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NMR Strukturbestimmung
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Konformations-

daten aus NMR
Messungen

Konformationsdaten
aus NMR Messungen
1. NOEs
2. 3Jskalare Kopplungen
3. H-Bricken

4. Chemische Verschiebungen
5. Residuelledipolare Kopplungen (RDC)

NOE (Nuclear Overhauser Effect)

NMR Daten: Integral Vvon NOESY Kreuzsignalen
Konformationsdaten: obere Schranken fur *H-'H Distanzen, d
Fuer isoliertes Spinpaar im starren Molekl:

V =C/d® mitC = konstant

Eigenschaften:

- nur kurze Distanzen < 5 Amesshar

- dichtes Netzwerk bzgl. der Sequenz kurz- und
langreichweitiger Distanzschranken

- viele 'H Atome im Molekiil - “Spindiffusion”

- interne Bewegungen -> nicht-lineare Mittelung

- Bestimmungder Konstanten C?

- Uberlapp - mehrdeutige Zuordnung, verfélschte Integrale

= Verwendung als gbere Distanzschranken

NOE Calibration

Volume of
NOESY 6
cross peak ™~ V = C / d
l ~ Distance
upper
“Calibration (dizrt)ance
constant” bound)

How to set the calibration constant?
» Known distances (intraresidual or in standard secondary structures)
« Preliminary structure, if available

« User-defined value for the average (median) upper distance limit




NOE distance restraints >

R, Withrich, K. Nature Stn

NMR resonance assignment
is like solving a puzzle...

...with missing pieces
(incomplete signals)

...with additional pieces
(artifacts)

...in the mist
(low signal-to-noise,
line-broadening)
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Problems when interpreting NOEs

* Internal motion

* Spin diffusion

» Spectraloverlap

» Chemical shift degeneracy

» Time consuming spectral analysis,
if done manually — automation

Ambiguity of chemical shift
based NOE assignment

, .
i In general, several different

TH chemical shifts wa, ws
match the position of a
NOESY peak within the
experimental uncertainty A .

]

= —2

— Assignment ambiguity

Manual assignment is very
cumbersome!
|01 — wa] <A@ |o - 0| < Am

NOEs with a unique chemical
shift based assignment

N \1 Peaks with one assignment 2D NOESY:
ossibilit;
w00 | PO N = Nexp(-4nAw/ AQ)
N = 1986 cross peaks 3D NOESY:
1200 n= 457 chemical shifis ’

N = Nexp(-2nAw/ AQ)

N® Number of uniquely
assigned peaks

N Number of cross peaks

n  Number of chemical shifts
Aw Chemical shift tderance
AQ Spectrum wicth

o obt 0.02
Chemical shift tolerance A ¢(ppm)

Ambiguous distance restraints
-1/6

dofy = Z dk_6 Sl<
, \" for ignment possibili y k

sum over all assignment possibilities

upper distance
bound

e Restraint with multiple assignments

¢ If one assignment possibility leads to a sufficiently short
distance, then the ambiguous distance restraint will be
fulfilled.

— The presence of wrong assignment possibilities has no
(or little) influence on the structure,
as long as the correct assignment possibility is present.

Nilges et al.,J. Mol. Biol. 269, 408-422 (1997)




12/8/15

Properties of
ambiguous distance restraints

-1/6
d = (;d;")

* dy is never longer than any of the individual distances dy:
dy<d, forallk
* dg is close to the smallestindividual distance:
dy=~d, ifd <<dy, di,...

