BIOCH 590: Biomacromolecules Spring 2010

Nuclear Magnetic Resonance

Basic Principles and Applications to Biomolecules

Overview

* Basic principles
Nuclear spin, energy levels, chemical shift

Through-bond and through space couplings

Relaxation times
FT-NMR, pulses, 1D NMR
— 2D and multi-dimensional NMR experiments

* Application to biomolecules
— High-resolution structure determination
— Dynamics: relaxation analysis

Transient interactions: excitation transfer, spin-labeling

Solid state: membrane proteins

Key Ref (Ti Chapter 10; Holde Chapter 12; ~ In-cell NMR
ey References: Tinoco Chapter 10; van Holde Chapter 12; — Imaging: MR
Copyright: Jianhan Chen
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Nuclear Spin
* Spin: fundamental property of elementary particles .

NMR Fundamentals
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— Electron:S=%

* Nucleus: consist of protons and neutrons
— (Net) nucleus spin number: /=0, %, 1, ... B

— No nucleus spin if even numbers of neutrons and protons

v (Gyromag. Rat) | Natural Relative v/MHz
Isotope (107 rad/sec T) abundance (%) | Sensitivity at11.7 T field
1H %

26.7522 99.98 1.00 500.0
H 1 4.1066 0.015 9.65x1073 76.8
@ % 6.7283 1.108 1.59x1072 125.8
15N % -2.7126 0.37 1.04x103 50.6
19F % 25.1815 100 0.83 470.6

P % 0.8394 100 6.63x1072 202.6
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Helium ports
- N

Nitrogen ports
3
Nitrogen tower

Energy Levels

The case of the spin-' nucleus

The Nuclei are electrically
charged and many have

A nucleus with spin at higher
energy generates a magnetic
field in the opposite direction
to the external magnetic field

Metal pl 3
oelpie i spin that causes them to
: behave like a magnet
He ©

A N Energy gap
€ H 3 ) corresponds to

N Be radio frequency
= No field
==

X

A nucleus with spin at higher
energy generates a magnetic
field in the direction of the
external magnetic field

* NMR mostly concerns % nuclei: H, 13C, 1°N etc
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Energy Levels

Magnetic dipole B En= %YhBo
u, =yhmz P m=-172
— y: Gyromagnetic ratio Relative P
Energy levels Eneroy =112
E =-uB, =-yim_B, T B
* Energy gap \_ mee

AE =yhB, = hv,

— Larmor frequency: v, = yBy/2n

Increasing Magnetic

Field Strength

— Strength of magnetic field determines the energy gap of a given nuclei.

IR probes vibrational energy levels with energy gaps ~ 6 kcal/mol.

On a typical NMR spectrometer, the NMR energy gap is ~ 10> kcal/mol.

Higher magnetic field: increase spectral width and resolution

enhance spectral sensitivity
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Magnet Strength and Proton Frequency

188 T

~105T 1.41T 1M75T
~KHz 60 MHz 500 MHz 800 MHz
$0 $0.5m
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NMR Spectrum

Absorption when radiation matches the energy gap

A

Relative
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NI=
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Energy

Increasing

/> Electromagnetic
{ Radiation

“Complex” features of NMR
spectra of chemicals

| CH,

Such initially unpleasant complexity (to physicists)
becomes one of the most powerful means for
chemists to probe local chemical (and structural)
environments of (all) protons in a system! 20

CH,

VS
J

ppm

1.0 0.0




Local variations of
magnetic field

v, =v,(1-0)

— o: shielding coefficient

Chemical Shift

Figure 2. Creation of the Be field by the circulation of electrons

in response to the B, field.

Chemical shift
U, -V, U, -V
as - e =
UO Urct

— Expressed in ppm

Be opposes B, at the nucleus.

s orbital

B:
4/‘3ircu‘a1io" of electrons
ref B”l

Be opposes B, and shields the nucleus from the effect of B,

— Reference standard: tetramethylsilane (TMS) (or DDS)
* Singlet: all 12 protons NMR equivalent

* TMS is very shielded and resonate at high requency (EH3
* Most compounds studied by 'H NMR absorb downfield HsC _S|'_CH3
of the TMS signal, thus there is usually no interference CHs

between the standard and the sample.
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A few confusing terminologies
* Downfield (high ppm) vs. upfield (low ppm)
* High frequency (high ppm) vs low frequency (low ppm)

TH NMR Chart Paper 13C NMR Chart Paper

low ________ , high low . high
field field field field
high <———  low high «——  low
frequency frequency frequency frequency
TMS] TMS]
| | | | | |
10 5 0 200 100 0
less shielded dppm  more shielded 5 ppm

Nuclei which absorb at higher field are more shielded

from the applied B, field by their respective B, fields. For
these nuclei (B,-B,) is smaller and correspondingly a lower
frequency v is required to achieve resonance.

http://orgchem.colorado.edu/hndbksupport/nmrtheory/chemshift.html
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Typical Chemical Shifts

Local shielding: higher electron density -> more shielding
— Electronegative substituents withdraw electron and thus reduce shielding

Interatomic shielding and ring currents

— Induced magnetic field might oppose or enhance external magnetic field!

|

1 1 1 1

1 1 1

v, =v,(1-0)

|
Aromatics RyC=CH, Ethers Sulfides Sat. alkanes
—_— RO-CH RS-CH R-H
Alcohols

RCH=CHR+—— HO-CH—— +———RC=CH
PhO-CH——— Ar-CH—— —— RyC=CR-CH
FCH CI-CH, I-CH

—_—

0
Br-CH———— ——R-LCH

Esters

COyCH ———— +————NC-CH
ON-CH+—— ————RyN-CH
RCOzH Amide RCONH ROH
PhOH RyNH
T T T T T T T T T T T T T
120 1o 100 90 80 70 60 50 40 30 20 10 0.0 ppm(8)
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Why do different protons absorb at different frequencies of the B, field?

Electronegative elements ‘ . .

such as oxygen pull This decreases the magnitude
electron density away from \ of the shielding B, field and increases
the hydrogen nucleus. ~<~—— H (BoBl).

methyl acetate

N

H

0
H/’/_ /H
HO C
‘-C\ o} H
H

methoxy
methyl 6=3.7 ppm
6=2.1 ppm

Circulation of m electrons creates magnetic fields which contribute to the B, field. The contribuiton is a
function of orientation and consequently is an anisotropic effect.

