Experimentalni data pro uréeni struktury
proteinu

[pfifazem’ co nejvétsiho poctu rezonanci]

« intenzita NOESY krospiku
omezeni vzdalenosti

» chemické posuvy
indikace sekundarni struktury

omezeni dihedralnich uhlg

 J-vazby
omezeni dihedralnich uhlu

» vodikové mustky
omezeni vzdalenosti, vazebnych uhlu

« zbytkova dipolarni interakce

vzdjemna orientace ¢asti molekuly



2D NOESY
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1SN editovane NOESY
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NOEs from one NH r
group to all other b |
hydrogen atoms
close by | 3

.|-'n| N0 ane nrm

www.protein-nmr.org.uk



13C editované NOESY

www.protein-nmr.org.uk

molecules present in the

These are artifacts from
solvent/buffer system

This is an artifact from the

water signal

Crosspeaks within the
aromatic region can be

very useful for assignment.

Note that this region is
aliased.
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13C-HMQC-NOESY
H - C(t;) - H(t,) - H(ty)

!

|

|_— Each strip contains

NOEs from one CH
group to all other
hydrogens nearby.
A double set of
peaks usually arises
from a CH, group

in which the two
hydrogen atoms
have different
chemical shifts.

The resolution in
the NOE dimension
isvery high, as this
is the defected
dimension



Interpretace NOESY

objem krospiku <==»> vzdalenost
1
V= () 10

 prumérovani rychlymi pohyby
vibrace

« ovlivnéni pomalejsimi pohyby
rotace molekuly a lokalni flexibilita

» plati jen pro pocatecCni narust — nizka intenzita piku
delsi smésSovaci ¢asy — spinova difuze

« ovlivnéni konformacnimi a chemickymi vyménami
riazné NOE v ruznych konformacich, prumérovani

==p pOUZzEe semi-kvantitativni vyhodnoceni

[ vSechny efekty zmensuji NOE ]




Interpretace NOESY

strong: 1.8 A<r<28A
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medium: 1.8 A<r<35A

y

A 4 Dolni mez: 1.8 A
- | ~ soucet van der Waalsovskych
polomé&rd atom(l vodiku

I Horni mez:
o podle intenzity krospiku zarazeni

weak: 1.8 A<sr<50A do 3 — 5 kategorii




Vyuziti chemickych posuvu

Predikce sekundarni struktury — chemical shift index

statistické srovnani chemickych posuvu s ,,random coil“ hodnotami

Histogram indexu chemického
-1 0 +1 posunu jader H,, C, a C.

= | 5(Ho) | =)

et T et +01JWW““M\WM%‘M{\Hﬂ\lﬂlﬂﬂlﬂﬁlﬂlﬂﬂw

vyhodnocovano pro
Ha, Ca, CaC’

oblast shodnych indexu
1 helix I  helix II helix III helix IV

struktura Sekvence aminokyselin ——




Vyuziti chemickych posuvu

Predikce dihedralnich uhlt — program TALOS

statistické srovnani chemickych posuvu s databazi znamych struktur

;. —= peptide bond

amide plane

Ha, Ca, C(3,C’aN
hodnoty pro 3 rezidua

predpoved uhlu ga ¢
pro neznamy protein
(uprostred trojice)

‘

vyhledani homologii

kalibrace
chemickych posuvu

TALOS+ 2009.001.05.16 Residue L8 ubiquitin.tab

l- 20 4417

53.-"8

Ambiguous Dynamic Unclassified
Prev Hext Redraw Clear Save Quit




J-vazba a dihedralni uhel

Karplusova rovnice 3J = Acos®’® 4+ Bcos® + C
parametrizace srovnanim znamych struktur

6 -
4 -

- H 13' ,u_mH:H 2 B
CB — CB_ B

‘ 3 Hz ‘ 35 H: 0
B e e e Vi

| \L/I’\”\M [Hz]
Hu H H(z

vice Feseni, kombinace riznych 3J pramérovani lokalnim pohybem

analogické zavislosti pro dalSi torzni uhly




Vypocet struktury

informace o kovalentnich vazbéch

. , , ° Thr187 Thri67 Leuid1 Leut137 Leut37
rimarni struktura, S-S muastky,... N M Ha  Hoab N
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Molekularni dynamika

