; Nuclear relaxation due to the

In paramagnetic systems: [g=658.2 L

Dipole-dipole interaction:
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Relaxation rates:
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v They increase nuclear relaxation

Hy

= linewidth AV = RZM / T “ ~ Negligible paramagnetic effects
N M

v They decrease the intensity of NOEs
(if observed at all!)

. cross relaxation rate,
0-11(12) i.e. the magnetization
transfer from the nucleus /2
p“(,g) + p,l(olher) + RIM to the nucleus /1 when 72 is
saturated

May =

Blind sphere

longitudinal relaxation of nucleus /
due to the coupling with other nuclei

The hyperfine shift

IHSNHSQC - Restraint

- contact PCS=8r.8.0)

- pseudocontact

PRDC=AVO,P)

Metal ion

z PRE=R (1)




mo=12 ¥ x

2By

Ho

P1/PO=exp(-AE/KT) < p>=

¥ = paramagnetic susceptibility per molecule,
independent on B, and positive

In systems that are orbitally non-degenerate, the anisotropy
can be represented by an anisotropy of the g-factor

St - e ab-E)

i

<My >= g8y < Sy >=—Hp

<@Ly +8.SuP>=guMs

_ 2 2 S(S+1)
Xk = Mot 8 ik T

Valid with only one thermally populated multiplet of spin number S

i Iy

S y

E. = SuMsM B,

Zeeman energy

NO zero field splitting

AE = g\ ly By =hy,B, AE =g uyB,

8w hyy
'H 5.59 2.81 x102JT! 8 My = 1.86x103IT!
’H 0.86 0.43

H 5.96 2.99 _ 8MBy _8.My _ 8.Mp
BC 140 071 A= Ty, YubBy = nyy
1N 0.40 0.20

15N -0.57 -0.28 400 MHz 'H Larmor frequency

3p 2.26 1.14 =
263 GHz of electron Larmor frequency

W is 658 times larger than L

n= _/uBgeS

l

<SU>=—lgg, <S>

m

<SU>=—lgg, <S>

3 <S.M 1S, 15.M > expl- kT)

<SS, >= S-Ms -
Zexp(— Eg g /kT) ‘J
SMg - | E

| Zeeman

:ll‘BO

Zeeman energy of the level ES,MS = 8.MsM B,
if no contribution from the orbital magnetic moment

186102 20/2 <<1.38-102 298

If g u4yBMg << kT B
<8, >=-8HB0 (544
s 2B 3kT
g Ho \
. _Hy<H> o 0 My
Curie law: X = =Hp8 S(§+1)

B ° 3kT

0

If the orbital magnetic moment is considered,  is anisotropic

xBy
Hy

<p>=

<p>is NOT PARALLEL to B,

<> is orientation dependent




L. vanvieckequaion ]
—

if the total energy of the system E°>> Zeeman energy

Contact shift : contribution to the
chemical shift due to the unpaired

E® = zero field splitting and ligand field energy

5 <, 1 L + .54 16, 5 _22\< 01 +.5u 10, | Ceorer) electron spin density on the resonating
s i = @-£) ’ nucleus
= HoHp Ze"l’(’ £ /kT)

The coupling constant between nucleus and e I,...e" is called A
= the interaction is expressed by

Energies of ground and H =AIL-S

excited states
: contact hyperfine coupling proportional to the spin
=) < §. >oc< fI >o< ¥ are anisotropic density of the resonating nucleus

S(S+1)B,
3kT
H.M. McConnell, D.B. Chesnut, J.Chem.Phys. 1958, 28, 107-117
getpS(S + 1YBo
3kT

<8, >=—8,

ES™ = AI(S.) = —AL

Econ _ AgeppSS+1)
hyrl.By — h 3ykT

seon —

Kurland and McGarvey (1970) predict that <S> and hence contact
shift may be orientation dependent due to spin-orbit coupling

R.J. Kurland, B.R. McGarvey, J.Magn.Reson. 1970, 2, 286-301

\ (7 . i
: j L J Lu)m

_ 2 { ! From the fit of the methyl shifts: ¢=57° + 9°
=18.4sin*(0, — ¢)—0.8cos (6, + #)+6.1 )

i

(1} =49°

structure




shyP=asin20+bcose+c

o

g % \{
2 A
= © Yoy
: o
) z
-180 -155 -9'0 -4‘5 6 4‘5 9'0 1:‘-15 1!10
_ h 3U-rhr-x-B I-y-B
6 =M-S-C-H Bertini, Capozzi, Luchinat, Piccioli, Vila, H=—L[ ( )( iX °)— LS S “}:hy,l»c»Bo
J.Am. Chem. Soc., 1994 4r r r

in the principal frame of the ) tensor

1 G =r)p, +By -y, +B -r) g,

G-y, 3ux, 3xzy. 6= -
1 i . h 127 r
o=- P 39X Gy =rx,, 3yzx.. 7. 0 0 " 0 o
Sz, v, GE-rz R el RS
In polar coordinates: e Y™ o
The rotational average of the dipolar interaction causes a shift 5P = - |: AZM(30052 9 — 1)+§ Ax,, sin? 9 costh}
of the NMR signals, called pseudocontact shift: 127 2 ;
&res = <Dipolar energy> / Zeeman energy (I 1y, B,) Ay =7 - Xt Xy
ax b<4 2
" 1 —y -
5 =——Tr(0) A =X =Xy
3
written in the frame of the  tensor