B,
° B B, substracts
from B, near
the proton
2 N
B, adds |
H to B, near B,
the proton
| !
B

e
http://orgchem.colorado.edu/hndbksupport/nmrtheory/chemshift.html




Approximate Chemical Shifts

OH -

CH
- 4—3>

-
R -~
oy [ Yy~
Y
H H H H

OCHz CHz CHz  CHj CHs
- - > - > <> - ™S
10 9 8 7 6 5 4 3 2 1 0
S ppm

http://orgchem.colorado.edu/hndbksupport/nmrtheory/chemshift.html

Chemical Shift Indexing

¢ Chemical shifts further depend on (local) structures
— For example, -0.35 ppm, on average, for Ha in helices, and +0.40 ppm, on
average, for Ha in B-sheets (Jimenez et al. 1987)
¢ CSl: a powerful mean for obtaining protein secondary structures
— Compared to random coil reference values

Residue 'Ha+0.1ppm  BCa+07ppm  *CB+0.7ppm  '3C'+0.5 ppm

Ala 44 525 19.0 177.1
Cys(red) 47 58.8 28.6 1748
CYS(ox) 58.0 418 175.1

— averages assignments from multiple chemical shifts (*Ha, 13Ca, 13CB and 3C” )
to arrive at a consensus assignment.

o))
| JE_A0L 0, BTN
| LT ©

‘Zs e

* Latest extensions to reliable tertiary structure determination by combining
CS and statistical knowledge! (e.g., see Bax PNAS 2008)

Mielke and Krishnan, Prog. NMR Spect (2009) (c) Jianhan Chen 14

NMR Peak Intensity

The magnitude or intensity of NMR resonance is proportional to the molar
concentration of the sample, which is most accurately measured as
integrated intensity (commonly displayed on 1D NMR spectra)

Integrated intensity is proportional to number of protons

“Complex” features of NMR spectra of chemicals
(ethanol: CH3 CH2 OH shown)

/ CH,
 CH

Il

e o
| &
HyC—C—C
Hye H
TMS
17.3 inteqration # 155.4
10 9 8 7 3 5 4 3 2 1 o &(ppm)
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Spin-Spin Coupling

CHs
. . CHZ l‘\
* Ak.a. Scalar coupling (J-coupling) oH | \\M
| L] i
* Between NMR non-equivalent nuclei | A N I N
— Different chemical shifts CH, CH, OH

— Different chemical environment and not enantiomeric pairs
¢ Through chemical bonds (electron spin)
— Deceases with more bonds: no more than four bonds
— J~0-20Hz (depends on chemical nature and structure)
— J(measured in Hz) is field strength independent!
* Leads to splitting of the magnetic spin energy levels, thus, signals
— In the limit of J << chemical shift difference (first order/weak coupling)
— Split into N+1 peaks if coupled to N adjacent equivalent protons
— The intensities of these peaks follow Pascal’s triangle

J A J g) 11
AR - 121
S J J
ﬂ | I*" ] |‘J'| I‘J’l 139394
doublet triplet quartet quintet 14641
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Energy Levels and J-Coupling

number spin states energy transition spin states  frequency
1 aa +%V071 + %V()'z + %112 1-2 ax — off Vo2 — %le
1 1 1 1
2 (Zﬂ +§V0,1 —3Y02~ 3.112 354 ﬂa —)ﬂﬁ Vo2 t+ 5112
1 1 1
3 Pa —3Y0,1 t+ 3V02 — ZJ12 1-3 ax - Ba -y — %112
1 1 1
4 BB —2%01 — 302 + 312 254 oB-pB —voitiln
BB N 4
flips o B spini
. o B fips  spin2
13 24 12 34
op v 2 Bo————3
4 t
Vo1 Vo2
\ E—
oo ——L— 4 frequency

(o) hitp://www-keeler.ch.cam.ac.uk/lectures/index.html 1

More complex cases of J-coupling

Additional splitting if coupled to multiple
groups of (equivalent) protons

Weak coupling

2" order coupling in the AB case

Jup Jap
AX AX,
e A5 ul
‘J A% ’ Jux
Jup Jup
AX; 7 AXY
AY
l Jux | ‘1 ?AX Ad

Strong coupling

(c) Jianhan Chen
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Sample NMR Spectra

CH3
1H NMR Spectrum of Ethylbenzene Aromatic
2
) CH2
pata Atomatic CH?2 CH3 1 ™
bt
2
meta
Heg 500 MHz
Ho He Jap = 4.0
He Jac = 2.4
Ha Jec = 5.0
Jap = 4.0
He /™ Ha Jag = 6.6
/ e Jpe = 11.7
He A
il HE Ho | ‘
AR J
. . . . . I . — [— pPT
3.500 3.000 2.500
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Typical J-Coupling Constants

Structural Type J (Hz) Structural Type J(Hz)
| | H
H—C~(C)p—C—H 0 C=C, 12to 18
| ] (unless in a rigid /
ideal orientation)
H\ fF
HaC—CHap=X 6to8 C=C, 7to12
/N
HaC, A H
CH-X Sto7 / =C, 05to3
G
HzC A
N
H—\C—C/—} 4 2to 12 C:C\
%  (depends on dihedral angle / _LC—H 3to11
and the nature of X and Y) Ay (depends on dihedral angle)
_(I;_c”o 05t 3 —(IS—CEC——i 2t03
T = te !
H H H
H 0o 6to9
N\ H =
4 12t0 15 | e g”alttgf
/ H (must be diastereotopic) H

http://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/nmr/nmr1.htm
(c) Jianhan Chen
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ot
J-Coupling and Conformation QO—O’

¢ J-coupling constants are very
sensitive to conformations
— A powerful mean to local structures

— Minimal near 90 torsion and
maximum near 0 or 180 torsion

* Karplus Equation: H-Y-Z-H
— Empirical parameters (fitting)
— Multiple solutions

J(¢)=.4c052¢+3c05¢+€ ot

v 1z a5 [c [N
HC CH 17 0 1.1

8
J(phiy Hz © /

HC NH 12 0 0.2

HC OH 10 0 -1.0 ad !

HN CH* 64 -1.4 1.9

(*: 8=1-60 for proteins) X0 400 8
(c) Jianhan Chen phi

100

\ A
VAV

200

Relaxation

Two types of relaxation processes

— T,: Spin-lattice relaxation (longitudinal relaxation, enthalpic relaxation): recovery of

equilibrium populations (and thus a loss of signal and energy)
— T,: Spin-spin relaxation (transverse relaxation, entropic relaxation): lost of
“coherence” (without a loss of excited state population or energy)
T, is always smaller than T, (~ 0.1 — 20 sec).
NMR peak width is generally determined by T,.

My (t) = My (0)e™4/™
e B M.(t) = M, oq (1 — ™)

o M,

recovery

!

time

[ A o~

(c) Jianhan Chen

5v =1/,
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Molecular Tumbling and Relaxation

* Both processes are mainly related to molecular tumbling times ()
— Tumbling time ~ ns ( or w/ frequency of GHz)
— Larger molecules tumbles slower and thus more effective in inducing
relaxation (shorter T1, T2)
— Faster relaxation at higher fields

. . -1
\ fast tumbling, 7. > @,
. . -1
\ optimum tumbling, 7. =y,
: 1
S slow tumbling, 7. <,

The largest component of
the spectral density
function, J(w), is obtained
when ¢! = w,.

(@ir

———— b decreasing 7

increasing
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Nuclear Overhauser Effect (NOE)

* RF saturation of one spin causes
perturbation of spin population of
nearby nuclei via magnetic dipole-
dipole interactions. This changes the
intensity of other spins.

* Difference spectrum with and without 1.7
RF saturation of selected spin.
* Provide spatial distance info as dipolar

coupling interacts throughout space. enhanced

referen ce—l—k—

* Generally an enhancement effect

¢ Magnitude further depends on
molecular dynamics: slow motions
(>ns) reduces NOE and might lead to

negative NOE!
difference

* NOE buildup rate™ 1/r® (dipole-dipole)

(c) Jianhan Chen

AR UASD)
NOE
V. Wo+2W s + W,




Summary of Information from NMR

e Chemical shifts: local chemical and structural environment

* (Integrated) intensity: number of protons/concentration

* J-coupling: adjacent protons and local conformations

* Relaxation times: dynamics (tumbling, internal and exchange)

+ NOE: short-range spatial distance (< 6 A) & (slow) dynamics
CH3

Aromatic

residual solvent

All these quantities can be accurately measured, often, for all

nuclei in the system. This is why NMR can be extremely powerful.