+ Examples: d,=3A &, =10A — dy=2.9996 A
d=3Ad=..=d=10A — dz=29967A

3) skalare Kopplungen

NMR Daten: Aufspaltung eines Signals

Konformationsdaten: Einschrankungen von
Torsionswinkeln, 6

Karplus-Kurve: 3J(8)=Acos260+Bcosf+C
mit emprischen Konstanten A, B, C

Zum Beispiel: 3Jyypo(@), *Jhiarp O

Eigenschaften:
- Information nur tiber lokale Konformation
- mehrdeutige Beziehung 3/ <> 6

3J scalar couplings

*3J(0)=Acos?0+Bcosf+C

e |local information only

e ambiguous relation to torsion angle

H-Briicken

NMR Daten: langsamer 'H - 2H Austausch + NOEs
Konformationsdaten: Donor-Akzeptor Distanz

Typische H-Briicken: -N-H - - - O=C- in regularen
Sekundarstrukturen (Helices, B-Blatter)
Eigenschaften:
- Bzgl. Sequenz mittel- und langreichweitig
- Donor (H) identifizierbar
- Akzeptor (O)i. A. nur indirekt bestimmbar
(benachbarte NOEs +
Annahmen Uber Sekundarstruktur)

Impact of hydrogen bond restraints

Structuresof ana- ¢ Strong impact on

helix anda B-barrel structure
lculated only with . .
cauated ol w * Direct detection of

H-bond constraints

H-bonds by NMR is
possible, but not
sensitive

* Without identification
of acceptor atom
= assumption on
secondary structure

Chemische Verschiebungen

NMR Daten: chem. Verschiebungen, ¢
Konformationsdaten: (¢,3 ) Torsionswinkelbereiche

Komplexe Beziehung: 6 <> (¢,y)

Eigenschaften:

- einfache Messung
- (¢,y )-Werte aus Datenbank von Proteinen mit

bekannter Struktur und chem. Verschiebungen
(TALOS)

- Information (iber lokale Konformation bzw.
Sekundarstruktur
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TALOS+: Torsion angle restraints from chemical shifts

[ 7AL0S+2005,00105.16 Residue L5 ubiquitinab SEIES
Chemical Shifts I
19041508, 5C" o HY N e

ANN ¢/y/
distribution
prediction
Tri-peptide
Database

G-1,j+1)
fchemical shifs, sequence|
4:and y angles)

Predefined

v
P

‘average (4,v)
&std dev.

Ambiguous | Dynanic Bui | uncassivod

Pov | vt | meow | e | swe | am |

Reliability of TALOS+ torsion angle predictions:

* On average, TALOS+ makes consistent predictions for about 88% oftheresidues.

* Over all 200 databaseproteins,about 2.5%oftheunambiguous predictions madeby TALOS+were
incorrect relative to thecorrespondingcrystal structure. However, asubstantial fraction ofthis 2.5%
appears to reflect genuinedifferences relative to thecrystallinestate, and thetrueerror ratetherefore
is believed to bebelow 2.5%.

* On average, theuncertaintyas reported by TALOS+for theconsensus predictions was 12.6° for¢, and
12.3°for ¢.

* The actual RMSD of the"correct" predictions relativeto thecrystal structures was about 13.5°ford,
and 12.9° for .

Residuelle dipolare Kopplungen (RDC)

NMR Daten: Zusatzliche Signalaufspaltung bei partieller Molekiilausrichtung,
2.B. Uy > Ynn + Dyn
Konformationsdaten: Orientierung von Bindungen relativ zur
Molekiilausrichtung
Residuelle dipolare Kopplung: D(6,¢) = A[(3cos?26— 1) + 3/2 Rsin26co2¢]
A, R Amplitude (Betrag) und Rhombizitdt (Abweichungvon
Rotationssymmetrie) des Ausrichtungstensors
6, ¢ Richtung der Bindung relativzum Ausrichtungstensor
(Polarkoordinaten)
Eigenschaften:
- Proteinprobe in schwach ausrichtendem Medium
(Flussigkristalle/Bizellen, fadenférmige Phagen, komprimierte Gele)
- Information tber globale Konformation,
2.B. relative Ausrichtungvon Domédnen
- Entartung: 1 Messwert - Doppelkegel von Richtungen
- Bestimmungdes Ausrichtungstensors (A, R)?

Residuelle dipolare Kopplungen

D(6,¢)=A[(3cos26—1)+3/2 Rsin20cos2¢]

Strukturberechnungs-

algorithmen

Ist NMR Strukturberechnung maoglich?

