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Sample at thermal equilibrium

Just placed sample in
in magnetic field (relaxed)

magnetic field
(“infinite” spin
temperature)



Stimulated emission

VWV VWV

7Y
L4

Photoelectric effect
- WWWWWY

®

Absorption Spontaneous emission

&

WWWWW- - e VWV

-
L4

o

Einstein, A. (1916). "Zur Quantentheorie der Strahlung". Mitteilungen der Physikalischen Gessellschaft Zurich. 18: 47-62.
“guantum theory of radiation”



Einstein coefficients: spontaneous emission

Excitation via RF Pulse Probability of spontaneous emission
Ve
2 3
HoY “hw,
AE = hy P =
12m?c3
+14

Plank's constant

gyromagnetic ratio /
. angular frequenc
permeability of free SPECERH\A - [ q Y

2 3 -
p _ Ho¥ hw=
12m2¢3
Lifetime for visible light: speed of light

10° - 10%s




Spontaneous emission does not occur in NMR.
Only stimulated emission and absorption

600Mhz 6x107-6 Kcal/mol
500 Thz (green light) ~53 kcal/mol

Excitation via BF Pulse

-5

AE = hv

+la

Probability of spontaneous emission
2 3
_ KoY hwg
12m%c3
Poddnts

@ 500 MHz

P

A spontaneous
emission will occur
once per
316,887,646,154,127
years!!!




Oscillating Stimulated emission

magnetic field VVVVVV\/WV
(RF pulse) e

%
Photoelectric effect
NMR
Absorption

®

W




Fluctuating Stimulated emission

magnetic field
from motion ®

Photoelectric effect
NMR >

Absorption

W -




Rotational correlation time (1) is the average time it takes for a molecule to rotate one radian,

360 _
——=1 radian =57.3°
21



https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Radian

Relaxation mechanisms

Dipole-dipole

* interaction between magnetic dipoles
Chemical shift anisotropy
* non-spherical electron environment
Quadrupolar
* nuclei with spins > %, oblong shape nucleus
Scalar relaxation of the 1% kind
 Chemical exchange
Scalar relaxation of the 2" kind
* scalar coupling to quadrupolar nucleus
Spin-rotation
* changes in rotational angular momentum
* usually only in small molecules in gas phase



/\ Dipole-dipole

N T

Molecular Local Dipolar Field
Tumbling



Chemical shift A A

anisotropy (CSA) APPLIED FIELD

R
g




Quadrupolar relaxation
Nuclei with spin >1/2

o Low energy







Scalar relaxation of the 2" kind

13 &D =

Rate ~1/JCD

Quadrupolar
relaxation



Spin-rotation relaxation

Hal
M‘d)/ r B B changes as the rate of rotation changes

R

- Small molecules, or freely spinning portions of larger molecules without other efficient relaxation mechanisms.



Relaxation frequencies 445400

W -W
0000

....%»n

J(W )
J(W y)
J(Wy+wy)
J(Wy—Wy)






J(0)

Random local fields

-10

10



10

101

Small Higher Lower
Molecules ~ Fleld.-
T,

Large molecules
Polymers, proteins

7,

1,
1hv, = 10® at 100 MHz

Solids

102 10'* 10 10° 10%® 107 10° 10°
T. (correlation time)

Increasing viscosity or molecular size —

10°

damrs

e = 3T

Rough rule of thumb for
spherical proteins:

T_~ MW(kDa)*0.6



| NESG target (isotope labeling) | MW (kDa) | 15N T, (ms) | 15N T (ms) | T (ns)
| PSR76A (NC5) | 7.2 | 478.0 | 128.0 | 5.10
| VR117 (NC) | 11.2 | 605.0 | 119.0 | 6.30
| SyR11 (NC5) | 12.4 | 630.0 | 104.0 | 7.10
| ER541-37-162 (NC5) | 15.8 | 729.0 | 66.5 | 10.0
| ER540 (NC5) | 18.8 | 909.0 | 66.5 | 11.3
| SoR190 (NC) | 13.8 | 697.5 | 100.9 | 7.70
| TR80 (NC5) | 10.5 | 612.8 | 102.9 | 7.00
| Ubiquitin (NC) | 9.0 | 441.8 | 144.6 | 4.40
| HR2873B (NC) | 10.7 | 492.0 | 115.0 | 5.70
| B-domain (NC) | 7.2 | 423.5 | 153.3 | 4.05
| BCRO7A (NC) | 13.1 | 705.8 | 80.6 | 8.80
| PfR193A (NC) | 13.6 | 733.9 | 80.9 | 9.00
| MvR76 (NC) | 20.2 | 1015.0 | 64.5 | 12.2
| DvR115G (NC) | 10.9 | 608.7 | 115.6 | 6.50
| MrR110B (NC5) | 11.8 | 707.0 | 99.2 | 7.80
| VpR247 (NC5) | 12.5 | 661.2 | 88.3 | 8.05
| BcR147A (NC) | 11.9 | 645.0 | 104.0 | 7.20
| WR73 (NC5) | 21.9 | 1261.0 * | 41.3 * | 13.0
| NsR431C (NC5) | 16.8 | 855.5 | 71.2 | 10.6
| StR82 (NC) | 9.2 | 537.3 | 100.4 | 6.6

Average t = 0.613*MW




NIMIR

NMR Spectroscopy

Protein dynamics

residual dipolar couplings

-
-

J couplings chemical shifts

NOE, T1, Tz, T1p Tz, T1p H/D exchange

-
>

B e EE— ¢

Dynamics

|vibrational motions |overa|l tumbling |enzyme catalysis

|fast loop motions |slow loop motions

|domain motions

side chain
rotation/reorientation aromatic ring flips

| protein folding




Stationary random function, B, (t)

Byoc(t) ';u

A

<Bi,(t)>=0

t
<B2(t)>+ 0

Time correlation function, C(1)
C(T) = {BIM{t)th[t'l'T)b = {B|“[D)B|H(T}}

0.8
0.6
C{T} 0.4

0.2

C(0) = {Bﬁx[‘t)}

(1) = exp(-t/1)

C(o9) = <B,, ()5*=0

- T

1 1
20 40 60 80
| | I |
B? ,.()
loc\ ™/,
L WALV NN i
20 40 60 80

sl 1= 19 |



J(w)

% 107"

Spectral densities

7, =3*10* (~60kDa)

1 t.=10%(~20kDa)

| 1.=3*10"°(~6kDa)
T —3*!&-10(~§QQD3) ,
o 2 4 B

2T

1+72w?

T Log(w)

w=0

()

L
0.5




Relaxation

Rate=Constants * "mechanism” * correlation function

For pure Dipole-dipole:

2

2y,
R = : [J(W =W y)+3J(W )+ 6J(W 45 +W )]
r N
(W) =—
J(W)=
l+wlt?

C

T . is the correlation time

c



Relaxation rates
vty
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Modelfree analysis
(B)in

LUk
r::ﬁ

=73ns

':lll'l

LI

L1l

. OE
-
[T

i O

Chial

Ci(t) =8>+ (1 — 8 e !/

g o W s o Fore
*

.

WY A0 53 0 533 S MY 380 533 MO N 4D

A KM 3RS i) 3NS MG S KD OBRE ED B 4T

S

‘-I‘mm“I!HHH"ﬂﬂ'ﬂh"'

b




More complex internal motion (e.g. 2 or more internal motions)

Ci(t) =S + (1 — 8§ e /Y 4 (85 —sh e/

Be Cautious: If 1. if close to T_(within a order of magnitude or so),
then the values may not be distinguishable due to noise



Dipole-Dipele

M.-z‘j |

CSA /

“F1 < H-H Dipole-Dipole

N\

>~2.5A ‘\H

Non-bonded H contribution to N DD
relaxation ~250 times smaller than
direct bonded NH



Coherence

order (1Y (s,) (1,8,
1 (L) (1) (sy) ()
1 (1,8¢) {I,8y) (1s8,) (I,8,)
02 (1,8, (1,8,) (1,8,) {(1,S,)



HN relaxation depends on 5 frequencies

7(0)

J(W )

J(W y)
J(Wy+wy)
J(W g —Wy)



