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Sec. 1 Background & Motivation

1.1
1.2

Motivation of the Study?
Overview & Recent Applications
e Small Paramagnetic Systems

e Paramagnetic Proteins & Non-
paramagnetic Proteins

1.3 The Problems in Paramagnetic Solid-
state NMR

More than 1/3 of the Elements

in Periodic Tablel .

Show Paramagnetism

1
H He
3 4 5) 6 7 8 9 10
Li Be B C N (0] B Ne
11 | 12 13 | 14 | 15 | 16 | 17 18
Na | Mg Al Si P S Cl Ar
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K Ca | Sc Ti \ Cr | Mn | Fe Co Ni Cu Zn | Ga | Ge | As Se Br Kr
37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 52 | 53 | 54
Rb Sr Y Zr Nb | Mo | Tc Ru | Rh | Pd | Ag Cd In Sn Sb | Te | Xe
55 | 56 | 71 | 72 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 83 | 84 | 8 | 86
Cs | Ba | Lu Hf [ Ta | W Re | Os Ir Pt | Au [ Hg Tl Pb Bi Po | At | Rn
57 | 58 | 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70
|La|Ce|Pr|Nd|Pm‘Sm‘Eu|Gd|Tb|Dy|Ho|Er|Tm|Yb‘
Paramagnetic Anti-Ferromagnetic
Diamagnetic Ferromagnetic

Modified from http://www.aacg.bham.ac.uk/magnetic_materials/type.hgm




Motivation

Many Potential Applications for Paramag Systems

¢ More than 1/3 of Elements in the Periodic Table Show
Paramagnetism

¢ Nanoscience (Self-assembled structures)
¢ Molecular Electronics

¢ Drugs

+ Metal-Protein Complex

Still Underdeveloped Spectroscopy
v Structural Information

v Assignment

v Sensitivity

v Resolution

1.2 Overview & Recent Application
MAS SSNMR for Small Compounds

13C for Cu(DL-Ala), H for Mn(acac),
(a) 24 kH
‘ (d) 27.8 kHz CHa
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Ideal Structural Measurements for
Biomolecules by Solid-state NMR?

- Paramagnetic Interactions?
» No extra cross peaks for resolution

» Detectable by shifts or relaxation
» Long-range distances (10 A or longer)

gh

Amyloid Fibrils
for AB(1-40) =42 Amyloid Intermediate &

PG-1 B-barrel in membrane f 1
Tycko et al. PNAS (2002) or AB(1-40) 7
Biochemistry (2006) Hong et al. PNAS (2006) Ishii et al. Nat Struct Biol (2(

SSNMR of Paramagnetic Metallo-proteins

Application to selectively 13CO-Leu, 15N-Phe,

Gly labeled P450 BM-3 protein Application to uniformly
£ 105 e 13C-labeled Co(ll)-MMP
g Far
£ 110 @ﬂa B;

2 0
gns ) % Vﬁf} '
2 —LeuB6-Phe87 e
| 1 2. 7
T 1253 s
182 180 178 176 174 z 5
13¢ Chemical Shift (ppm) 74 tb]'
McDermott et al. JACS 127, * Be rtini”et al ®
R\ a1 3816 (2005) JACS 129, 2219 (2007)
95
3 r\T Ope = : (0.5 + 1.5 cos 20)(z, — 7.)
,,fb 1271

> Distance Info (10-20 A) 8




Applications to Non-paramagnetic

Proteins
Spin-labeled Protein Paramagnetic Doping for
Jaroniec et al. JACS Protein microcrystals
129 7502 (2007) Wickramasinghe et al. JMR (2007)
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Challenges in Solid-state NMR for
Paramagnetic Systems

H MAS NMR of Mn(acac),

e Range of the Shifts Large S‘SJK%'&W“‘”"“’“"WM

« Limited Resolution 400 3 (opom) 400
. 13C MAS NMR of Mn(acac),
e Assignment MAS 10 kHz 'H Dec 100 kHz
e Requirement of Labeling ST TR N
e Structural Information 2D MAS NMR of 2D-label Cu(DL-Ala),

H, -
-»f.f-“* McDermott et al.

