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Nuclear Magnetic Resonance

High magnetic fields...

Studies in solution

No need for crystals

Dynamic behaviour

Excellent for weak complexes /
" —_— -:iﬁl.




From hands...

Interactions...

...EF—hands




A calcium-binding motif

EF-hands

Helix—Loop—Helix motifs

D-x- [DNS] - { #} - [DENSTG] - [DNQGHRK] - {GP } ~ [LIVMC] —
[DENQSTAGC] —x (2) - [DE] - [#]




Hierarchical assembly

EF-hand Ca-binding motif

2 x EF-hands Ca-binding domain

Calmodulin




In the presence of Calcium...

2+
Ca

closed open



Semi-open conformations

The semi—-open conformation
has been observed
only in complex of EF-hands

with IQ motifs

only in complex with IQ motifs

IOXXIRGxxxRxxFY

o

scallop myosin

ELC and R1.C are
calcium insensitive




A three component system

In the presence of peptides calmodulin changes
conformation, exposes its hydrophobic groups
and wraps around the ligand

Free

+Ca2+

+Ca2+, peptide

Bound



Despite the sequence similarity...

«» 6.810°
I 1 1 1 L1 | I

1
ADQLTEEQIAEFKEAFSTLFDKDGDGTITTKELGTVMRSLGON EF1
PTEAELOQDMINEVDADGNGTIDFPEFLTMMARKMKDT EF2

6.6 105 DSEEEIREAFRVFDKDGNGYISAAELRHVMTNLGEKL EF3
- ° TDEEVDEMIREADIDGDGOVNYEEFVOMMTAK EF4

Calcium affinities are different!



Questions 1

What determines a different calcium affinity?

Can we predict the affinities?
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Protein plasticity

Amino-acid sequences of some CaM-binding domains and dissociation constants.

K
skMILCK  ...........c..... KRRWKKNFIAVSAANRFKKISSSGAL  ..... 1
SmMLCK  ................. RRKWQKTGHAVRAIGRLSSM  ......... 1
CaM-Kinase II ......... LKKFNARRKLKGAILTTMLATRNFS = ...... 1
Mellitin = ........... GIGAVLKVLTTGLPALISWIKRKRQQ  ....... 3.5
Titin P7  ........... IRTLKHRRYYHTLIKKDLNMVVSAARISCGGAIRSQKG 4.2
Titin P10 ...... STKVIRTLKHRRYYHTLIKKD = ............. 11
WEF PepP. ....cciiiiwnennnn. KRRWKKNFIAVSAANRFK  ........... <0.2
FFW Pep. ......ociiininn... KRRFKKNFIAVSAANRWK  ........... 1.6
Model Pep.  .........c.c.c... LKWKKLLKLLKKLLKKLLKLG  ....... 0.2
PFkinase ............... FMNNWEVYKLLAHIRPPAPKSGSYTV ... 11.4
Spectrin  .............. KTASPWKSARLMVHTVATEFNSIKE  ...... <100
Adenylate cyclase......... IDLLWKIAEAGARSAVG  ............ 580
Neuromodulin  .......... KAHKAAVKAVVASSRLGS  ........... 400
Ca2+ pump  ............. LRRGQILWFRGLNRIQTQIKVVNFSSS  ...... 0.2
Ca2+ pump-C28W........... LRRGQILWFRGLNRIQTQIKVVNFSSS  ...... <1
Ca2+ pump-C28A........... LRRGQILAFRGLNRIQTQIKVVNFSSS  ...... 18
Ca2+ pump-C28Y........... LRRGQILYFRGLNRIQTQIKVVNFSSS  ...... 15
Calcineurin ............. KEVIRNKIRAIGKMARVFSVLR  ....... 0.2
CaM-Kinase .............. ARRKLKAAVKAVVASSRLG ........ 3-10
Phosphorylase b ........ GKGKVICLTVLASVRIYYQYRRVKP  ...... 6.5
Phosphorylase b ......... LRRLIDAYAFRIYGHWVLGQQONR  ....... 20

REEERERRRREEREEEEERRREREREREES
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Which positions are important for

Model Pep.
skMLCK ce e

smMLCK e
CaM-Kinase II
Mellitin
Mellitin

the recognition?

. . . LKWKKLLKLLKKLLKKLLKLG ... 0.