* Grundsatzlich: i
- NOEs messen nur kurze Distanzen <5 A
- ungenaue obere Schranken .
- Kann damit die globale Struktur eines 30 A
langen Proteins bestimmt werden?
JA, wenn geniigend Daten vorhanden sind.

* Praktisch:

- Zielfunktion hatviele lokale Minima
- Kann eine (fast) optimale Struktur gefunden

werden?
JA.

Strukturberechnungsalgorithmen

* Frihere Methoden:
- Interaktiver Modellbau
- Distanzgeometrie
- Minimierung einer variablen Zielfunktion

* Simulated annealing:
- Monte Carlo
- Molekiildynamiksimulation im kartesischen Raum
- Molekiildynamiksimulation im Torsionswinkelraum




CYANA target function

T = A+ A+ A4

a

upper distance  lower distance  torsion angle
limits (NOEs) limits (steric) restraints

2
A., Ai, Ag: restraint violations, A,

d-u ifd>u
€. g. A, = .
0 otherwise

Target function = potential energy

start

local minima

Function value

path of
alocal
minimizer

lobal
minimum

Conformational coordinate

Simulated annealing

high temperature start

Potential energy

low temperature

global

minimum Conformational coordinate

Molecular Dynamics Simulation

Trajectory

G 1

start t
structure t+at

Numerical integration of classical equations of motion

Integration of the
equations of motion

e.g. “leap-frog” algorithm
gt + Af) = q(1) + At q(t + At72) + O(Arj)

Gt + AL2) = q(t— At/2) + At g(b) + O(AF)

q coordinates (Cartesian or torsional)
q .
—~ velocities

dt

. 2

q = L;—t;] accelerations

At time step

Atomkoordinaten

Torsionswinkel
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Strukturbeschreibung

Atomkoordinaten (kartesische Koordinaten):
- 3 Freiheitsgrade pro Atom
- abhdngig von der Wahl des Koordinatensystems

- beinhalten auch “unwichtige” Freiheitsgrade
- einfach

Torsionswinkel (= Diederwinkel, Dihedralwinkel):
- Drehungen um Einfachbindungen
- interne Koordinaten
- essentielle Freiheitsgrade
- Bindungsléngen, Bindungswinkel fest
- kompliziertere aber effizientere Algorithmen

Torsionswinkel

¢ Definiert durch 4 Atome: A—B—C—D
- Drehung um Bindung B—C
- Werte von -180° bis +180°

* Torsionswinkel von AS i:
¢ C'i-a—N—C*—C’;
Wi N—C*%—C" —N; 41
y: C4—C'—N; 11—C%1 (fest)
X't N—C4—CP—C;

Torsionswinkel: Baumstruktur

MD Simulation im Torsionswinkelraum
“Torsionswinkeldynamik”

* Klassische Mechanik

* N Torsionswinkeln als einzige Freiheitsgrade

e Etwa 10 Mal weniger Freiheitsgrade als im kartesischen
Raum.

* Feste Bindungslangen und -winkel:
— “Einfrieren” der schnellsten Bewegungen
—> Lingere Zeitschritte

Jain, Vaidehi, Rodriguez, J. Comp.Phys.106,258-268 (1993)
Giintert, Mumenthaler, Wiithrich, J. Mol. Biol. 273,283-298 (1997)

Equations of motion

Cartesian coordinates: x,, ..., x

. OE,,
mx; = —

; e (Newton)

i

Generalized coordinates: ¢, ..., g,

aaLy oL _

—( = Lagrange
) (Lagrange)

with L = £, -E,,

Molecular Dynamics

Cartesian space Torsion angle space

n
. 1 . .
Eyin = 5 3, M(9),6:61

N
1 -2 S
Ein = EZ mx; Kinetic
i=1 k 1=1

energy

diagonal, constant  Mass matrix
(elements m;) M

1 9E

m; ox;

non-diagonal,
non-constant, n x n

pot

Accelerations M(0)0 = C(6, 0)