H:‘, S JACS (1995)
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Sec. 2 Theory & Background

2.0 Definition of Paramagnetism
2.1 Thermal Averaging of Electron-nuclear
Interactions

e Contact Coupling, e”/n Dipolar Coupling, g-tensor

e Thermal Averaging of Electron Spin States

e Electron Spin Correlation Time

e Contact & Dipolar (Pseudo-contact) Chemical Shifts
2.2 Relaxation Properties

¢ Relaxation Mechanisms

e Electron Spin-correlation-time Dependence

2.3 Short Problem Solving Session

"Rough” Definition of Paramagnetism

for NMR Spectroscopists
Diamagnetic Paramagnetic

(CCOC

OO0 ®e®
No unpaired electron spins
in molecules

-> No bulk spin magnetic
moment without B,

Unpaired electron spins orient
randomly without B,

—->No bulk spin magnetic moment

without B,

When By, is applied, 5./
M=
M= xHo = xBo/kio x> OX &0 ;(ugmall
Magnetic susceptibility: 2~ CIT —FT—T—T—T—

12

Y <0 &y ~ 0 (usually ~ ppm)




Atomic Magnetic Moment

+ Atomic Magnetic Moment
There are two components in electronic magnetic moment in an atom or ion:
— Spin component

Hs = 15/7S =|-Qs /S, [2.1]
— Orbital component
M= p A =gl [2.2]

where /S and 7L are spin and orbital angular momentum, respectively.
The net atomic magnetic moment is

M= -OstpS - g gl = _ﬂB(bSS§+§gLL§1 [2.3]

e 1, denotes Bohr magneton (eZ/2m). 4 is used as a “unit” to measure the
electron magnetic moment.

e g-factor
For electrons, g-factor g is defined by
Qg = -1%, [2.4]

where gg for a free electron spin is g, ~ 2.00 (ug ~ -244S).

Interactions of Electron Spins 1
* Electron Zeeman Interaction

Hez = - 4 By = (9 L + 9.S)* By [2.9]
In general, handling the orbital contribution L is
complicated. One simple way to include the orbital effect

is to define the g tensor g as

HEZ = - ﬂ hd BO = ILIBS ® g ® BO, [26]
where ¢ is a 3-by-3 matrix that is defined by
u=S-+g [2.74]

(@)m = (Sh(9LL + 9eS)/{S(SH1)}  [2.70] 9z

Eq. [2.6] does not include L apparently.
The g-tensor is represented as an ellipsoid, as dyy
CSA tensor. When g, =0, g = g, (isotropic!). | 14




Interactions of Electron Spins 2

Fermi Contact Coupling

The Hamiltonian for Fermi contact coupling with nuclear
spin | is given by

Heon = AS e |, [2.84]
with

A =210y /e Ug P- [2.9]

P =184 - 16407 [2.10]

where ¢, denotes the MO wave function (for the electron
S) at Spin | when S takes the spin state k (k = a, B).

Q. What kind of properties are needed for

the MO ¢, for the system to have non-zero A?

15

Interactions of Electron Spins 3

Pseudo Contact Coupling (Dipolar Coupling)

Like nuclear dipolar coupling, the Hamiltonian for electron-
nuclear (e-n) dipolar coupling is given by

Hoc =S+D-l. [2.11]
If we can assume that the electron delocalizes at the atom
or ion, in the high field approximation, eq. [2.11] yields

Hpc = (d/r3)(1-3cos?0)l, S,. [2.12]

What arer and 67
When the g anisotropy is not negligible,

Hpc = (4/Qe) * D * I. [2.11b]




Thermal Averaging

Mg Electron Zeeman (for S =1/2)

1/2 —+
~10 cm™! << 200 cm ' =kT
(Bpat10T) (T =300 K)
-1/2 } & Electron spin relaxation is
usually fast

->So mg = * 2 will be thermally mixed.