pseudopotenciall
» minimalizace celkové energie
 simulované zihani

 experimentalni data zavedena pomoci

AN

/




Metodika vypoctu

Etor = FExin + Epot teplota prekonavani E bariér
Epot = Y kA2 + Y k A2+ Y kgAZ? kovalentni struktura
bonds angles dihedrals
+ Z kd.CA?l c + Z ka.C.A‘Z c + L experimentalln’,
: o o omezeni
distance angle
constraints constraints
— . — 0 .
Ai = — volba potencialu
Molekularni dynamika Eno
snaha o co nejpresnéjsi popis pohybu molekul doini  horni
trajektorie il e
| |
| |
NMR struktury : /
snaha o co nejrychlejsi prechod do E minima ' '
r
Goubor struktur>

kartézské souradnice x prostor dihedralnich ahlu



Ukazka postupujiciho vypoctu
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Xplor-NIH: nmr.cit.nih.gov/xplor-nih/ CNS: cns-online.org/v1.3




soubor

Prezentace struktur

he

lix IV

helix 11T g=

helix II

,orumerna“ struktura



Validace struktury

1. Shoda vypoctenych struktur s experimentalnimi daty

- velikost E,.;

 poCet a velikost poruseni experimentalnich omezeni
» vyskyt sterickych kolizi

» neshody s informacemi o kovalentnich vazbach

« validace proti nepouzitym experimentalnim datum

2. Rozptyl struktur v souboru

N  vSechny atomy

1
_ | )2
RMSD = JN El("”z T) - jen rigidni struktury

3. Porovnani strukturnich parametru s jiz znamymi proteiny

Ramachandrandv diagram, ...



Validace struktury

PSVS

Protein Structure Validation Software suite

One structure, rich report

psvs-1_4-dev.nesg.org | s

web-server spojujici
dostupné testy
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PDB validation
PROCHECK
Verify3D

MolProbity
Prosa Il
RPF




verejnéni vysledku

@ Biological Magnetic Resonance Data Bank

BMRB

Google Search

BioMagResBank ==

www.bmrb.wisc.edu
BMRB Data Listed By:

! Macromolecular types

2 - L) & NMR speciral parameters
Sh., 1% e, @ i
BloMagRe" sB anI‘( L] Kinetics
R.SEN.T Thermodynamics
= A Repository for Data from NMR Spectroscopy —
oh Proteins, Peptides, and Nucleic Acids Restrainis
Department of Biochemistry Structure

University of Wisconsin—Madison

Time-domain sets

7 \ Solid-state NMR
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PROTEIN DATA BANK
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t MyPDB

A Resource for Studying Biological
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info pouze o donorech, nikoli akceptorech

Ize pouzit pro zpresnéni struktury a mapovani povrchu proteinu (komplexu)
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Zbytkova dipolarni interakce

Residual Dipolar Coupling

omezeni izotropniho pohybu molekul

==p DD interakce nezprumeérovana k nule

mazx 1 2 1 2
D;s = D7V% {SnE (3cos?0 — 1) + (Suz — Syy) 5 Sin” 0 cos 2¢}

stejna forma jako J-vazba

Hgrpc = 27D ysl1. S,
Jis + Djgs

alignment tensor S

Vyuziti
« zpfesnéni struktur nebo jejich validace
» odhad struktury patefe bez NOE (homologie bez AA)
* vzajemna orientace domén
S 5,y « skladani struktury po ¢astech
« informace o lokalni/segmentalni dynamice




Zbytkova dipolarni interakce

Metody ¢asteéného orientovani molekul

Stlaceny gel

— protein diffunduje do suchého gelu

— ~ 6% polyakrylamidovy gel (zesitovany) »
— natahnuti gelu do kyvety

O-ring

Qel

r chamber

NMR tube

Funnel

Bicely, virove ¢astice
omezeni pohybu vétsimi casticemi

Kapalny krystal
Anizotropie susceptibility

samovolna orientace paramagnetickych
molekul ve vysokéem magnetickem poli




Metody méreni

Zbytkova dipolarni interakce

A) o B < C) C:—f@i 119
coupled 168 o 07,1 He
HSQC Jis | e W Jis + Dis | @
VS@@ — L 121
: : 100.0Hz 1 108.0Hz By
1926 Hz : ! =
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ek Q2 2r @ i © 123
o 935 Hzi = #stz, = 7.4 Hzi
o o Vo J8H2
T 2 9, G0 g8 @ %A g e
izotropni 4.5% bicely 8% bicely
IPAP HSQC spin state selective transfer
A A(b! T 1:[1)'1 Prec
H 1212 2la] ala P AP
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Pulses marked * are applied for the antiphase expt (AP) only.