(c) Jianhan Chen 25

Advanced Theories for Describing
NMR

Development of modern 2D and multi-
dimensional NMR techniques was made possible
with the aid of special QM representation known

as density-matrix formalism.

Additional reading: Dr. James Keeler’s Lectures (U of Cambridge)
http://www-keeler.ch.cam.ac.uk/lectures/index.html

(c) Jianhan Chen 26

Vector Model

* Energy levels and selections severely limited in understanding advanced
NMR techniques such as pulsed NMR and multidimensional NMR
* Vector model is the language of NMR: only rigorous in a few cases, but
extremely useful even for the most sophisticated NMR experiments
* Bulk magnetization: net magnetization vector aligns with B,
+ %OI’DL
spin states

z

__]_2._ or M, = Net Macroscopic Magnetization

spin states

http://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/nmr/nmr2.htm i
(c)Jianhan’Chen 27

Manipulation and Detection of M

* M, might be “rotated” by a radiofrequency pulse. \-lz——

* Once tilted away from the z axis, the magnetization 32 4
vector rotates about the direction of the magnetic “é ~
field sweeping out a cone with a constant angle at ]
Larmor frequency (Larmor precession). g X y

* NMR experiments detect the precession of the
magnetization vector, such as by placing a small coil
of wire round the sample, with the axis of the coil
aligned in the xy-plane.

¢ Relaxations and free induction decay (FID)

(only x coil shown)

z

(c) Jianhan Chen




Spin Operators

* Bra-ket notation:  [y;0ydr —<il()j >

— spin states: |o>and |B>: <a]o> =1, <B|B> =1, and <a.|B>=0

* Spin angular momentum operators: 1, I, and |, (correspond to x, y, and z

components of angular momemtum)

— Spin stats o> and |B> are eigenstates of I,: I,|a>=%h|a>

= Landl: Lle)=3#(g) 1|B)=ina) I|a)=1ing) 1,|p)=-1ia)
* Hamiltonian:  Hje = yBosl, = w1, (single free spin)

H,. =yl +o,,0,, +23,1, I, (two weakly coupled spins)
number spin states energy 270 o1, 12Z| I3 >| a2> =21, 112‘ ﬂ1> I, a2>
1 1 1
1 ao +5V0’1 + EVO,Z + 2‘712 _ 2m12111‘ﬂ1>%‘a2>
1 1 1
A o v - 227, 3] 8) )
3 o —3o1 + 302 — 1)1
s 201+ 2027 4 -t/ B)a)
4 BB =301~ %02 + 312

(c) Jianhan Chen

Pulses

The nuclear spin magnetization is manipulated by applying a magnetic
field which is (a) transverse to the static magnetic field i.e. in the xy-plane,
and (b) oscillating at close to the Larmor frequency of the spins.

lab. frame rotating frame
i i,[uRF H = w,l +w,cos(wgp)], (lab frame)
X T Y X Y ol +ol, +.. (multiple spins)
@ - WRF g

What does a pulse do: change the direction of magnetization vector

90 pulse: § = 90°
180 pulse: § = 180°
(x-pulse, y-pulse)

2 Z[S=w1rp.

Hard pulse: large w, (high power,
short duration, larger bandwidth)

x
A4agnetic

field

Soft pulse: small w,

(c) Jianhan Chen 30

Density Matrix Theory: Product Operator

Recast of Schrodinger's equation to consider ensemble averaging

¢ Operators as matrix (in the eigenvector basis) (a|0la (aIQ| ﬂ>
* Density matrix: o(r) = [y(2))(p(1)| (/3|Q‘a </3|Q|ﬂ>]
o, =P E+Al (all |a) (all |p)
s (1 0)+A(% 0) ((ﬂHa) ﬂmﬂ>]
"\ 1 0 -3 [(aﬁ% a) a|— >]
* Observables as trace of matrix: <ﬂ 2la) -ilB)

-T{og) -

¢ Evolution of density matrix

olt) = exple iH1)ol0) explifi) L= (

-
(=]
~_——

0 -3

)
=™
o~

Additional reading: Dr. James Keeler’s Lectures (U of Cambridge)
http://www-keeler.ch.cam.ac.uk/lectures/index.html

31

NMR Practice

NMR is becoming a “standard” tool. The key is
now more to understand what it is capable and
less about how one would actually carry out the

(data acquisition) experiment.




Modern NMR Spectrometer

Sample
S *-Tube
Coil
+f Coil for the Nucleus
Dewer e e

Lock Coil o Coil
e A

|~

| -

Lock Coil Semsor Coil
Connection Comneziies
~
Lock Coil | ™ o
Sensor Coil
T Trimmer Control
Control
£ 1
= [ ]
Heater
Connections—» 5

\
X y
RF output RF input

SN sample

Nl

probe
section

Fourier Transform NMR (FT-NMR)

* The basic pulse and acquire experiment Mg

Si) “pulse sequence”

RF

acq

S ) S e

12 3

The sample is allowed to come to equilibrium.

2. RF power is switched on for long enough to rotate
the magnetization through 90- i.e. a 90- pulse is
applied. If the pulse is broad (“powerful”) enough,
all protons in the sample are exited.

3. After the RF power is switched off we start to
detect the signal which arises from the
magnetization as it rotates in the transverse plane.

4. The free induction decay contains information

about oscillation of all protons. Fourier transform

analysis will thus produce the whole NMR
spectrum.

-

workstation nmr console magnet
(c) Jianhan Chen (c) Jianhan Chen 34
This causes the net
Magnetic moments of magneti;a}ion to tip off
excess nuclear spins in the the z-axis into the yz-plane ,

ground state are represented by
vectors. The vectors precess
about the direction of the B, field.

N

z

The net magnetization
can be resolved into
y- and z-axis components. B,
The component in the xy-plane
precesses about the z-axis.

detector

y >

magnetization in the xy-plane.

The sum of the individual spinvectors
is represented by a large vector in the
direction of the B, field.

z

the x-axis.
B —_—
— y y —
By
X
X z
z
o}
eye relaxation
y > — y >
D
X A
yM

The change in magnetization

as a function of time as the net
magnetization vector in the xy-plane
precesses about the z-axis

is observed along the y-axis as My.

With time, the change in net magnetization caused by the
B, pulse decays back to the original state with no net

and then precess about the

z-axis. This is equivalent to
ground spin states going to excited
spin states by absorption of energy
from the Bj field.

The B field is z
supplied as a N\
short pulse along B,

magnetization in the xy plane
resolved into M, and
M, components

o A

relaxation

detector
y >

y
‘ With time, the change in net magnetization caused by the

The change in magnetization B, pulse decays back to the original state with no net
as a function of time as the net magnetization in the xy-plane.

magnetization vector in the xy-plane

precesses about the z-axis

is observed along the y-axis as M.