TABLE 1
IS SPIN SYSTEM AUTORELAXATION RATES

Autorelaxation®? Ji) Jlws) S, — wg) Sl ) Jloy + ws) oL o

Single-quantum heteronucleus

Rg(S.) 0 3d + ¢ d 0 6d 0 0

Rg(S,) 2d + (2¢/3) (3d + )2 di2 3d 3d 0 0
Single-quantum proton

Ri(1.) 0 0 d 3d 6d 1 0

R(I.) 2d 3d di2 3d/2 3d 0 I
Longitudinal two-spin order

Ri5(21.5,) 0 id + ¢ 0 3d 0 I 0
Single-quantum antiphase coherence

Ris(21,5,) 2d + (2¢13) (3d + )2 di2 0 3d 1 0

Ri5(21.5.) 2d ¢ di2 3di2 3d 0 |
Pure double-quantum coherence

R’sl:Zng]] 2c/3 [3d + C'}-"IZ }] ?I'd.-": bd 0 |
Pure difference-quantum coherence

R (21,5 ) 2¢/3 3d + )2 d 3d12 0 0 1

“ Autorelaxation rate = [Zf® (weight); J(w;)] + (weight p_)p. + (weight pr)pr.
b Constants are d = Ayjy/4rs. ¢ = QiA3/3, and expressions are in cgs units.

Peng, J. W., & Wagner, G. (1994). Nuclear Magnetic Resonance, Part C. Meth. Enzymol.,

239(1987), 563-596. https://doi.org/10.1016/S0076-6879(94)39022-3



TABLE 11
IS SpPiN SysTEM Cross-RELAxaTIiON RATES

Cross-relaxation? J(0) Hws) Moy — o) Jop)  Jop + 05) o ob

Heteronuclear dipolar cross-relaxation

Ry < S.) 0 0 —d 0 6d 0 0
Proton lengitudinal cross-relaxation (NOE)®

Rl. < AD) 0 0 0 0 0 1 0
Proton transverse cross-relaxation (ROE)”

R{I < Al) 0 0 0 0 0 0 I
CSA-dipolar cross-correlated cross-relaxation

Ri(S. < 21.5.) 0 K 0 0 0 0 0

Ry(S, < 20.8,) 2K3 K2 0 0 0 0 0

« Constants are d = fityjyi/dris, ¢ = Q:A/3, and K = Ay, y,QAs(Pa(cos D))/riy, and
EXPressions are in cgs units.

b Cross-rale = [Ef(weight),J(w,)] + (weight o{)o| + (weight oi)ak.

CoL = Ry HArED) 16,5Qw) — IO}, o = (Ryiiari) {20000 + 370w},



J(w)

6 unknowns

0wy
3d+c
Ry(N,) ®
(6d+2¢c)/3 (3d+c)2
Ry @
(6d+2c)/3 (3d+c)/2
RyZHoNey) @—@
3d+c
RuHy N) @-
Ry (Hy)
Ry(H-->N, )

dipole-dipole
oo B
N2YTVg
d =
o 6
"' Is

Chemical shift anisotropy
2
Ac?w?,

3

C —



R1,R2,HetNOE
Used for model free

2 hZ
Ru(N:) = T (U = wn) + 3 ()
ﬁZ 2
+6J((.OHN+{'.IJN)} + ;?N J(UJN)
2 2 hz
Rn(N,) = “;“Z” (4J(0) + J(wux — wn) + 3J(wn) + 6J(wpn)
rNHN
Alw?

+ 6J({OHN + WN)} +

2 1
3 I:,; J(0) + 5 J(wn)

Yinyxh?

Ry(HY = N,) =
N( z > z) 41’_%}!”

[6J(wyny + wn) — J(wgy — on) }.



AE
vk {3J(wn) + 3J(wyN)} + 3

2
Rau(2HNN,) = "”; N J(wn) + prva

6
F'nu
2
N

ﬁr%'}fﬁ
8r JuN

Rnu(2HIN, ) = {4J(0) + J(wp~y — wn)

Alw?