&= =yIy; 4= 2(),2(-x) (IP); 2(-y),2

(y) (AP) + TPPI{t,);

$,= 4(x), 4(y), 4(-x), 4(-y) + TPPI(1,) (AP); .= 8(X), 8(-X).

bae= Xy 2(-X),X,X, 2(x), -X.

Oy = X, =X3 P =X, =X O, =ty (o select 1"S@P), E/AE selection: ¢ = x/-x; k = +10/-10.

detekuje se I,S, nebo

IySﬁ



Zbytkova dipolarni interakce

Structure of natural products

HO
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the splitting between1sotopic and anisotropic signals. (d) Comparison
of Q factors of eight possible diastereomers by NOE deviations and
RDC fitting

Fig. 7 Schematic representation of the steps involved in determina-
tion of natural product stereochemistry by RDC analysis. (a) Structure
of vatiparol (17). (b) Comparison between the gels for 1.7 and 5 mm
NMR tubes. (¢) The 'Dc y values are extracted as the difference of



Studium dynamickych procestu

procesy

¢asova skala

NMR metody

ligand binding
catalysis
libration folding
vibration Allosteric regulation
sidechain rotation
| I |
| — ———
I | |
10712 107° 107° 1073 107° 10%s
_ Ry
R, R, NOE H-D exchange
CPMG

Line-shape analysis

ZZ exchange

residual dipolar coupling




Blochovy rovnice

chovani vektoru magnetizace v magnetickém poli (v€etné rf pole)

— M. (t) = M(t) X B(t —
M.(t) v M (t) x B(t)| o
precese relaxace
d . - M, (%)
— M, ,(t) =~ |M(t) x B(t LA s
i Mea(t) =7 [M (1) x B@#)| - =2

obnoveni z-ové slozky vymizeni X,y slozek

Zména energie Ztrata koherence



PFicina relaxace

interakce s okolim
fluktuujici lokalni magnetické pole

[ Bloc =BJ_+B|| J

pfeskoky mezi E hladinami <—J K—) razné Larmorovy frekvence

prima dipol-dipolova interakce anizotropie chemického stinéni

BO o B l' #__L
T 1 Bo\'
ot y %




Pohyb molekuly a relaxace

Y e
O korelacni ¢as : : : : : .
a) _ T1

Slow e
Spectral | motion I(W} =2 1 + wg,?_g

e
TN

\ spektralni hustota
e

Intermediat
motion

b I T2
Fast
i
motion 'a _

_10 09 @) rychlé pohyby pomalé
(Larmor frequency) malé —— molekuly «— velké
vysoke teploty nizke
Dipél-dipdlova relaxace
1 1, bys = _ K 1iysh
T =2 bis| J(w; — ws) + 3] (ws) + 6] (w; + wg)] 4T 13

1 1 1 3
= =7 bis | 2/(0) + 5] (@) = wg) + 5] (ws) + 3/ (wp) + 3] (w; + ws)
2



Méreni T,
Inversion recovery

A A A A

180° 90°
t (gf A
1 3.2
32
/,

HSC% 32 3433 48 50 l I 7

H3C CH3 - : : — i '
o-pinene v

M(t) = My (1 — 2 e™¥/™)

I(t)=A — B et/




Méreni T,

Spinové echo
90° 180°

|_| t/2 t/2 g

oc¢isti pokles signalu od vlivu nehomogenit statického magnetického pole

razné B, — rizné frekvence




Méreni T,

Carr-Purcell Carr-Purcell-Meiboom-Gill
90y 180% 902 1805
A" - Hf -
\ JXN t=NT l JxZN t=2NT1
Potlaceni vlivu difuze Potlaceni vlivu chyb 180°-pulsu

4ms,j\>\w*_zu

___,./A‘h—u_,__

OH
160 ms
N N Q
| ﬁ/j)r TN T 320ms

Tyr—Gly—Gly——Phe

Leu



Tvar signalua T,

[ M,(t) = M, * cos( (*)efft)*e-t/TZ}

\

.