Magnetization along the y-axis as a function of time after the B pulse. NMR Spectrum

|~—3 one cycle
FID
f\ \ ﬂ ﬂ Frequency

Intensity ﬂ ﬂ Fourier > Domain Spectrum
g
4w Uf\uf\\u :
U U U U U Transformation ™~

time —— Time Domain Spectrum 5 ; J
8 ppm

http://orgchem.colorado.edu/hndbksupport/nmrtheory/chemshift.html




NMR T, Relaxation

Spin Echo %' 180"

“L “L ‘ ‘L The most famous NMR experiment: the T T
180° 90° 7 T8 \‘\“' ] \‘\*' magnetization ends up along the same o
” I \‘\" m, “' m’ “, axis, regardless of the values of T and ‘—’\ m
RE S the offset, Q. This is achieved by using acq U
-— . nereasnat N 180 pulse as refocusing pulse.
- 1 —
T | : .
y T 2 N
M.(t) = Maeq (1 —e7"/™) 3
6 2
4 0 o2 : : 32 2
> 2 : ™ R S -
£ 0 : ; ™
- =4
E, 50 100 g w2
©
-4 Tau/s s
T
0 T time — 2t
(c) Jianhan Chen 37 (c) Jianhan Chen 38
Coherence z T, Relaxation Measurement
¢ At equilibrium, (phase) of transverse
magnetization is completely random observation  relaxation time A A
and averages to zero, i.e., no channel of at least 57
coherence. 90°x 180°% fid acquisition
* Upon applying a RF pulse (say, a 90 T
pulse along -x), the net magnetization 4 -

-axis i “ ” o ali Mey(t) = Myy (0)e™H/T
along z-axis is now “rotated” to align o (D)= Mey(0)
along y-axis. This excitation: 1) remove =k N
the population difference of two spin = .

2, |
states (no net magnetization along z), g 2
and 2) establishes a “coherence”: the =14
nuclei now process with the same
phase (on an average sense). —s s 2 e 2 0 T :
« Through collision, the coherence is 0 10 Taws 20
gradually lost (before the equilibrium L
population is fully re-established) 90 pulse along -x
) http://chem.ch.huji.ac.il/nmr/techniques/other/t1t2/t1t2.html
(c) Jianhan Chen 39 (c) Jidnhan Chen 40




Phase Cycling

¢ To eliminate unwanted signals/artifacts (and select desired coherence)

* By repeating the (1D) experiment with alternating pulse phases and
averaging the FIDs, certain signals (and artifacts) will cancel. Another
direct benefit is enhancement of selected signal-to-noise ratio.

¢ Example: PAPS (Phase Alternating Pulse Sequence)

n/2 .
[ scan | Puise | Receiver

H 1 X X
2 Y Y
3 -X -X
4 Y Y

N NI N

phase follows pulse

\ m A e These signals add up to

zero! (unless receiver

1D NMR of Proteins

methyl

amide aromatic aliphatic
~8-9 ppm ~7-8 ppm <4 ppm |

MM@JL\&MMWJJ« ijw” l“l u" L‘ U“U\«Mg

w
o
N
=}
L

X ppm
ow X Y X Y Artifacts that do not
JL . follow the phases will Multi-dimensional NMR is the work-horse in biomolecular studies.
J\r - jf‘— cancel out!
r (c) Jianhan Chen 41 (c) Jianhan Chen 42
Correlation Spectroscopy (COSY
2D NMR Spectroscopy P Py ( )
t, b First 90 pulse: [, —2hey 2 5
; evolution [ detection This state then evolves for time ¢,, first under the influence of the offset of
1
to @ ty | mixing | t, (solid rectangles spin 1 (that of spin 2 has no effect on spin 1 operators):
denote 90 pulses)
d1 1Pl acq —I,, —28h s —cos Qit, I, +sinQt, I,

FT
FID: C(t;,t,)—> Spectrum I(v,,u1)

- detection
Preparation t
1

FID as a function of t, for each value of t,.

FT
FID: C(t;) = Spectrum I(v,) 3

r45

2D contour plot

=
=
e '
5.0
|
w “‘“. | -] )
2 L
,_le_ﬂmwwéu o ! U\}UU; - 82
ppm 10 o 8 7 & &5 4 3 2 1 0
M -
6.0 55 50 45

(c) Jianhan Chen

Recording a 2D data set involves repeating a pulse
sequence for increasing values of t, and recording a

43

Both terms on the right then evolve under the coupling

);2 . —cosQt, I, —Zlde s cos ]t cosQt, I, +sinml ,t, cos Qt, 21,1,
1
sinQt, I, —=atlibe s cos ] ot sin Qit, 1, +sin 7l t, sin Qt, 21, 1,
X
(ForAX system:  Hy, =, I, +w,,1, +21),1 1, )
8 3
”X ”A Second 90 pulse:
—cosml,t, cosQpt, I, —2hes T2 5 cosml,t cos 2t I, {1}
o o 5, sinzl )t cosyt, 21, I, —Z2he s T2 5_sing], 1 cos 1, 211, {2}
cosml,,t, sinQt, I, —2hy e o571, sin 2, 1, {3}
. 5 sinal,t, sin Qt, 21, I,, —=2e s — 2 5 sinml, 1, sinQ, 21,1, {4}
- N X Only last (3) and (4) terms lead to observable signals. Term 3

yields diagonal peaks (Q,, Q,). Term 4 contains “coherence

Schematic COSY spectrum for _ f
two coupled spins, A and X ;rr:atnsfer 1a (Q,, ,) cross-peak modulated by Q, in t; and by @,
o8

(c) Jianhan Chen 44




Information from COSY

* Most rigorous way of assigning protons: presence of cross-peaks
unambiguously reveal J-coupling connectivity

* Patterns of connectivity is characteristic of the molecule: once a single
peak (e.g., methyl) is assigned, the rest follow the COSY connectivity.

¢ J-coupling constants also measured.

’7 L-Threonine ’7 L-Leucine
H H
l B -1 o 6X 8A
DO— L‘B— C—COO o 1l 1l
CH; ND, : -
-2 - .

! 22 3
1 = g 4 A
| 5] B
! — )
| 3
|

H, | o . ax

1 I Y |
Hyf e 4
| | 1 | J
4 3 2 1 3
ppm ppm
(a) (b)
(c) Jianhan Chen 45

NOESY/EXSY

¢ . t, after t;: —1,, — 2y —cos Q¢ I, +sinQt, I,
1 mix , ,
2r 90 pulse: —cosQyt, I, —=2y —F20e 5 _cosQt, I,

sinQ, [, —Z2ey 2 55in Q1 I,

1)
2)

First term is “frequency labeled” and undergo NOE/chemical exchange; second term is
eliminate by coherence selection (via phase cycling). The 3 pulse detects the first term.

— o g 4

Water Signal

(c) Jianhan Chen 46

Coherence Selection

* Phase cycling and gradient pulses to select/eliminate certain
types of coherence excitation for detection

L, after t,: —I, —2 5 —cos Qt, I, +sinQyt, I,
t1 Tmix d /21 /21,
2n 90 pulse: —cosQyt, I, —=ey 2 5 _cosQt, 1, 1)
sinQy, I, —Z2 s 20 56in Q1 2)
NOESY/EXSY

How do one “select” |, for detection?

A simplified scheme (the actual phase cycling is more complicated):

Scan 1: apply 2" 90 pulse along x
Scan 2: apply 2" 90 pulse along —x

At the end, subtract FIDs from two scans. Can you imagine what happens to
the above two terms?

(c) Jianhan Chen a7

Heteronuclear Single Quantum Correlation (HSQC)

y 9.0 88 86 84 8.2 8,0

[2]<]
1H 2 2

I

1

afla ¢
|2|]2>2_

130 - H

L]

A

B

C

Filled rectangles represent 90° pulses and open

rectangles represent 180° pulses. The delay A =1/(2J,,);

all pulses have phase x unless otherwise indicated.