3

+ 3J(C:?N) + 6.](((}].11'{ + wN)} + {% J(O) + % J(&JN)} + PHVNHY,

2 2 k2
YaNYRNA
6
4FNHN

RH(H::H) = {J(WHN — wn) T 3J(wyn) + 6J(wyn + &-"N)} + puNHi



Rn(N.) 0 d 3d+c 0 6d 0 J(0)
d+2¢c d 3d+¢
Ra(N, ) batde d 3dYC 3i 34 0] Hews — ox)
3 2 2
+ +
Ra(ZHNN, ) | o | 8422¢ 4 3dre o 5, J(wn)
3 2?2
Ruiy(2ZHNN.) 0 0 3d+c 3d 0 I J(wyv)
Ry (HY) 0 d 0 3d 6d L[| Jwp+ wn)
RN(HZN"*NZ) 0 —d 0 0 64 0 PHNH!




l 1
3d+c| 2 Rn(N) + Ru(Ny,, ) +Rwu(ZHEN, )

J(0) :%

1
- Ran(2HIN,) — 5 Ru(HY)|

T = on) = 5 7 { Ru(N2) — R(2HEN,)

+ Ru(H:) — 2Rn(HY = N.)}

I 1

Jwn) =3 57— {Ru(N2) + Ran(HEN,) — Ru(HY))
11
'](wHN) = 1_2' E { RN(NZ) + 2RN(Nx,y) - 2RNH(2HI;N,\:,}')
+ Rnu(2HZN,) + Ry(HY)}
11 N
J(wHN-’-wN)_ﬁ(_j{RN(N ) RNH 2H N)

+ Ru(H) + 2Rn(HY —> N,) }.

PHNH! = ‘{_ %-RN(NZ) - %RN(NI,}’) + %RNH(zHENx,y)
+ $Rnu(2HIN,) + § Rg(HY)}



RN(NZ)

A 5
Ly
|
anll azian ll an :
H [ Detect
|
o o | $
Inversion |
A2 | A2 N2| A2 Recovery 4 :yz [NZ mJ an2 | Decoupling
S —— PP

- T —

d(S.)

== — Ry XS =5 = Rus(s. 0 1 )T 1)) =R sls . 0 215 )(21 .5 )

<5% R(S,) More serious
(S, © I .) — heteronuclear dipole —dipole cross relaxation
(S. e 27 _S_)— cross relaxation due to heteronuclear CS4 — dipole cross correlation




S

RN(NZ)

A,

0
I \ | t2
anll an z.sz : A2
I Detect
|
o o |
Inversion |
N WAV Y Recovery | 1, a2 | a2 an2 | Decoupling
|

- T —

Need to keep | and 21,S, terms constant or zero.

Initial saturation via 2 long pulses (double components of S remain equal and cross-

correlation removed)

Saturation maintained by pulse train of hard 90 pulses
* could be achieved with proton broadband decoupling
Saturation forces peak intensity to that of hetNOE




C Waltz 16

Decoupling I ty
vl Y lyz I I,_uzJ A2 ,_uzl.,yz

'H @@ |
| |
|
|
I
|
|

I
o I
I
I

Ar2 A2 | A2

w2

G 142 |N2 A2 | A2 | Decoupling

1
I

- T —
Alternative approach using *H decoupling

|
I
T/2 {
I
|
I

WALTZ - 90,-180_-270




B
X q} ( \ I X [2
| MI a2 | an m: I : =N2J AR mlm
H | I Detect
| Spin-Lock | |
o | Repeat | I Y .
A2 I AR | an . lan I A/2 NZJ A2 | Decoupling
S | | L
k .
il T —
d(S )

o —Rs(S XSy )—MI s {21 .S )= R ;s(S & 21.5,)(21 .S )

nJ g <2! .S }’> — heteronuclear bond scalar coupling

(S,e27.5,) (2! _S x>— cross relaxation due to heteronuclear CS4 — dipole cross correlation




R R(N)

X

| L2
1 ml AR2 Im' I l l:m AR Jm
H 1 I Dete{:t
| Spin-Lock | |
o | Repeat | I Y
| .
A2 I A2 ] :N2 I Nﬂ A2 | Decoupling
S | L.