. KRRWKKNFIAVSAANRFKKISSSGAL
. . RRKWQKTGHAVRAIGRLSSM .........
. . LKKENARRKLKGAILTTMLATRNE'S

QOKRKIWSILAPLGTTLVKLVAGIG 3.
GIGAVLKVLTTGLPALISWIKRKRQQ 3.

R RN

oo

nM
nM

nM
nM
nM
nM
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Peptide recognition involves two
anchoring points

In the presence of peptides calmodulin changes
conformation, exposes its hydrophobic groups
and wraps around the ligand

Free - & E&' & :;---“--"’ Bound
. - _" ; ':;_'..'__ F,k-q:.
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Questions 2

Can we predict whether a sequence will
bind or not from first principles?

Can we predict the affinities?

14



Comparison of representative EF-hand complexes

RLC/Hce s Cam/CaMBD

: M
‘.I'i'
F
1

| e

%
TnC/Tnl Cam/M13 Cam/cw20
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Questions 3

Why all complexes involve the
C-terminal domain?

What determines the peptide
direction?
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Close, open and semi-open EF-
hands

EF-hand domains can adopt a large
repertoire of conformations

(closed, open and semi—open).

EF-hands are mostly involved in

protein/protein interactions
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Question 4

What determines an open, semi-
open or close conformation?

18



Divergent EF-hands...

calcium insensitive EF—hands

How do they interact?

How are they regulated?

19



Some EF-hands have diverged through evolution

calmodulin
tnc
scalb-rlc
scalc—elc
act—EF1234
spon__chick

calmodulin
tnc
scalb-rlc
scalc—elc
act-EF1234
spcn_chic

— QNP TEAELOD MINEVDADGNG TIDFPE FLTHMMAREM
— QTP TEEELDATIEEVIOEDGSG TIDFEE FLVMMVEDHM
—RAPDDEELTAMLEEA-PGPLNF TMFLS IFSDELSGT

—ADQLTEEQ IAEFEEAFSLF D—EDGDGTITTEELGTVMRS LG ———
EARSYLSEEMIAEFKAAFDMF D—ADGGGD ISVEELGTVMBMLG ————
GVLTELPQEQ IQEMEE AF SMI D—VDRDGFVSEEDIFAISEQLG————
——PELSQIDE IDDLEDVFELF DFWDGRDGAVDAFELGDVCRCLG—————INPENEDVEFAVGGTH-EMGEKSLPFEEFLEAYEGLM
ROAKGITQEQMNEFRASFNHF D—REENGLMDHEDFRACLISM: ———— —Y¥DLGEAEFAR TMTLVDENGOE TVTFQE F IDFMTRER
BENTTGVTEEALEEF SMMFEHF D—EKDESGRLNHOEFES CLESLGYDLPMVEEGEF DPEFES ILD TVDPNEDGHVSLOE YMAFMISEE

——KDTDSEEEIREAFEVF D—HEDGNGYISAAELRHVMTNLGEELTD EEVDEMIREAD I DGO — GOVNYE EFVOMMTAR ——
EEDARGKS EEELAECFRIFD—RNADGYIDAEELAE TFRASGEHVTD EEIESLMEDGDENND— GRIDFD EF LEMMEGV——
O——————SEETIENAFAMF D—EQE TEKLNIE¥TED LLENM: DNF NEDEMEMT FEEAPVEGG— —KFDYVEF TAMIKGSGEE

D——CEGTFADYME AFKTF D—REGOGF ISGAELRHVLTALGERLSDEDVDEI IKLTDLOED—
——ADTDTAEQVIASFRILA—SDKP-YILAEELEREL——
T——ENVES SEEIESAFRALS—SEREPYVIEKEELYQNL——

lfm;m;m: sml\EI

ASDKP-YILAEE

They have lost calcium—-binding activity

LEGNVEYE DFVEEVMAGEPYE
PPOORAOY CTERMP AY SG—PGEVEP-GALDYTSFSSALYGESD L
TEREQADY CTSHMEPYMDGEGRELP SAYDYTEF TRS LEVN——

20
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The Sarcomere

Actin & Nebulin

Myosin

™ a-Actinin & Zasp

Bundie of RN
! N \
N
":\\ &) «c.. Individual
{‘N . Fiber
P Nuclei — &

Myofibril
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Interaction between Titin and o-actinin