ATAToASATATamava -

N

dlouha T, = Gzky pik kratka T, = Siroky pik



Nuklearni Overhauseruv efekt

Relaxace vicejadernych systému je vétSinou slozité provazana

krosrelaxace = NOE dipdl-dipdlova
s interakce

“S 2

|
ﬂpz ﬂ Ps WS op * Qf{

autorelaxace

5

-
-

(obdoba 1/T;) 6 .--
Ba
Wi\,
(84

rozdil obsazeni hladin

d
a(&) — _pl(<lz> - Izeq) - GIS(<Sz> - Szeq) . . = . ,
intenzita signalu

€ = = == -
—h
o

Solomonovy rovnice o

d
—(S2) = =ps((S2) = 55%) = aus({1,) — 1£)




Nuklearni Overhauseruv efekt

______ ‘ [ -

I S I S

saturace spinu S pozitivni NOE negativhi NOE
(vyrovnani populaci)

zalezi, ktery efekt prevazuje



Reseni Solomonovych rovnic

d e e » ?
(L) = =py((I;) = ;) = a15((S;) = 577) VV W,

d
—(S2) = =ps((5) = 559) — aus ({1 — 1) Bo

-

pr =Wy +2W{ + W,
I 0 1 2 O'IS:WZ_WO (870’

ps = Wy + 2W> + W,

Identické spiny
T (L) +(5,0) = —2(W1 = W) ({L,) +(S;)

S relaxuje mnohem rychleji (elektron)

(Sz) — Szeq d
(1) = —pi({1) = 1)



Reseni Solomonovych rovnic

d 1€ e B ? WI
E(l Y= —p (1) — 1;) — oy5((S,) — S5 7) Wls Wo! \ !

d
S5 = —ps((5) - S — o) - ) B 5
W1I\ ; Wy

p; =Wy +2W] + W,

ais = W, =W oo
ps = Wy + 2W> + W,

S je saturovan RF ozarovanim

(Sz> =0 p
(L) = =pi({L) = I;7) + 0155 5% = Z_j 14
— eq Vs Ois
= —pi (1) = 157 (1 + 222

NOE = nuclear Overhauser enhancement



Nuklearni Overhauseruv efekt

s Ors
Sl = Heteronuklearni NOE
s} v R{OH(T)

« navyseni intenzity signalu uhlikd
saturaci vodikua az o 199%

1 « ovlivnéni intenzity signalu dusikua
ors = Wy — Wy or5 X — saturaci vodika az o -494%

Homonuklearni NOE
nI{S} ré v v 7 7
» Zaklad reseni prostorove

05F ' ' ' ' ' ' 7
malé struktury
molekuly
0

-05¢

velke
molekuly

efekt ovlivnén pohybem a relaxacnimi vlastnostmi ,pfijemce*

obtizné presné kvantifikovat



NOESY

'H - 'H korelace vyjadtujici prostorovou blizkost

vytvoreni méritelnych

koherenci vsech spinu
I tl I Tm
koherence uloZeni autorelaxace NP
na spinu | do osy z a krosrelaxace 14, 17 , |18
(nerovnovazny stav) (pfenos polarizace 13 2\ 16 8 818 2 ||,‘ g |
DD interakci) M ” M X _,\*"*""“v\uum‘h\ S ppm

dynamika intenzity krospiku

velké
molekuly
malé
molekuly
—_—
Tm

T T T T T T T T T T T T T
24 23 22 21 20 189 18 1.7 16 15 14 13 1.2 1.1 1.0 09 08 0.7 ppm



DPFGSE-NOE

selektivni excitace

180 180
Lo Ay,
‘ M primo viditelIné NOE

G G G, G, G

DPFGSE selective excitation

d {Hy o

b, J\ - .
© i Nl al
S

b {H,} ~

jr velmi ¢ista spektra

2 l ] MMUML_
60 5.0 40 30 20 1.0

ppm
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Selektivni ROE
B-CD o’g”oe\ OH

Irel]

0 OHO
a) OH\%
HO
Ko:§/o o

HO

e

Tesacpva 17 1 /foptftopspin =densk
1 4.0379

100

T T T T T I T r r r T r
3 2 1 [ppm]



Vyuziti relaxaénich vlastnosti

T,, heteronuklearni NOE, T,

,model-free” analyza

(Lipari-Szabo)
lokalni pohyb 0
[ps] ‘\ 8
H Tloc

globalni pohyb ™

[ns]

piko- az nano-sekundova dynamika

Relaxaéni mechanismy

 pfima dipdl-dipdlova interakce

0.00

husta sit interaci 'H - 'H
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[ relaxacni rychlost je linearni kombinaci spekiralnich hustot pfi riznych frekvencich]




Vyuziti relaxaénich vlastnosti

Dynamika — flexibilita proteinové patefe

relaxace paternich °N

sada HSQC experimentu

Tils vyhodnocovani intenzit
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