(n linear equations)

Xi

proportional to N Computa- solving linear system
tional of equations: ~n”
complexity
exploiting tree structure

of the molecule: ~n
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Simulated annealing protocol Temperature control

« Start from random

structure Weak coupling to a heat bath is used to control the

Thigh
* Use all restraints temperature:

simultaneously

ef
beofi+ L T
* Adjustable parameters: g _ 2
- start temperature, Tyign g 6 torsional velocities 2B,
- number of TAD steps e T instantaneous temperature, 7 = W:

coupling constant

(Berendsen et al., J. Chem. Phys. 81, 3684-3690, 1984)

860 TAD steps 40b0

Simulated annealing
mit Torsionswinkeldynamik

<6000 Temperatur

E Strukturbiindel

gg/—__—J_J Zeitschritt R NI S D S

Torsionswinkel-
anderung

At(fs)

()
o = mow &

0 1000 2000 3000 4000
Torsion angle dynamics steps

"‘i ?“‘V“‘% ?"V;‘* ?‘V“’V“?
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Strukturbiindel

* 100 Startstrukturen mit zufalligen Torsionwinkeln
* 100 unabhdngige simulated annealing Laufe mit:
- gleichen experimentellen Daten
- unterschiedlichen Starttrukturen

* Auswahl der 20 “besten” Strukturen mit den
tiefsten Zielfunktionswerten

Sampling des Konformationsraums?

Strukturbiindel

RMSD 0.8 A RMSD 1.3 A

ENTH-VHS domain At3g16270

RMSD 6.3 A

RMSD (root-mean-square deviation)

» Zwei Strukturen mit n Atomen und
Koordinaten x;, X,,..., x,und y4, ¥>,..., ¥»

RMSD =min,,, 1 iﬁ ~Ry, -1
n =t

i=

* Minimum Uber alle Rotatione__n R und
Translationen t — optimale Uberlagerung

Automatische
NOE Zuordnung

All Residues CYRANGE Domains

Automated NOESY assignment and
structure calculation with CYANA

Protein sequence Cycle2 Cyclej Cycle 4
Chemical shift list !

Positions and volumes
of NOESY cross peaks

Find new

/ assignments\

Evaluate Structure
assignments calculation

—

4 g v
! KN By
NOESY assignments
3D structures Cycle 5 Cycle 6 Cycle7

ENTH-VHS domainAt3g16270 (RIKEN)
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Output overview table CYANA Computation Time

Crele : 2z 3 4567 gl » Combined NOE assignment and structure calculation of a
ek . sas s s sam  sem  sm sz 114 amino acid residue protein with the program CYANA:

with assignnent : 5100 4806 4742 4749 4712 4678 4675 -8 cycles X 100 conformers = 800 structures

w?.t'houf_ ass).qm:enAt H 339 633 697 690 727 761 164 . .
i diagnal sssiguoent 2oz 2 2 2 2 2 TZ - 10000 torsion angle dynamics steps per conformer

with off diagonal assignment : 5088 4794 4730 4737 4700 46 66 4663 . 1 1

it enioe e L oe set s s aite e ses Linux cluster system with Quad-core Intel Xeon E5462

Vith medim e ssegment 1<Ii31<5: 100 % om o 50 6as 803 (2.8 GHz, 12 MB cache), 2 GB memory/core

with long-range assigment | i-j |>=5: 773 661 644 669 676 680 681
Upper distance limits:

short sange, 113 <1 D Jom e e i mm i i3 1nd Processors  Computation time (s)

medium-range, 1<|i-j|<5 : 1220 959 787 775 751 726 760 76 9 100 147

long-range, |i-j|>=5 : 559 451 559 574 568 569 650 862

Average assignments/restraint : 4.81 1.73 1.27 1.25 1.18 1.14 1.00 1.0 50 217
Average target function value : 230.84 69.79 68.20 9.22 3.9 2.98 1.70 0.43 25 354

(residues 15..130):

R‘igerage backbone RMSD to mean B 1.34 0.97 0.57 0.67 0. 68 0. 60 0.53 0.53 10 769