Note: if i is isotropic, &P = 0

o 1 5 3 L, }
. . ~ 5™ =——| Ay, (3eos’ 9 —1)+= Ay, sin’ 8 cos2
Surfaces with constant 8° values: - proportional to 73 127&3[ 7 os ) g st ¥ cos2g

= the effect is propagated to atoms far from the paramagnetic center
(R, propagates as r~°)

- depend on angular parameters

= provide information on the spatial position of the atom with
respect to the metal ion

Problems:
Axial Totally Rhombic .
*strong covariance between 0, ¢ and r
= O iti Ay, =Q2/13)A . . . .
AZy =0 - ﬁg;;;;ee o = (2I0Z *angular dependence provided by quadratic trigonometric

functions:

= they are difficult to be used efficiently as retraints in torsion angle
dynamics programs like DYANA/CYANA or Xplor-NIH




Dipolar interaction between nuclear magnetic moments:
H _7&[3(111 -r)(uz 'r)7F1 'llz:i
- 3

S

4r r r B

2
H =t 1T 415 Ge0? y—1) s
AT 1y : H B

1 ¢
Rotational average: 3 L (3cos® y=1)d(cos ) =0

different orientations not all equally populated

h .
Ayt — AE __ M YAy < 3cos” -1 > Orientation tensor
W I,
Ave = TaTs [ (3005 © 1)+ (5., - S, )sin’ @ cos 2]
8771, u

Anisotropic electron average magnetic moment . B,

Eo [ u(1)3cos* y—sin 4y 20

Consequences:

The molecular orientations are not equally
probable

The N-H dipole-dipole interaction does

N
=)
|
|
|
|
not average zero upon rotation ‘

bilayer micelle bicelle

Orientation induced by

%@ restriction in space
l B

e |V

rde(Hz) =~ LT\ 1y (30062 0-1)+ 2 D, (sin? Ocos29)
4 27, 2

S

The orientation tensor S:

2 - .
jM exp(—E™™ (@, B)/ kT) d cos @ df3

S. =

! j exp(—E™ (a, )/ kT) d cos at d
In paramagnetic systems:

<u>

. B, v B
Eamso=_J.B0.d<">=_ 0 XDy
0

2u,

3 B _
S == —
p 215uOkT(X” 7)

Self orientation versus orientation

« Advantages of paramagnetic rdc

No perturbations due to the interactions with the
orienting material

+¢ Disadvantages of paramagnetic rdc

Line broadening due to the presence of the paramagnetic
ion. However, line broadening is o< r¢

= no disadvantages far from the paramagnetic ion
+» Common disadvantages

Simulated annealing protocols not optimized for multiple
minima constraints

1 B} ¥,7yh 3 .
rdc(Hz) = ————2— ZHINZ | Aym!(3c052 @ —1)+ = Ay (sin*Ocos2
(Ho) == s a2 J+ Sz 9)

The magnetic susceptibility anisotropy
induces molecular orientation o< B,

The rdc interaction is dependent on the
orientation of NH vectors with respect
to the main axes of the y tensor

First observed by Gayathri, Bothner-By, van Zijl, MacLean
Chem. Phys. Lett. 87, 192 (1982)
Applied to proteins by Tolman, Prestegard (1995),
Tjandra, Grzesiek, Bax JACS (1996)
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1 B 7 y,h[ . N 3 o }
rdc(Hz) = ———2— 210 | Ay™!(3cos® @ —1)+ = Ay (sin*Hcos2
(Ho) == s g | S J+ Sz 9)

Pseudocontact shift

1
2

1, @and ¢ are the polar coordinates of the resonating nucleus in the metal x frame

S =

[A}(M(kosz 9—1)+%A}{m sin” §cos 24
- depend on the NH/ C*H*/ C’C*/ ... vector orientation
- do not depend on any distance with respect to the metal ion

Therefore, values of the same order of magnitude can be obtained Residual DlpO]dI‘ Couplmg
for all the coupled nuclei of the protein

1 By uryh mol 2 3 . mol . 2
- they all refer to the same reference system, and thus relate all Av(Hz) = T4n 1KT dnry Max (3cos o- 1)+§AZM (Sm @‘:05245)
the internuclear vectors to the same frame (and not the
internuclear vectors to one another). O and P are the angles defining the orientation of the NH vector

in the molecular  frame

RDC obtained by difference between splittings measured on the
paramagnetic and the diamagnetic sample at the same field depend on AyPar?