. 112 —%

The next question:

¢ What is the thermal effect on k., ~ 1/1¢
contact coupling for NMR? =

¢ How quickly can the averaging 17
happen? 112 —%

Thermal Averaging of Contact Coupling

(Case 1) NMR spectrum of | with slow thermal averaging

172 1 t 12

.................................

(Case 2) NMR spectrum of | with moderate thermal averaging

I/CC = A
}pk
T A 8TE

(Case 3) NMR spectrum of | with fast thermal averaging

Q. Where do you expect the lines?

18




Thermal Averaging of Contact Coupling

(Case 1) NMR spectrum of | with slow thermal averaging

12

1 1/2
\ (=MHz) ,‘

(Case 2) NMR spectrum of | with moderate thermal averaging

-

o~

(Case 3) NMR spectrum of | w

Contact shift! |(8

ith fast thermal averaging

contact

Ocontact = <AS;> = (P, — Pp)AL2

Calculation of Thermally Averaged
Contact Shift & Dipolar Shift

. HCON =A<S>-| ~

A<S,>l, ~ A<S,> |,
[2.13]

* Hpc ={<p>lgc}Dl ~ {(<p>l9,)D},l, ~D<S> 1,

- Let’s obtain <p> &

[2.14]

<S> first.

20
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Magnetic Moment under Thermal Averaging

<S> = Tr{Sexp(—Hg, /KT )}/Tr{exp(-Hg, /KT )} exp(-A)~ 1-A
~ Tr {S(l— ,uBgeSZBO )} /Tr {1_ :uBgeSZBO}
KT HIKT KT

= Z << (Ze,S, S29.By) 1 & > pg {(KT)Tr (1)}
where g, is an unit vector along the axis j (j =X, y, z) and |£> denotes a basis ket.

<S> = TS .8, <£[S;S, £ > up (KT ITr (1)}

S

=" €,0.B,{S(S + 1)} g /(3KT)

ki

= 9B {S(S +Dhasy /(3KT) > 2191

In the high field approximation for the parameterized g tensor, <p> is given by

<p> = lqua<S> C: Curie factor 2.16]

= 0.7B,{S(S + 1)} 1> /3KT =g,’CB, /T 7

Magnetic Moment under Averaging 2

<S> = Tr{Sexp(-H /kT )} ITr {exp -H/KT)} exp(-A)~ 1-A

)}/T - HgS -9 By H5>"9 B0,
LT s ---------' —H/kT

= Z <¢| (Ze,S, )(S9uBo ) | & > 15 /(KT )TT {1}

where e is an unit vector along the axis j (j =X, y, z) and |£> denotes a basis ket.

<S> =
2.2.€,0uBy <£1S;Sc |& > pa /(KT JTr {1}
I

=" 0B {5,S(S +1)/3husg /(KT)

ikl

@O{S(S +1)/ 3}@ [2.17]

In the high field approximation for the parameterized g tensor, <u> is given by

<> = 11pg-<S> €79 -By{S(S + Db’ (AT 1218

11



Susceptibility Tensor

The susceptibility tensor y is defined by
<> = x'By/no. [2.19]

From [2.18,19], we obtain

2 ={S(S+1)uy" [(3KTup g -9 [2:20]

Thus, the frame that diagonalizes g-tensor also
diagonalizes . The principal values of the tensors
y and g are related as

Xk = {S(S +1) 125> 1(3KT 14, )} G [2.21]

= (C/Tuo)9d,
where y,, and g,, denote principal values for y and*g .

Calculation of Thermally Averaged
Contact Shift & Dipolar Shift

* Soon TASS,> 5 AUB{S(S + 1)} /(3KT) 1222
Isotropic shift
- NOT Removable by MAS

Anisotropic shift [2.23]

D(0, R) = (1-3cos26)/R3
> Removable by MAS

12



Anisotropic Shift for Paramagnetic
Systems in 'H VF-MAS NMR

Cu(ll)(DL-Ala), Mn(lll)(acac),
S=1/2 S=2
(a) 24 kHz (d) 27.8 kHz CHa
CHa /CH3 b cn
CH3 CH |I CH3s
| / J /1;\
CH b L N
| . ( ppm
- |
o wu»uxm.w% o ;»U 'rl) MALL
(b)10kHz (€) 10 kHz, iy,
(c) S kHz (f) 5 kHz
200 0 (ppm) 200 400 O (ppm) = -400
1/2(1+Ji)/2; =3/4 2(1+2) =6

Supor * S(S+1)/R® Q. What igR?