Average heavy atom RMSD to mean : 1.76 1.44 1.09 1.19 1.20 1.07 0.98 1.0

AB1-40 E22A fibrils

500 nm

counts

AR1-40 E22A

500 1000 1500 2000 2500
Mass per length [Da/A]

Anne Schiitz, Toni Vagt, Matthias Huber, Oxana Y. Ovchinnikova, Riccardo
Cadalbert, Joseph Wall, Anja Béckmann, Rudi Glockshuber, Beat Meier

AB1-40 E22A fibrils: APB1-40 E22A fibrils:
structure calculation manually assigned restraints

DARR" o, @, PAR® o, N PDSD © o,
« 2 (or 3‘7) monomers per |ayer na mo s B oo e wan wa B a
oo Gve oo e @& mwe mioa wa
o me e oD e pae Viten  maa
« One setofresonances: symmetric miwo mscs woor | msaw s mse woe mses
e o e H0e mio: wa
arangement Y . T o
e ooes e e wv wic wea
« System for calculation: 2 x 5 monomers Crm DGR ne
ystemrior Ion: £ X5 monomer: 2o o [T — Die e
P19-L34  F19 CB L34 CG TE3-K28 E3 EA K28 0G F19-134  F19 CA L34 CB
_ . e e Mo m oo o bt
. B_Sheet H_bonds along flbnl axis wece s mam ws mn P 1 co
en e [l srem moe

25 132 Ca2 W3S CB wis o8 132 QG2 L6 13 co G ca

* NMR distance restraints intramolecular or

MI5-G38 M35 CA G38

intermolecular within one layer SERD e

+ Symmetry restraints to keep all monomers 2D e s

|dent|Ca| and |n Symmetnc rela‘“ve 0r|entat|on Anne Schiitz, Toni Vagt, Matthias Huber,Oxana Y. Ovchinnikova,Riccardo Cadalbert,
Joseph Wall, Anja Bockmann, Rudi Glockshuber, Beat Meier
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AB1-40 E22A fibrils: structure obtained
with manually assigned restraints

DAEFRHDSGY EVHHQKLVFF A-DVGSNKGATIGLMVGGWV B

AADDAWTOTI¥OUNSOAG-Y IATHOHHAT AOSTHYIAYA B>

DAEFRHDSGYEVHHOKLVFFA-DVGSNKGAIIGLMVGGVV
1 2 3 B4 5

Anne Schitz, Toni Vagt,Mathias Huber, OxanaY. Ovchinnkova RiccadoCadalbett, JosephWall,
Anja Bockmann, Rudi Glackshiber, BeatMeier

AB1-40 E22A fibrils: structure obtained with
manually and automatically assigned restraints

Anne Schiitz, Toni Vagt, Matthias Huber,OxanaY. Ovchinnikova,Riccardo Cadalbert,
Joseph Wall, Anja Bockmann, Rudi Glockshuber, Beat Meier

Anne Schiitz, Toni Vagt, Matthias Huber,OxanaY. Ovchinnikova,Riccardo Cadalbert,
Joseph Wall, Anja Bockmann, Rudi Glockshuber, Beat Meier

Information
content

X-ray crystallography: Resolution >
Amount of data > Structure quality

- Accuracy and detail >

s
B 9

Resolution

How to characterize conformational
restraints for protein structure determination
in a concise but meaningful way?