OO titin immunoglobulin - [ titin Z-repeat  G========¢4 o-actinin
domain

J titin non-modular sequences & nebulin (P) phosphorylation
site

Young et al, EMBO (1998), 17, 1614-1624
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Actin and myosin are the main
actors in muscle contraction

Many other proteins are
involved in muscle assembly

24



EF-hands in muscles...

oa—Actinin

CH |4 CH

some degree of homology with calmodulin

calmodulin
act-EF1234

calmedulin
act-EF1234

ADQLTEEQIAEFEEAFSLEFDEDGED GTIT TKELG TVMRSL GONE TEAELQDMINEVDADGNGT IDFE EF LTMMAREM
RDAKCI TOEQMNEFRASFNHE DRREN GLMDHE DFRACLL SMEYDLEGEAEFARTMT LVDE NGQETVIEY SF IDEMTRER

EDTDSEEE ITREAFRVFDEDGHN GY ISAAR LRHVMTHN LEEK LTDEEVDEMIREA-DI DEDGEO———— VN YEEF VO MMT MK
ADTDTAEQVIASFRITASD-EPY ILAFRELRRE————LFPEQAQYCTERME QY TGP GEVEGALDYTSF SSATY CESDL

...but calcium insensitive
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Titin

Z—disc

o—A ctinin

A titanic protein...

I-band A-—band

( M-line

titin

AAAA%

VANV

i-band a-band
z—disc m-line

26



i}

/-repeats

z] *es* z9

Z—repeats

Zrl Zr2 Zr3 Zrd Lx5 Lr6 Zr7

ruler 1....

10........2#........30.}5J....4o........5o......

27



The minimal units necessary for

Interaction

Titin

|IIIII(

N|{ CH [H cH

a—Actinin
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Z-repeats do not contain 1Q motifs

EZrl_ hum GEODADKS BAVATVVAAVDMARVEEPVI SAVEQTAQRTTTTAVHIQPAQ
E

Er2 hum BEQVAKEAEKTAVITEVVVAADKAKEQELKSRTEEIITTEQEQMHVTHE
R I

Zr3_hum GREETEK EVVISAAKAKEQETRI SEE ITHEQ— KOV TOE
™G T EBR I
Zrd_hum IRQETEL SMVVVAT AKSTELETVE GAQEETT TOQDEMHLSY EK
H T| a1 aE sw|in v AR i}
Z£r5 hum EMEETRE KV IVATPEVEEQDLVSRERESIT TEREQVQITOERM
s s
Zré_hum AEKTAL STIAVATAKATEQETILATRETMATROEQT QVTHGE
v [

Zr7_hum GEVDVGKKARAVATVVAAVDOARVEEPRERGH LEESYAQOTTILEYSYKEER
£} LE D H

...but they have a hydrophobic region



Questions 5

How does a calcium insensitive EF-hand
interact with a non-1Q motif?

Which conformation adopt the EF-hand?
And the peptide?

30



Affinities and stoichiometries were compared ZrlZr2Zr3Zr4Zr5Zr6 Zr7

by CD and calorimetry studies
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Summary of the binding affinity data:

1:1 stoichiometries for all complexes

Zrl Zx2 Zx3 Zrd Zx5 Zx6 Zrx7

Kd: 130nM >4000nM 120 nM

Zr7 /
N

. 120 nM

‘ 100 nM

Act—EF34 seems to contain most of

the high affinity sites

We solved the structure of Act—EF34/7Zr7

N
Zrl Zr2 Zr3 Zrd Zr5 Zr6 Zr7

.“
C
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Structure of Zr7 in the complex

Z1r7 is unstructured when isolated

ol o R W G TR T T TR TR o R s o

R A A TR S P P W T G T T T T T

In the complex, Zr7 is helical from 8-25.

It remains unstructured from 26 to the end.

33



The structure of Act—EF34/7r7

34



Close, semi—open or open conformation?

Semi—apen

35



Semi-open

scallop myosin and actinin

N e ¥

) Q\I? ¥ s v .-
SEINPQANA

——act-EF34 - .