Thermally Averaged Hyperfine Shifts

8CON = A<SZ>IZ N | |
= {A(g -B,),C /(1T )}, This is actually anisotropic

T
AB , .
= E’I_C {9,, sin’ B +g,, cos’ Bsin’ a +g,, cos” fcos’ a}
He [2.24]
SPC = (<‘u>/ge- D)Z|Z (a,B, y) denote Euler angles that

define the g-tensor orientation with

= (C /geT )(BO g-g- D)Z |Z respect to the Lab frame
[2.25]
The tensor (g - g - D) is NOT traceless (g2D is traceless).

-> This term also includes both anisotropic and isotropic shifts
Bertini et al. “Solution NMR of Paramagnetic Molecules”

Yesnowski et al JCP 89, 4600 (1988)

26
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Calculation of Thermally Averaged
Hyperfine Shifts under MAS

By averaging the diagonal elements of the tensors ACg/T
and (C/g.T)g-g-D, we obtain the isotropic shifts for
contact and dipolar shifts as follows:

AB.C
<Ocon> = ﬁ{gxx +0,, +0,,}/3 [2.26]
B.Cd , , Uux t9, 1-3cos’y
<Op~> - "—{( zz )
PC g:RT 2 3
2 _ 2
J{w}inzncosw} [2.27] )

Distance Information from
Isotropic PC Shifts

2 2
<dpc>= B,Cd {( 52 _ Oxx + 9y )1—3COS2 n
9.RT 2 3

2 2
n (%Jsinz 17 COS 24} [2.27]

where n and ¢ are the polar and azimuthal angles of the
dipolar vector with respect to the g-tensor frame (see Ref.
below). The principal values g,, can be obtained from EPR.

-2 R, 1, ¢ can be fitting parameters for structural studies!

29

Yesnowski et al JCP 89, 4600 (1988)

14



SSNMR of Paramagnetic Metallo-proteins

Application to selectively 13CO-Leu, 15N-Phe,

Gly labeled P450 BM-3 protein

Application to uniformly

£ 105 Leu-Gly % 13C-labeled Co(ll)-MMP
g 1101 @{i' o
g 11s 5.- | vecod  ucio) GEBO
2 +Leu86-Phe87 E e @ ¥ Q
;) 120 3@ S o 4 VT Ca 00
L i5i] A : / /,,
182 180 178 176 174 72 rcicn ) i
13¢ Chemical Shift (ppm) 74 e (B}
McDermott et al. JACS 127, * Be mnif“’et al ®
\,» 13816 (2005) JACS 129, 2219 (2007)
‘\%P\T
L 4 y !:-_GET I
A‘_“;;f' Opc = 12:;-':[0‘5 + 1.5 ¢os 260)(, — 71) .
Relaxation Properties
The main source of the paramagnetic
relaxation in solids is thermally fluctuated
fields due to hyperfine couplings.
31

15



Correlation time

* We define the correlation time of the

electron spin state tq as
C(t) = <S,(1)S,(0)> = <S,(0)*>exp(-[tl/xs) [2.28]

1gis in the range of 10-13 to 10-8 s. This
fluctuation can be introduced by electron spin
relaxation, electron-electron spin couplings
(dipolar & exchange couplings).

14 can be significantly different between samples in solids and solution
(typically shorter in solids) because of intermolecular electron spin couplings.

32

Paramagnetic Relaxation in Solution

« Two type of relaxation exists in solution:
Curie relaxation & Solomon relaxation (see
the reference below for R,).