¢ Most frequently recorded in protein NMR

*  Utilize one-bond C/N-H coupling

e Excitation and detection in proton channel for best

sensitivity! (why?)

¢ One cross-peak (group) for each C/N-H pair

¢ Key information obtained: chemical shifts!

e Quick and simple: rapid NMR feasibility diagnosis
and stability monitoring of protein samples

(c) Jianhan Chen
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Multi-Dimensional NMR

HNCO
t, T, g L t,
i I —TE i i
FID H—C-H H-él—H
N s O
Preparation| Evolution |Mixing Time| Evolution |Mixing Time| Detection | l-lI II-I g I-lI !'{ g

Resti-1 Rest:

’CI l fmmmmmmmmm emmmee I TI i lUnUﬂUﬂv'\n.
| ']

| E—

-
]
-
5
-

1
T /2T, I2I
c=0 I | 2|2

. 1 111

HNCO (circa 1990)

(c) Jianhan Chen 49

3D Spectra

r
[

8 e %o '. .
L L o
b o ".-."'.t“ -
:-8 0." ‘4.- 5
. o
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(c) Jianhan Chen 50

Visualizing 3D Spectra using Strips

(a)/ (b)
/ [ /“ /
(o] 15c [ ] 13¢ X .
(e] (<] <
e © e ©
/ / / e X
: / 13N 15N
lH lH
(c) / (e)
Q lSC
(@]
e O |
) o /
15N\
4

http://www.protein-nmr.org.uk/assignment_theoryhtmthan Chen 51

13¢ (ppm)

41

46

51

56

66

Il

... Schematic representations of dipeptides
showing nuclei in residues i and ij1, where i is
the residue number, that are correlated
SN Y = N Mo/ (circled) in the HNCACB (top left) and (HB)
@ I CBCA(CO)NNH experiments (top right). The
13CB nuclei observed in the HNCACB are
colored red, denoting the opposite phase of
signals arising from these spins relative to

phases of 13CA signals. Strip plots from the
HNCACB experiment are at the 1HN(i) and
15N(i) chemical shifts for residues His 480 to
Glu 488 of the Nedd4 WW domain (bottom).
The negative 13CB signals are represented as
* red contours. Correlations between sequential
13CA/13CB resonances are indicated by
dotted lines. The asterisks () in the His 480
strip identify peaks with increased intensity on
© another plane. This spectrum was recorded at
500 MHz (1H frequency) on a 1-mM 15N=13C-
labeled Nedd4 WW domain bound to the
unlabeled ENaCBP2 peptide in 10 mM sodium

°
()
&
0
©
(]
[+]

phosphate, 90% H20, 10% D20, pH 6.5 at
30+C ...
Multidimensional NMR Methods for Protein
Gt+to Structure Determination, Kay et al., IUBMB Life
(2001).
H480 N481 1482 K483 K484 T485 Q486 W487 E488
(c) Jianhan Chen 52




Triple Resonance Protein NMR

I Labeling of a protein with both 15N
140 & 13C causes almost all of the
| { atoms in the protein to become
-14¢ C-H observable in NMR spectroscopy.
as—o | m I More importantly, all of the atoms
e also become scalar coupled to
| each other. These homonuclear
and heteronuclear scalar
couplings are relatively large
" ~depends on conformation compared to the linewidth of the
resonance lines.

Scalar Couplings in Proteins

Two key references:

1. Markley (1994) Methods in Enzymology Vol 239.
2. Bax & Grzesiek (1993), Accounts of Chemical Research, 26, 132.

http://www.intermnet.ua.es/inteRMNet/cursoRlefdoublelabel.html

Multidimensional Protein NMR

| 1
H-c-H H=C=H

H=C=H H -
/—";‘ /_,_\
|| 4 @ i
HNCA HNCACB
| |
H=C=H H=C-H
| | | I
H=C=H H=-C-H H=C=H H=C—=H
—(;)—' 3 c— —_c c—
5 u I5 I I I? o2 I
H H H
HN{CO)CA HNCO

http://www.intermnet.ua.es/inteRMNet/cursoRlefdoublelabel.html

Multidimensional Protein NMR
I

H=C=H
. 140 |
H-dc}H- H=C=H
35 —= C I - I
— o} C —
140 ;_ 355 'n' 1592 } |
tHY o H
CBCA(CO)HN
140 |,«\ |
H=c{B) H-C=H
35—<>: %\ j a7 | ¢ o |
H+CHB) H=C=H H=C H=C=H
B—= l‘) 1 35_"(.'. . I
—_ —N——C— —iCc—iC5 c—
% } “ | | 140 88 .n a2 } |
H H o] H
HCCH-TOCSY HAHB(CO)HN

http://www.intermnet.ua.es/inteRMNet/cursoRlefdoublelabel.html

Biomolecular NMR Applications

1. High-resolution structure determination

2. Dynamics: relaxation analysis

3. Transient interactions: excitation transfer, spin-labeling
4. Solid state: membrane proteins

5. In-cell NMR

6. Imaging: MRI




Yearly Growth of Structures Solved By NMR

number of structures can be viewed by hovering mouse over the bar

— Room temperature or (almost) any temperatures of interest

Direct monitoring of biophysical and biochemical processes
* Limitations of NMR

— Time consuming and labor intensive: difficult for high-throughput,
prone to human errors, less precise
— Need to be highly soluble: stable with near mM concentration
* Sometimes “strange” NMR buffers have to be used
— Limited to protein of moderate sizes: < 200 residues in general

* X-ray and NMR can be complementary

(c) Jianhan Chen 59

s s s s s s s e s e e e e e e .-
]
30 CYS HA 31 ASP HN 3.0
30 CYS HA 35 ALA HN 5.5
31 ASP HB 33 VAL HA 4.5
31 ASP HA 35 ALA HG 5.5
32 TRP HB 40 GLN HN 5.0
32 TRP HB 42 HIS HB 5.5
33 VAL HB 40 GLN HN 5.0
37 ASP HN 38 MET HN 4.8
38 MET HN 47 TYR HB 5.5
38 MET HN 48 LEU QD 4.5
38 MET HN 49 PHE QD 4.8

Also see: http://en.wikipedia.org/wiki/Protein_nuclear_magnetic_resonance_spectroscopy
(c) Jianhan Chen
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(c) Jianhan Chen 57 ;_’ 19894 58
1. High-resolution NMR structure determination Basic Steps of NMR Structure Determination
; ; : * Sample preparation and data collection
* NMR is one of the only two methods for high-resolution pie prep
P : * Chemical shift assignments: backbone and sidechain
structure determination besides X-ray crystallography g
Ad £ NMR — Chemical Shift Indexing and J-coupling constants: 2" structures
® vantages o . .
g * Distance and other structural restraints: NOESY
— In solution: more physiologically relevant conditions . . .
phy sically e Structural calculations: restrained molecular dynamics
— Provide information on protein dynamics . o
P v * Refinement and validation

60




Protein NMR Sample Requirements

Efficient preparation of sufficient highly
purified material with appropriate
isotope labeling is increasingly the rate
limiting step in NMR studies of
biomacromolecules
— typically expressing proteins in minimal
medium with single C13 and N15
resources (glucose and ammonium salt)
All typical NMR sample requirements
apply: D20, no paramagnetic ions, clean
tube, degassing, reference, etc
Buffer: pH, ions, and co-solvent: tricky,
optimized (solubility, stability, structural
properties, etc)
Quick view of NMR suitability: HSQC (H/
Cor H/N)