T .
« Continuous wave spin lock along x axis effectively kills the J  term
e CPMG could be used
* Cross-correlation due to CSA-DD is suppressed by inserting 180 proton pulses in spin lock

* Off resonance effects will effect the relaxation rate since the spin lock axis is tilted toward the Z
axis as a function of off resonance



eff

X

trajectory




Dipole-Dipole/CSA relaxation interference

chemical cross-comelation dipolar coupling
shift &

B -

In relaxation, the
interactions are
squared averages.

| |

| |

| |

| |

| ]

[ 1 For 2 relaxation

i : | b interactions, A & B

| | that have the same

: I] symmetry, the square
| |
| l

contains cross terms.
R'c(A+B)° =A2+2AB + B?

/

Relaxation interference




S relaxation due to cross-correlation

g B o

180 I

/ Averages relaxatlon



Heteronuclear NOE

P

P2



R(MH" - N)

D y X e

|
||||HHH| I i I

o l 6

t
2
Ip X I
e | g a2y an
-‘...::'Eg:, |

Detect

Cross-relaxation , |
Delay 1 | a2 | a2 |a2 | a2 | Decoupling
S I

- T —
Isar_qu_Yl Rg(S,e1,)
qu Ys RS(SE)

r]=



R(MH" - N)

D y X E

lpx ' L2
2l lan ] an|an ] an
: | ] | | Detect
|
.« | 5
Cross-relaxation l |
Delay 1 | a2 | a2 |a2 | a2 | Decoupling
|

- T —

« | with T = several seconds

« T, With T=0

* Solvent saturation can complicate this measurement- especially if relaxation delay too short
« Amides remain partially saturated and underestimate the the equilibrium S,

* Relaxation delays rely on S spin polarization — longer relaxation delay required



E RJ(H'N)
X B
NZI A2 l |
I
I

|
A2 I A2 : Z.Z relaxation

S _
1'-‘—]‘—-—.—

d(21.S )

dt

X

]

¢ d

t,
AR B AR
Detect

y | an

A2 | Decoupling J

= —RIS(EI;S :) <EI:S:> —R IS(ZI:S: S 3)<S :> —ZUi<2AlES:>
1



R,(H" Nx,y)

A2 A2 A2 A2

t a2 § A2 | Decoupling

d(21.S )

1 ]
S = - RS ) (215, ) —R 518, 05, )(5,) ~3 o) (24,5,
dl :



EH
s
I
5

AS2 A2
{>
& S _

L---ﬂ-_‘m

A2 I AS2 ZZ relaxation| L8] lNz I AS2 Decoupling J
s 1
bt | ———
F x @ x
t5
1 AS2 AS2 A2 A2
H
Detect

S

T |N2 | AS2 | Decoupling

« Rates significantly faster than single operators (S, S ) due to H relaxation

* Proton-proton cross relaxation couples the relaxation to with spins external to IS
« Essentially driven by J ,.(0)

« CSA-DD cross correlation causes cross-relaxation to the in-phase components (I S ->S )
* Generally these rates are significantly smaller than the antiphase rates



- T —>

o/ Y Proton Relaxation

A2 :
a2 i oan |42 I Decoupling

S

0
dl1,—1
(Z Z) 0 0 1 0
==Ry(IX1.-1)=R; (1. 08S)( S.=S_ )=> 0, (A, —A,
i

dt



R (H.Y)
G x y ¢ Y ¥

A2 A2 A2

A2

x Y

A2 AR U a2

S

A2

- T —

Proton Relaxation

Decoupling

Proton | has a significant effect on the auto- and cross-relaxation rates of the anti-phase states

Contains IS D-D interaction and many proton-proton D-D interactions
Heteronuclear D-D relaxation is smaller than homonuclear D-D

Reduce proton-proton DD cross relaxation

* only S bound H inverted during relaxation (all non-bound H flipped to +2z)

* S bound H are inverted after S frequency labeling
e Measure buildup in linear region (short times)



I.S.=IT+I7)*(ST+S7)
=I"ST+ItS " +1"ST+I"S~
Measurement of multiple quantum is an average of double and zero quantum relaxation

Proton-proton DD strong J(0) causes rapid decay
In general, difficult to measure
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