2
25(S+1) [ﬂoh}ﬂ Vs j Tc " 3r¢ 4 67¢
15 4R ) |1+ (0 —ws V1’ M+ ot 1+(o +os )1’

R,St =

2
+ S(S +1)(éj { fc } Dominant term in solids
3 h when 1.>> 1/wg ~10-12

2( . *
R1Curie = SZ(S +1)2 752802 (ﬂoh%?/sj :'. 3, ™
5  (kTFU 4R ) [1+w’%] ~0insolids

where t, is the rotation correlation time of the molecule, 1/t = 1/t15+ 1/7,.
(t. for protein ~ns)

In SOI|dS, T, ~ . -> R1cu”e ~0 Bertini “Solution NMR of paramagnetic
Molecules” 33
& 1~ ~
Tc = Ts- Emsley JACS 129 14118 (2007)

16



Structural Info from Paramagnetic R

* R,;Stac 1/R8 > Distance information

Cu(I)-"3C distance determination
using 13C R, measurements
for unlabeled Cu(Ala-Thr)

E

3.21A

2624 : .
;‘;f‘g}._ z.ssn ‘ 78), 15 6 - Seven 13C-Cu distances
o : 5 3 were determined without

requirements of 13C-labeled
samples

SSNMR distance
(X-ray distance)

34

R, Paramagnetic Relaxation

Solomon relaxation

SL =
I:22

15 47R® —o )t M+ o’ 1+ o't 1+ (o +og)te”

S(S+1)(AY :
+T(Fj {TC 1. ¥ 2} Dominant dipolar terms in solids
@ Te (First term dominant
when 1 < 10°9.)

S(S+1)(ﬂoh7|7s ]2 Ar |+ Tc 4 3z¢ L 6zc n 67¢
‘I 1 (e

Ratio (R1/R2)

SL o .2 e
R,™ oy T o8
> | Eveniif 'H Signals are very broad, § \ gf
13C, 5N signals may be observable. 1 o
\ o
it ot
L o
12 -10 ) 4

-8
Log(tau)




Sec. 3 Examples & Applications

3.1 Small Paramagnetic Systems
3.1.1 Moderate MAS
3.1.2 Very-Fast MAS
3.1.3 Structural Information

3.2 Paramagnetic Proteins
3.2.1 Structural Information

3.3 Non-Paramagnetic Proteins > Talk on Thursday
3.3.1 Examples
3.3.2 Structural Information
3.3.3 Sensitivity Enhancement

38

'H & 13C High Resolution Paramagnetic SSNMR
Problems Paramagnetic Shifts Are Large ('H & '3C)

e Fundamental RF methods fail (H-'H or 'H decoupling, CP)
¢ 2D labeling (Dobson et al. 1990; Oldfield et al.)

¢ Resolution under MAS at ~10 kHz in a few cases ('H Yesinowski et al. 1988;

13C McDermott et al. 1995, 13C Kohler et al. 2001)

- Labeling required & Limited sensitivity/resolution
¢ Numerous sidebands due to large anisotropic shifts
e Assignments are difficult

-> Selective 2D or 3C-labeling required

e Sophisticated experiments rarely attempted (2D, Distance)
¢ 2D "3C/'3C correlation (Terao et al. 1999; Emsley et al. 2000)

- 13C labeled samples even for small molecules

MerRdsatitidhgpiosifivig A$dGivheg DEfval ges
theCBiynatidfplsstudies over 30 years before 2000

18



13C High Resolution Paramagnetic SSNMR
Problems Paramagnetic Shifts Are Large ('H & 13C)
e 'H ('H-'H) RF decoupling ineffective
- Decoupling by Very Fast MAS
e Numerous sidebands
- Removal by Very Fast MAS
e CP ineffective

H,O
N O
N | 7
Cu(DL-Ala), 1 min (600 scans) MAS 24 Az+"NQ Decoupling
13C MAS at 5 kHz 1 mirN§qg scans)O
CH \
N H—C
' 7
400 0 (ppm) -4004