(c) Jianhan Chen
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Small Peptides (<30 residues)

* 2D Proton NMR only: isotope enrichment not necessary!
* Backbone and sidechains assigned using COSY and TOCSY
* Proton-proton distance from NOESY

p22 in SDS micelles

L \ . ~ 1 KKKKP ARVGL GITTV LTMTT QS
1 Y b 88 86 84 82 80
% % N .
) 14| 4 7.8 .
2 3 4 2 o XXX
- v15-L16 T20-Q21 P
b 8.0 10-G9 AXX Lio-ve 8.0
£ £ seot s i NKOX Kb X
za R 3 ;“ e—X X / K~ m1-m
5 82 X 82
12 e X X \]
; I
27 88 &G’ 84 82 8.0 78
85 80 75 @,-"H (ppm)

@, - "H (ppm) . : i N_HN 1H-1
Finger print region (HN-Ha/Side chain protons) Finger print region (H"-HT) of 2D H-'H NOESY spectrum

of 1H-1H TOCSY Herrera et al PROTEINS (in press) 62

(c) Jianhan Chen

Creates correlations between all protons within a given spin
TOCSY system, not just between close neighbors like in COSY.
Particularly useful in identification of amino acids!
90 mix
@ COSY peaks
t1 i T Y k
I I I|: - @ TOCSY peaks

MLEV-17

“spin lock period”

= Alanine (Ala, A} AzX

@ BCH3

1.39

435 ©00"
|
+H3N— (F*H
CH3
NH
8.25 — 2

Arginine {Arg, R}

Ag(T2)MPX

(c) Jianhan Chen

Spin Lock

Spin-echo sequence

I«—A j«—A-—»

o* [§0°

Spin-lock sequence

Spin-lock sequence — is the Spin-echo sequence, applied continuously.
The simplest spin-lock sequence is just a continuous pulse.

in presence
of spin-lock

Jm b J L Al

The Spin-lock sequence makes all spins strongly coupled
(differences in chemical shifts are less than coupling constants)




Larger Proteins

* (S assignment requires doubly-labeled proteins

* Automatic assignment often feasible: correct assignment a

critical starting point!

High resolution 'H-5N HSQC
High resolution 'H-13C HSQC (aliphatic)
High resolution 'H-3C HSQC (aromatic)

Side chain: N TOCSY-HSQC
C(CO)NH-TOCSY
H(CCO)NH-TOCSY

CCH-TOCSY
Backbone: HNCA CCH-COSsY
HN(CO)CA HCCH-TOCSY
HNCO HCCH-COSY
HCACO Aromatic
HN(CA)CO H spectra (2QF COSY and 2Q) for resonances
CBCA(CO)NH within aromatic rings
HNCACB 1H NOESY to connect Hd with Hb (marked high
HBHA(CBCACO)NH intensity NOEs)
HN(CA)HA (Hb)Cb(CgCd)Hd
(Hb)Cb(CgCdCe)He

(HC)C(C)CH-TOCSY

Methionine

HMBC to assign methyl group

Incomplete excerption from Wright/Dyson lab manual (The Scripps Research Institute).

(c) Jianhan Chen

Distance Restraints from NOE

* Data Acquisition:

3D N NOESY
3D '3C NOESY
4D ™N, 13C NOESY
4D '3C, 13C NOESY
3D N, 5N NOESY

3D SN HSQC-NOESY-HSQC °
(take two NOESY spectra at 2 or .
more mixing times when possible)

e Calibration of NOE

*  NOE buildup ~ 1/r®

* Actual slope also depends on
dynamics, spin diffusion, strong
coupling etc
NOESY is noisy!
Utilize known distances: intra-
residue ones, 2" structures

* NOE assignments: overlaps lead to ambiguous NOEs; iterative
assignment assisted with structural feedbacks!

* Binning NOE intensities: large uncertainties and only qualitative!

description *for protein w/ M,<20 kDa

class restraint
strong 1.8-2.7A
medium 1.8-3.3A
weak 1.8-5.0A

strong intensity in short t., (~50 ms*) NOESY
weak intensity in short t, (50 ms*) NOESY
only visible in longer mixing time NOESY

(c) Jianhan Chen
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3D NOESY-HSQC

e 2D 'H-'H NOESY can be very
crowded.

* Additional dimension helps to
disperse the peaks and facilitate
assignment

* NOESY followed by HSQC

NOE

L@

! o0 y
. {Il_lz |t [as |

Water Signal

z/@ﬂ \IJNH

3 4

- I t, iz
iradient . ‘ . A

- OESY | +«—  HsQC —r
ECHO- ECHO-

ANTIECHO ANTIECHO

(c) Jianhan Chen
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3D 1H-15N NOESY-HSQC spectrum of a dimeric GpA mutant
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(c) Jianhan Chen
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Additional Structural Restraints

* Chemical shift analysis: CSI

* Hydrogen bonds: D,0 exchange experiments to identify slow
exchanging amides (those involved in h-bonds)

* J-coupling constants

Experiment Coupling constant Information
HNHA kN Ha ¢
HA(CA)HB COSY 3Jha kb ¢,, bH stereos
HNHB 3JhN Hb c,, bH stereos
2QF cosy JhinHar SJhakb confirmation
13C-{13CO} spin-echo difference ct-HSQC  3Jgy o lle, Thr x4, Val x4,
Cy stereos
13C-{"5N} spin-echo difference ct-HSQC  3Jqyy lle, Thry,, Val x4,
Cy stereos
(c) Jianhan Chen 69

Structural Calculation

e All structural restraints implemented by penalty functions

4,

V=EVMM+EVNMR 4
25
Vaoe) =0, for  Fjiw = 1y = Fijup (2.24a) 2; i
Vyoe(if) = knog(ry; — "y,tlm\v)l. for Tijlow = Tij 12 S
(2.24b) B :
. 2 . 0.5 NG
Vxoe(i) = knoe(ri = Tijup) s for Tijup = Tjj \
(2.24¢) N

Distance r;
e Structural calculation re-casted as global energy minimization/
conformational search problem (which is molecular dynamics all about!)
* Restrained molecular dynamics with simulated annealing to generate sets
of structures that maximally satisfy all restraints
¢ Two key popular NMR structural calculation software

— CYANA/DYANA: http://www.las.jp/prod/cyana/eg CNSsolve
— CNS: http://cns-online.org/v1.21/

— Xplor-NIH: http://nmr.cit.nih.gov/xplor-nih/

(c) Jianhan Chen 70

Overview of Structure Calculations

Molecular topology Experimental structural
information restraints (NOE, coupling
constants, H-bond)

\
| r

vy v
I Distance geometry | | Simulated annealing |

v
Regularization l
¥

I Simulated annealing refinement I >
v >

Structure selection Py
v ey

| Analysis/validation (RMSD, “Procheck”, back calculation) I

Adapted from Briinger, A. T., “X-PLOR Version 3.1, A
System For X-ray Crystallography and NMR"

(c) Jianhan Chen 71

Simulated Annealing

> | Initial Structure

| Energy Minimization l

1
v

I Heat System (~1000 K) |

-local energy minimum reached

-heat system to cross local
energy barriers
Simulation -atomic positions determined

| Restrained Evolution |‘_

- Steps (~5000) from velocities/accelerations
Cooling (by 50 K) ‘—I . .
n -slow reduction of atomic
Repeat With | ogs
Lo 20x
New Initial | Increase Force Constants | .VCIOCltleS (n.]any steps)
Structure -increase weights of
(~20 x) 4| Simulation experimental restraints
| Restrained Evolution | Steps (~5000) P
L

v

I Final Energy Minimization |

¥

| Energy Minimized Structure |

+
Family of Structures

Based on figure from Horst Joachim Schirra Max-Planck Institute for Biochemistry
http://www.cryst.bbk.ac.uk/pps2/projects/schirra/html/home.htm

-global energy minimum?