All these structures were calculated from 1000 distance restraints:

long-range restraints: 0
RMSD: 212 A

long-range restraints: 1000
RMSD: 09 A

long-range restraints: 1000
RMSD: 58 A

I “NMR resolution”? (like resolution of diffraction data) I

10
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Information content of distance restraints

Table |
Statistics of the 20 Final Solution Structures of the hPrp1§ SEM

Domain Counting the number of restraints
is not very informative because

Completeness of resonance assignments

Backbone (%) 96.8 P L : -
Side chain (%) 22 individual restraints have widely
ISTance restramts i i il
o . drfferen} |mp§ct on defining the
Intraresidue a three-dimensional  structure.
Sequential (Ii — ji = 1) 278
Medium-range (1 < Ii — jl < 5) 243
Long-range (Ii — ji > 5) 180
YT T T TSt TTAEST
D . 2821 low
CYANA target function (A% 0019 information
Structure statistics content

NOE restraint violations
Number > 0.10 A 0
Maximum (A) 012
Dihedral angle restraint violations

high

Number > 0 . .
Maximum (°) 010 o information
Energies (kcal/mol) content
Mean restraint violation energy 291
Mean AMBER energy 310207
Ramachandran plot statistics (%)°
Residues in most favored regions 947
Residues in additional allowed regions 53 high information content,
Residues in generously allowed regions 0
Residues in disallowed regions 0 but nearly redundant with
RMSD from the average structure (A)*
Backbone atoms 039 each other
Heavy atoms 102

Heet al. Proteins 80, 968-974 (2012)

Information content of distance restraints

We define the information content of a set of conformational restraints as

Information content = — log P(restraints fulfilled by random structure)|

For a set of distance restraints, {4,}, the aforementioned probability can be defined
as the conditional probability

P(data set|random structure) = P({4;}|0) = l_[ P(A;]0)1/Rs,
i

The information content 1({A4;}|0) of the restraint set {4;} in the context of the
random structure, denoted by “0”, is thus given by

It A;
A0 = ~log P 0) = ~ . 2ELAI0)

i

i

P(4;]0) is the conditional probability that an individual restraint 4; is fulfiled by a
random structure. R; is the redundancy of the restraint 4; in the set{4;}.
Forinstance, for two identical restraints A; and 4;, R; = R; = 2, leading to the same

contribution P(4;|0)*/2P(4;]0)"/2 = P(4;]0) as a single restraint.

Information content of an isolated restraint

For a distance restraint 4; with an upper bound u; and a lower bound ;, the
probability to be fulfiled by a random structure, represented by a bundle of
conformers, can be computed as

i
(maxd;)®—(mind;)3
truncated to the range [0,1]. In the denominator,
max d; and min d; are the maximal and minimal
values of the corresponding distance d; in the
bundle of random structures.

The expression for P(4;|0) reflects the ratio
between the volumes of two spherical shells
with radii u; and [;, and max d; and mind;,
respectively.

In the absence of an upper bound w;, P(4;/0)
is evaluated with u; = maxd;; in the absence
of alower bound [;, with [; = mind;.

P(4;10) =

allowed region

Calculation of redundancy

Restraint is

independent
from A;:R;; =0

Part of the
structure that is
restrained by A,

Restraints are
weakly redundant
with 4 R;; ~ 0

~ Restraint 4, is strongly
redundant with 4,:
Ry >»0

Atom a;

Redundancy R;; of restraint 4; with restraint A;:
w3

g = L L

Y (uj + Adj;)3—max(l; — Ad;

R 0 3
with Ad;;=u; + min(maxd(a;, a;) + maxd(b;, b;), maxd(a;,b;) + maxd(b;,q;)),
where the maxima are taken over the random structures.

Redundancy R; of restraint 4; with all restraints in the data set:

Rizz Ri;=1
j

Information content: Examples

Information content for modified experimental NMR data sets for the protein SH2:

Information content Description
e 716  for the original data set with 1737 restraints
B 60 forits 419 intra-residual restraints
55  for its 423 sequential restraints
= 88  for its 251 medium-range restraints
I 512 for its 644 long-range restraints
571 for only the 644 long-range restraints
I 716  all restraints duplicated
= 170 all restraints with 2 assignments (instead of 1)
BN 390 all upper bounds increased by 1A
— 1385 gl upper bounds decreased by 1 A
1598 lower bounds 0.5 A below upper bound (eNOEs)
12 with respect to structure from the restraints

Information content vs. structure accuracy

Randomly reduced experimental data sets for the protein CopZ
2 - -
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Julia Weber, | ena Buchner
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