13C High Resolution Paramagnetic SSNMR

Problems Paramagnetic Shifts Are Large ('H & '3C)
e 'H ('H-'H) RF decoupling ineffective
= Decoupling by Very Fast MAS  \AS 24 kHz + Dipolar INEPT

e Numerous sidebands 1min(13k.scans)
- Removal by Very Fast MAS
e CP ineffective CH
CHsj

- Recoupling-based transfer
using strong RF fields

Cu(DL-Ala), 1 min (600 scans) CO--
13C MAS at 5 kHz 2
CH
CH, CO;, | Lﬁ
400 0 (ppm) -400 400 0 (ppm) -400,

o Ishii et al. JACS 125, 3438-3439 (2003)

19



This Number Completes Volu
Volume 181, Number 2, Augt

ELSEVIER

Journal of Magn:

13C VFMAS Spectrum o+ ~ L | Bk 3
with Dipolar INEPT . ‘ i
for Mn(acac), co " | l
MAS: 26.3 kHz : \ ‘ Il h«
I 1L e - |
M*“”*"“"v"‘m/\wmflL"'h-xv Jl erl k\JﬂJlfJ‘ r,| |L| i LM\I ,‘ I..ww_wp‘_\
100‘0 . ol (ppm) -100(;

Wickramasinghe & Ishii J. Magn. Reson. (2006)

Dipolar INEPT Pulse Sequence

= (w/2)y
m2)y T3 63 mo3 M43
H A
| |
Ty (W22 Ty

|
I
|
I
|
18¢ I I !
I
AN

— TR =t T bt TR =t Tg=—> U

Frydman et al JMR (2001)
Ishii et al. JMR (2006)

43




Assignment using Dipolar INEPT

a CH ¢ CH;
=
B 1.0 . - 1.0 1 #
~. Py | /
£ 0 g od v ."I
P . ¥ {
g I‘n ° ° r‘
0.0 0.0 e
’26 ' Y /i
0 10 20 30 0 10 20 30
T (us)
b CHj d COp
1.0 oo g00 1.0 xR TE
& e ® : x
. @ x b A %
@ o B
ax
xb Ay
a A Cu(Ala), s
o] 10 20 30 0 10 20 30

44

Distance Measurements for Cu(Ala-Thr)

With CP (ct = 0.5 ms)

o
_ o
£
Q n
Z & ! ¥ Ala
% SJ:ﬁHg .
S IR 0

o | &

~ Thr

B coH
8 ——

T T
200 100 0 -3

00 -400
13C shifts(ppm)

Exp Time ~ 30 hours

< Pseudo-Contact Shift

Agree Well !

[Ishii et al. JACS 2003, JMR 20Q6
Wickramasinghe et al JPC B 2007]

21



Structural Information ?

¢ Pseudo-Contact (Anisotropic) Shift
A= |G11 - cyisol = CS(S+1)/R3

¢ Paramagnetic Relaxation Time: T,
1/T, = k S(S+1) 75 / {(1+ 02 7s2)R6}

R: Metal-'3C Distance

S: Electron Spin Number

z5: Electron Spin Correlation Time

@,: C NMR Frequency
¢, k: Known Constant

> AMmITMY = (Ry/Ry)

46

No Labeling Necessary !

Distance Measurements for Cu(Ala-Thr)

With CP (ct = 0.5 ms)

< Pseudo-Contact Shift
2.62 A 3.83 4 (3.94)

—~ &
£
s | &
s 14 ©
E o CsHs Ala
12 @
T
Tl g 0
o | ()
~ Thr
B coH

100

w0 S we All Agree Well !

