine-reactive site) followed by ina@ibn with UV-A

light (4000 mJ/crf). The cross-linked adduct contains amino acid4d®-of CaM ¢-peptide, red) and amino acids 1-4 of
skMLCK F19E @-peptide, blue), in which Lys-77 of CaM is connecte Leu-1, Met-2 or Lys-3 of the skMLCK F19E

peptide.
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Figure A14. Offline nano-ESI-MS of a solution containing CaM and both £8 peptides.Both AC8 peptides comprising
the two CaM-binding sites (AC8-Nt and AC8-C2b) of AG@re added to a CaM solution containing either A) gM
EGTA or B) 1 mM C&". Deconvoluted singly charged mass spectra areptes.

N=—N

0 N=—N
\&OY\X NH\H/\X
Na0,$ N CHj .@ CH,
0 0
0

Figure A15. Scheme of cross-linking reactions usingulfo-SDA. The cross-linking reagent sulfo-SDA was reacted in

N—N

0

~365nm

two-step fashion. First, the amine-reactive sitehef cross-linker was reacted with CaM (30 min, &ld-fexcess of cross-
linker). After quenching and separation of excess&linker, sulfo-SDA-labeled CaM was added toAkepeptide and the

reaction mixtures were irradiated with long-wavef@gnUV light, resulting in cross-linked products.
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Figure A16. MALDI-TOF-MS analysis of cross-linking reaction mixtures between CaM and AC peptidesMALDI-

TOF mass spectra of cross-linking reactions coredbiet 1.4 mM C& with a 50-fold molar excess of SBC, which were
irradiated with UV-A light (8000 mJ/cfh Analyses of reaction mixtures between CaM andA&B-Nt, B) AC8-C2b, C)
ACB8-Nt + AC8-C2b, and D) AC1-C1b are shown. Singly{range 16,000-21,000) and doubig/¢ range 8,000-11,000)

charged ions of cross-linker-modified CaM as welCad//AC peptide complexes are visible.
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Figure A17. Fragment ion mass spectrum of a crosgk between CaM and the AC8-C2b peptideMS/MS data were
recorded at a retention time of 59.7 min and thadgquply charged precursom(z 660.327) was selected, representing a
cross-linked product between CaM and AC8-C2b. Thetimrawas conducted at a €aoncentration of 1.4 mM with a 50-
fold molar excess of SBC (30 min reaction for théremreactive site), and was irradiated with UV-ght (8000 mJ/cR).
The cross-linked adduct contains the amino acidiesece 14-30 of CaMufpeptide, red) and 17-20 of AC8-C2b(feptide,
blue), in which Lys-21 of CaM is connected with L38-of theAC8-C2b peptide.
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Figure A18. ITC analysis of the interaction betweerCaM and the AC1-C1b peptide.The AC1-C1b peptide (100 pM in
the syringe) was titrated to CaM (10 puM in the riactell). One binding event is detectable withlicchiometry of ca. 10.
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A) B)  crp YFP Overlay FRET:

(40)

B-Tg
m+Tg

Orai1-CFP & STIM1-YFP

+Tg

Figure A19. FRET between Orail-CFP and STIM1-YFPA) Only low NFRET: values were calculated before addition of
Tg (-Tg, red), while a significant increase in FRiEDbserved upon store depletion (+Tg, green). B) iffages of CFP and
YFP fluorescence are shown. Overlay of both imagdigates a colocalization upon addition of Tg, ethis not detected
without Tg. The corrected FRET image (FREEShows a FRET signal after store depletion.

YFP-AC8 and Orai1-CFP variants & HA-STIM1

B without Tg
Bwith Tg

NFRET.

AC8 & Orai1 AC8 & Orai1 delta20  AC8 & Orai1 delta40 AC8 & Orai1 delta60

Figure A20. FRET between YFP-ACS8 and Orail-CFP in th@resence of HA-STIM1.The calculated NFREIvalues for
FRET between YFP-AC8 and Orail-CFP were higher irabsence of Tg (red) than upon addition of Tg (greiedicating
an affect of HA-STIM1 on the interaction betweerai@rand AC8 when the &stores are empty. The numbers in brackets

represent the number of single cells, which wemrayed.
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