Internal Coordinate MD




. . . Table 1. Structural statistics for the RPP29-RPP21
Refinement & Validation  complex

RPP29 RPP21
* NMR restraint violation statistics:  NMR constrains
X NOEs 2038 1407
Self—COnSlStenCy Intraresidue (i—j=0) 833 606
.. Sequential (i—j=1) 475 364
* Convergence (precision): can be Short range (1<i-j<5) 204 203
f : Long range (i—j>5) 526 234
misleading Intermolecular (RPP29 —~RPP21) 472
. s Ambi E 376 328
*  PROCHECK: PDB statistics on Hydregen bonds™ ph 80
genera| ¢/w distributions Dihedral angles 188 162
* Refinement using additional Structure statistics
. . Violations .
information from Distance violations >0.5 A 1.50+1.02
L. ) . Dihedral angle violations >5° 1.63+0.10
— Empirical protein force field: Deviation from idealized geometry
Bonds (A) 0.0046+0.00008
solvent effects Angles () 077002
Impropers (°) 0.56+0.01
V= EVMM + E Viur + EVOL,W Ramachandran statistics (%)”
Favored 77.0
. . Additionally allowed 21.1
— Additional experimental data: Generously allowed 14
_ 1 Disallowed 0.5
NMR and non-NMR! Precision (RMSD form the mean structure)*
— Residual dipolar coupling (RDC) Backbone atoms (A) 0.58
All heavy atoms (A) 0.87
PDB: 2KI7; Xu et al, JMB (2009)
(c) Jianhan Chen 73

Refinement in implicit solvent can be used to obtain
native-like models from limited NMR data.

(a) initial REX/GB refined NMR final

%

T T T T T T T T T T T T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
RESIDUE NUMBER RESIDUE NUMBER RESIDUE NUMBER

Cost: ~12h wall time using 16 Intel 24GHz CPUs ~ Chen et al., J. Biomol NMR (2004).

Refinement of
Maltose-Binding
Protein (MBP)

¢ 370 residues, 42 kDa

* 1943 NOE, 45 hydrogen
bonding and 555 dihedral angle
restraints.

* Average backbone RMSD to
X-ray structure is 5.5 A (a).

* Improved to 3.3 A with 940
additional dipolar coupling
based restraints (b).

Ref. Mueller et al., JMB 300, 197 (2000)

Population (%)

Implicit Solvent Refinement Results

* All NOE and dihedral angle Initial  Final

restraints were used. RMSD to X-ray (&) *
* 48 replicas were simulated at glzbal ) ;zfgi i; ﬁ‘i
. -domain S5+2. 21
300 to 800 K until converged. C-domain 30832 2019
» Total of 1.0 ns REX/GB 9/ space: residues (%)
. . Most favored 72.2 84.3
simulation.
Additionally allowed 22.8 13.3
60 Generously allowed 38 16
r Disallowed 1.2 0.8
wl lezp Violation statistics
- RMSD of NOEs (&) 00047 0014
[ final NOE violations (>0.24)  2.85 442
20 |- o RMSD of angles (in degrees) 0.53 6.25
r initial
F Lh[[L 2 Backbone RMSD with respect to PDB:1dmb
oLl n-ﬂTH]lﬂm !-ﬂw ollll nn _mnn shown. Global: residues 6-235 and 241-370;
4 6 8 N-domain: 6-109 and 264:309; C-domain:
RMSD (A) 114-235,241-258 and 316-370.

Chen et al., JACS (2004).




Representative Structures: MBP Automatic/High Throughput NMR Structure Determination

before “The automation of protein structure determination using NMR is coming of age. The tedious processes of
) resonance assignment, followed by assignment of NOE (nuclear Overhauser enhancement) interactions
(now intertwined with structure calculation), assembly of input files for structure calculation, intermediate
analyses of incorrect assignments and bad input data, and finally structure validation are all being
automated with sophisticated software tools. The robustness of the different approaches continues to deal
with problems of completeness and uniqueness; nevertheless, the future is very bright for automation of
NMR structure generation to approach the levels found in X-ray crystallography. Currently, near
completely automated structure determination is possible for small proteins, and the prospect for medium-
sized and large proteins is good.”

Table 1
y of prog for d

Program References MD engine Utility

ARIA [34,35,36°,37] CNS XPLOR Ambiguous NOE restraint generation, spin diffusion correction,
iterative structure calculation, analysis

AutoStructure [28,317] XPLOR CNS DYANA NOE, torsion angle and hydrogen bond restraint generation, NOESY
assignment, iterative structure calculation, analysis

BACUS/CLOUDS [38°°,39,40] NOESY assignment, distance matrix calculation

CANDID/ATNOS [41,42] DYANA NOESY peak analysis, NOESY peak assignment, restraint generation,
iterative structure calculation

NOAH [32,33] DIAMOD DIANA NOESY assignment, NOE restraint generation, torsion angle restraints,
iterative structure calculation

SANE 47 AMBER DYANA NOESY assignment, restraint generation, structure calculation

PASD 437 XPLOR-NIH Probability analysis of NOE restraints and simultaneous structure calculation

MD, molecular dynamics.

“Automation of NMR structure determination of proteins”, Altieri and Byrd, Curr Opin Struct Biol (2004)

RMSD values: from X-ray (PDB:1dm); backbone atoms of residues 6-235 and 241-370

(c) Jianhan Chen 78

N

CANDID Protocol ‘ Experimenel input di ’

« chemical shift list from sequence-specific resonance assignment
« list of NOESY cross peak positions and volumes
« optional: conformational constraints from other sources for use by DYANA

2. Protein Dynamics from Relaxation Analysis

(] . blue: with Cu?*; red: without
Cni“-'-ww-m tist ] Relaxation parameters (T1, T2,

* For each NOESY cross peak, one or multiple assignments are determined
based on chemical shift fiting within a user-defined tolerance range. NOE) determined mainly by
i molecular tumbling and also
the generalized contribution to the total peak volume and eliminate low- depends on internal dynamics

(" For each individual NOESY cross peak: rank the initial assignments by )
ranking initial assignments

Only those initial assignments ar retined a assignments that cxceed a user They thus report on internal

defined threshold for the total score from the following criteria:

« closcness of chemical shft fit dynamics, even though not

« presence of symmetry-related cross peaks
« compatibility with covalent polypeptide structure always in obvious ways!
« network-anchoring

\- compatibility with intermediate protein 3D structure (cycles 2, 3,...) Y,

WmKT bPrP(121-230)

(] _ _
(" Calibration of NOE upper distance constraints ) i1 N
5

05

1 ( = (lsat - lea)/leq)

(" Eliminate spurious NOESY cross peaks )
Only those cross peaks are retained that meet one of the following conditions:
+ Atleast one assignment has a network-anchoring score above a user-defined threshold.
* At least one is ible with the 3D protein structure
\__ cnerated in the preceding cycle. (cycles 2, 3,..) Y,

‘Constraint combination (cycles 1 and 2)
« Small groups of a priori unrelated long-range distance constraints are combined

into new virtual distance constraints carrying the assignments from two or several
of the original constraints.