00
13C shifts(ppm)

Exp Time ~ 30 hours [Wickramasinghe et al JPC B 2007 ]

22



13C VFMAS Characterization of Solid-
State Reaction for Cu(II)(8-quinolinol),

Anti-cancer drugs for leukemia

a-Cu(ll)Q, B-Cu(l)Q,
210°C/2 hours

-500 750 -500

(ppm) 48

M. Shaibat, Y. Ishii et al JACS (2007) Dimer
Collaboration with Dr. A. de Dios & L Casabianca at Georgetown

23



I1H MAS spectra of Cu(DL-Ala),

Sample: 13 mg (~50 umol),
Exp time: 20 ms (4 scans)

¢S/N x14, Compared
with 10 kHz

+ S/N 800 for CH,

(b) 10kHz
* * * * 9
(c) 5 kHz

00 | 0 | -ooem) Ishii etal. JACS 2005

High-Sensitivity 1H SSNMR for
Paramagnetic Systems ?
¢ Sample: ~ 5 ug (20 nmol)
CH, ¢ Difference Spectra
¢ Total Exp Time 4 mins

a) Cu(L-Ala) »

CH,4

¢ Sensitivity Compared

- x10-12

- Recycle Delays Only 3 ms
Sensitivity o (T,/T,)"2

CH,
b) Cu(DL-Ala)2

- Solid-State NMR Analysis
Possible in a Nano-Mol Scale

[Ishii et al. JACS 2005]
5

100 0 -100 1
1H shift (ppm)

with Diamagnetic Systems

24



13€C SSNMR CPMAS Spectra of Protein
Microcrystals at 40 kHz MAS

SRR Sensitivity Ubiquitin |
x 2.9 x 2.7 |

4'1 10mMCuEDTA | | fomMCsEDTA |
| |
I | "J I gl
||| | ’"ll.m‘ ! J. I | I
) . f‘l.rlr IL i | 1_‘ Ill.l‘l“ ‘l F I i | -|| II_I IIII\ \ ] ! \I J‘I i
RPN W U .k || \ (s gl e it ¥ L
\ without CuEDTA [ |l' without CLEDTA ! [
| | | " il |
( B i i i d ‘H“H [ y | W L
Lt g _\,w.‘\'a‘"-'."f""-’,'.'-'-‘-‘dl.,-.-.r_-,l o MU U 1 T Y I"-j'-."'f'“f“’"r"'_.'l-\‘""I'-'-""'r "".'_l\r:’\.*A'-_L"IM'\-."V_'.n{'-!,'_i"i"'!f f,-,_"' ! il it
200 ' 100 (ppm) 0 200 ' 100 ppm) 0
2 hour exp 4 hour exp

Wickramasinghe et al. JMR (2007)

15N Chemical Shift (ppm)

SSNMR of Paramagnetic Metallo-proteins

Application to selectively 13CO-Leu, 1°N-Phe,
Gly labeled P450 BM-3 protein

Application to uniformly

-Gl
10 SOECly 13C-labeled Co(Il)-MMP
F87
110 Qs& =
N V140 -
115 & 66 V140 o Vﬁﬂ
7 i E 68
561 § 2 LeuB6-Phe87 g i
f‘!—, 70 VT Ca-Ci vai ”‘ <,
1259 =
182 180 178 176 174 7 T
13C Chemical Shift (ppm) s ™ uctL}
é
S McDermott et al. JACS 127, * X »

Bertini et al .

o 19816 (2005) JACS 129, 2219 (2007)

Opc = (0.5 + 1.5 cos 20)(zy — 71)

1271

53
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4. Experimental Aspects

« Temperature Dependence of Shifts

-> Line broadening due to temperature
distribution

e Choose optimum spinning (AT o 1/T)
e Enough VT Air & Optimize Line Shape for
Standards (Cu(DL-Ala), & Lead Nitrate)
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Practical Protocols to Examine
Paramagnetic Systems

(1) '"H VFMAS
- Check Line shape & 'H T,

(2) 13C Dipolar INEPT (with two t values)
- Line shape & 3C Assignments

(3) 13C 1 pulse & Inversion recovery
> 13C T, (Distances)

(4) 2D '3C/'H correlation > 'H Assignments %
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Conclusion

« Paramagnetic interactions are potentially
useful for obtaining structural information
for biomolecules!

« Long-range distance constraint can be
obtained

« Structural analysis is possible for
- Small unlabeled paramagnetic compounds
- Labeled paramagnetic proteins.
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