Comparison with scallop myosin RLC

36



No IQ motif in Z-repeats

Zrl hum
Z2r2 hum
Zr3 _hum
Zr4d hum
Zr5 hum
Zr6_hum
Zr7 hum
ELC

RILC

Act—Nt

DORIGL QRNIRKWLV

AFEQAETAANRICKVLAVNQENER

The IQ motif is replaced by 1-4—-5-8 motif

DKSAAVATVVAAVDMAR PVIS
AEKTAVSTVVVAADKAKEQELKSR
TEXKAFVPEVVISAAKAKEQETRIS
TEITAASMVVVATAKSTKLETVPG
TREKTVVPKVIVATPEKVKEQDLVSR
AEKTALSTIAVATAKATEQETILR
KKAEAVATVVAAVDOAR PREP
RLSKITIS QAHIRGYLI YKK

37



Conservation of the contacts

A ct—-EF34/Zx7
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Comparison of representative EF-hand complexes

Act—Ef34/Z17 ELC/Hc RLC/He 47 Cam/CaMBD

| ] . - “‘E";

aﬁ%’*{- .. : f"% — ‘t'ﬂ_
LA AR
< >

%
TnC/Tnl Cam/M13 Cam/cw20
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What is the secret of semi-open?

A semi—open conformation does not seem to be sequence related

calmodulin ——ADQLTEEQIAEFEEAFSLFD——KDGDGETITTEELGTIVMRSLG—————— QNP TEAELQDMINEVDADGNGT IDFFEF LTMMAREM Té
tnc EARSYLSEEMIAEFEAAFDMFD——ADGGGDI SVEELGTVMEMLG————— QTP TEEELDAITEEVDEDGSGTIDFEEFLVMMVEQM B3
scalb-rlc GVLTELPQEQ IQEMEEAF SMID——VDRDGEFVEKED IKAISEQLG——————— RAPDDEEL TAMLEERA-PGPLNF TMFLEIFSDELSGT B2
scalc—elc ——PKLSQDEIDDLEIVFELFDFWDGRDCAVDAFKLGDVCRC LG ——————— INPEMEDVEAVGETH-EMCEKSLPFEEFLPAYEGLM 76
act-EF1234 RDOAKGITQEQMNEFRASFNHFD——FRRENGLMDHEDFRACLISME——————— YOLGEAEFARIMTLVDPNGQGTIVIFSF IDFMTEET BZZ2

spon_chick RNTTGVTEEALKEFSMMFEHFD-——-EDESCRLNHOEFESCLRELEYDLEMVEECEPDEEFESTILD TVDENRDGHEVELOQEYMAFMISRE 2404

calmedulin ———KDTDEEEEIREAFRVFD——KDCHNGYI SAAELREVMTNLCEKLTDEEVDEMIBEAD IDED————— ——COVNYEEFVOMMTAK-—— 148
tnc KEDAKGESEEELARCFRIFD—ENADGYIDAEELARE IFRASGEHVTDEE IESLMEDGDENND ————— —GRIDFDEFLEMMEGV]— 152
scalb-rlc D SEETIRNAFAMFD—EQETEELNIEY IKD LLENMzDNENEDEMEMTFEEAPVECG—————— EFDY¥VEFTAMIKGSGEE 154
scaloc—elo D—CEQGTFADYMEAFKTFD—REGOGFISGAELRAVL TALGERLSDEDVEEI IKLTDLOED ———— LEGHNVEYEDFVEEVMAGEYE 154
act-EF12324 ———ADTDTAEQVIASFRILA——SDEP-YILAEELRREL———————— PPDQRAOYCIKEMPAY SG-PCGEVE-GALDYTEFSSALYGESDL 5954
spon_chie T-—-ENVESSEEIESAFRALE——SERKPYWTEEELY(QNL———————— TREQADYCISHMEDYMDCECRELPSAYDY TEFTRELFVN—— 2477

A state induced by the target recognition?



Semi-open conformations
in Ca2+-independent binding

RLC/Hc Cam/CaMBD Cam/M13
semi—open open __

<y e

Ay .

AW
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Conclusions

— the C—terminal EF-hand domain
of actinin forms stable complexes
with some but not all titin Z-repeats

— the Act—EF34/Zr7 complex provides
a paradigm for calcium independent
target recognition by EF-hands

— calcium-independent binding
induces a semi—open conformation

Despite their diversities, EF-hand
recognition shares some basic features

42
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