20 40 60 80 100

* generates protein 3D structure that is added to the input for the following
CANDID cycle

Final cycle

( Structure calculation using DYANA torsion angle dynamics ]

Villanueva et al., “Increase in the conformational flexibility
of 3,-microglobulin upon copper binding: A possible role
for copper in dialysis-related amyloidosis”, Prot. Sci (2009).

Wauthrich and coworkers, JMB (2002)

. ——
Y
(c) Jiant C « A bundle of 20 energy-refined conformers represents the NMR structure

of the protein 3D s using OPALP (after cycle -D




Quantitative Analysis of NMR Relaxation

* With (proton-proton) cross-relaxation suppressed, amide N15
relaxes primarily due to dipolar interaction with the directly
attached 1H spin and through 15N Chemical Shift Anisotropy.

* Relaxation parameters determined by spectral densities:

t[’ c2
R, = X J(wn) + J(wn — wx) + 6J(wn + wy)] + o J(wn) , (1)
d?.
R, = g J(0) + 3J (wy) + I(“’n—W\)fﬁlwu)JfG]»‘fu wy)]
41 + 8J(wx)] + Rex, @
2
NOE = 1+ %:—"[6] (wn + wn) = J(wn —wy)] 3)

d = (pohyuyn/87%) < ryy > and ¢ = Agwy;

ryn is the length of the N-H bond; Ao is the CSA of 15N;
wy and wy, are the Larmor frequencies of 1H and 15N

Chen et al., JBNMR (2004) and references thergin. han chen 81

Spectral Density and Internal Motions

* The spectral density function is the Fourier transform of the angular auto-
correlation function, C(t), of the N-H bond vector,

J(w) = 2/ (t) coswtdt.

* The auto-correlation function depends on both overall tumbling and
internal dynamics. Assuming C(t) = C(t) C,(t), if tumbling much slower.
* Inso-called “model-free” analysis (Lipari and Szabo, 1982), internal
dynamics characterized by (motion) model-free parameters, including
— generalized order parameters (S): amplitudes of the internal motions
— Effective time constants (t): time-scales of the internal motions

* 0.9 + 0.1%xp(x/50,) ——

oash..... Cit) =S4+ (1 =S e ™™ .
08B F- N oo O U S
0.34 : “Sample C(t) with $2=0; 9‘ 1,=50°ps
0,92 R TR EERTEREERPERPRPEES RS
09F - T - :
0,88 .
0 200 400 BOO 800 10
Ti
(c) J\dnltheéPc%) 82

Model-Free Analysis

¢ Measure T1, T2 & NOE, typically at two fields (e.g., 500 MHz and 600 MHz)

¢ For each N15, fit (three or six) relaxation data points to to obtain
generalized order parameters (S) and effective time constants (t).

* These dynamics parameters quantify protein internal dynamics and can be
use to understand the role of internal dynamics in folding and binding.

a I:)II Te

Sy = st +(1 —sfz)r'f+(sf2—s2)r's )
B 1+(a)‘r) 1+ (@) 1+ (7))

in which 7' = TsTo/(ts + Twm), T's = TsTw/(Ts + Tm), T iS the
isotropic rotational correlation time of the molecule, 7 is
the effective correlation time for internal motions on a fast
time scale defined by 7y < 100—200 ps, 7; is the effective
correlation time for internal motions on a slow time scale of
~1 ns defined by 7t < 75 < Tm, S 2 = S8 is the square of
the generalized order parameter characterizing the amplitude

D,

NMR PROBES OF MOLECULAR DYNAMICS: Overview and Comparison with
Other Techniques, Palmer, Annus Rey, Biophys Biomol Struct (2001). 83

Assumption of uncoupled tumbling and internal motions in model-free

analysis likely leads to an underestimation of motions on ns timescales.
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A novel view of domain flexibility in E. coli adenylate kinase based on structural mode-coupling

15N NMR relaxation, Tugarinov et al, JMB (2002).
(c) Jianhan Chen 84
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Protein dynamics in enzyme catalysis
mesoAdk thermoAdk

closed occluded
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The synergy between structure and dynamics is $220.92 Haosnzyme (2004)
essential to the function of biological
macromolecules. .... Here we show that pico- to cosed
-EvTHF NADPH
nano-second timescale atomic fluctuations in product Toease Gomex .
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Conformational Entropy in Protein Interaction Coupled Binding and Folding
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3. Spin-labeling and Transient Interactions

* Paramagnetic centers enhance NMR relaxation, typically undesired.
¢ Paramagnetic relaxation enhancement (PRE) coupled with site-directed
spin-labeling (SDSL), however, provides distance information up to 35 A.
— Allows one to detect long-range ordering and transient structures!

(RN (ii)
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Current Opinion in Structural Biology

Structures of typical nitroxide-based spin probes

Structural Reorganization of a-Synuclein
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Visualizing transient events in
amino-terminal autoprocessing of HIV-1 protease

(1]
Q.

360 — L

180

Azimuth angle 6 (°)

PREs were measured on a 1:1 mixture of 0.2 mM U-[2H/13C/15N]-labelled SFNFPR(D25N) and spin-
labelled SFNFPR(D25N) at natural isotopic abundance.

(c) Jianhan Chen Tang et al, Nature (2007) 90

5. In-Cell NMR

16 14 12 10 08 06 04 02
'H(p.p.m)

a, Scheme of the in-cell NMR
experiments using E. coli cells. b, The
1H-15N HSQC spectrum of a
TTHA1718 in-cell NMR sample
immediately after sample preparation.
¢, The 1H-15N HSQC spectrum after 6 *
hin an NMR tube at 37 °C. d, The 1H-
15N HSQC spectrum of the supernatant
of the in-cell sample used in b and c.
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Protein structure determination in living cells by in-cell NMR spectroscopy, Sakakibara et al, Nature (2009).

(c) Jianhan Chen 91

A putative heavy-metal binding protein TTHA1718 from Thermus
thermophilus HB8 overexpressed in Escherichia coli cells.

Putative heavy-metal
binding loop

a, A superposition of the 20 final structures of TTHA1718 in living E. coli cells, showing the
backbone (N, Calpha, C') atoms. b, A superposition of the 20 final structures of purified
TTHA1718 in vitro. ¢, A comparison of TTHA1718 structures in living E. coli cells and in vitro.
The best fit superposition of backbone (N, Calpha, C') atoms of the two conformational
ensembles are shown with the same colour code in a and b. d, Secondary structure of
TTHA1718 in living E. coli cells. The side chains of Ala, Leu and Val residues, the methyl
groups of which were labelled with 1H/13C, are shown in red. e, Distance restraints derived
from methyl-group-correlated and other NOEs are represented in the ribbon model with red
and blue lines, respectively.

Protein structure determination in living cells by in-cell NMR spectroscopy, Sakakibara et al, Nature (2009).
(c) Jianhan Chen 92




6. MRI

*  “magnetic resonance tomography”
* First MR image in 1973
e 2003 Nobel Prize

¢ Detect T1 or T2 relaxation of water
protons in body

* Contrast agent to enhance the contrast
(increase the spread of T1/T2 in tissues)

* B,~1.5T (60 MHz)
* Extensive use of magnetic field gradient
for plane selection
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Additional reading: http://www.cis.rit.edu/htbooks/mri/

(c) Jianhan Chen