T (By)='T +Avigse + Avise

RDC

Ay

Pseudocontact Shifts Residual Dipolar Couplings

Three atoms, Three metal ions,

Three NH, the same metal ion Two metal ions, the same NH
the same metal ion the same atom




Porphyrin containing a
LS Fe(II) ion

m Positive PCS
B Negative PCS

aprre L By 1a¥sh
€T 4x 1SKT 2w},

[A){m (3cos* @—1)+ % Ay,,sin*@cos 2<1>:|

Ce(IIT)

e

calbindin D,

‘9—1)+%A1,,,(sm!9m

siven 0, ¢ and A) tforward to find

AVrpe

2. Given 0, ¢ and AV, it is still straightforward
to find AY’s

Given AV, only, there is not a univocal set of

lﬁ

calbindin Dy,

Ce(1ll) Yo Dy(Iln)

m Positive pcs
O Negative pcs

Different Lanthanides are substituted in the same binding site

107 SRy 10

Too broad lines

PCS (ppm)

linewidths (Hz)

o % % »°  Toosmall PCS

metal-to-proton distance (A)

Given r;, 0, ¢ and Ay’s, it is straightforward to find &
Given r; 6 and ¢ and ¢, it is still straightforward to
find Ay

Given o only, there is not a univocal set of the other
parameters




'H Line broadening in Hz

1 r=10A
Dy(III) 900 MHz

Tb(III)

r=10A

100 3200 R
. 900 MHz

80 -
70 A
60 -
50 -
40
30
20
10 4
0 T
1e-13 1e-12 te-11 1e-10 1e9 1e-8

Correlation time 7, (s)

Tm(III)

g’J(J+1)

HS Fe(III)

Yb(III)

Ce(III)

ey type 11 Cu(II)
1e-13 1e-12 1e-11 1e-10 1e9 1e-8 RALBEGHIIY)

Correlation time 7, (s)

LS Fe(III)

Tansiton s
Copper(ll): 3¢° Y i s e 75 o woun
In non-idealized geometry, the non-degenerate ground state is [sel|[iL|Lv:| e in | e e |
well separated from the first excited state. ¥ [ar [ [uo [ v [ [ [pa [ g [ ca |
- electron relaxation mechanisms are relatively inefficient: : ;: ; :: : ‘:: e s )
long electron relaxation time (of the order of 10 s)
- g-anisotropy is small
T Ay, =0.6:1032 m3
123
2
I\
c
2 < Ligand field
<] 7 q e . -
x 10 g'Hblind sphere "\, myof Free I I square | square | trigonal
© < o Conf.| occupied |L|S | ion octahedral tetrahedral lanar camid. | bipyram.
S 61/2 1=1=2 ns, 700 MHz P A ©,) T, P pyr pyr:
& qo8rmerrm, orbitals conf. |, h : 4 | (D) (Cy) (D3,)
Not observed due to dynamic Jahn-Teller
B
10 1
= 22,1,1,00 nut ! !
2 L 12,1,1,00, R ut ~
10 T T T ] & 22D | g [ B g | T H Al Alna | A
0 5 10 15 20 -2 Wi i i
Metal-nucleus distance (A)
Ground state: 21X, where X=S, P, D, F (A symmetry: non-degenerate ground state )
depending on the L value equal to 0, 1, 2,3,  (E symmetry: doubly degenerate ground states )
respectively (T symmetry: three possible ground states )

a High spin iron(Ill): 3d° Transton ements
3 45 6 7.8 9 10 112
due to the non-degenerate ground state o 1 6 e

“Paramagnetic” Linewidth - electron relaxation mechanisms are relatively inefficient: ¥ [[2r [0 Mo [ e [ R [ [[Pa | Aa [ ca |
1000 200 T, of the order of 10° s e [ Ta | W [Re |05 [ 1 | o1 | au | g
500 10050 o 10Hz Ay =0.6:1032 m3 R0 [ sg [ on [ 1 [ e
-Spin orbit coupling introduces a relatively small ZFS, which l:s; L0 messn
S=1/2 modulation causes electron relaxation: L
103 T,. can be of 1011 s (with D of the order of 10 cm™) .
AY,=0.6x10732m?3 Ay =3-10% m? e
L
,=3000ps Ligand field
myof Free square | square | trigonal

octahedral tetrahedral

»

ion

Conf. | occupied |L i i planar | pyramid. | bipyram.
\ orbitals conf. & 4 (D) (Cy) (D)

pes (ppm) / rde (Hz)

N 1 1
N\, s Tt Tt N
o1 \\ 900 My & |2,10-12 [0[52] °S Tt Al 4y | A Tﬂ Al 1 feal 11 [ea
0 5 10 15 20 25 30
distance (A) Ground state: 25*1X, where X=S, P, D, F (A symmetry: non-degenerate ground state )
(absolute maximal values) depending on the L value equal to 0, 1, 2, 3, (E symmetry: doubly degenerate ground states )

respectively (T symmetry: three possible ground states )




“Paramagnetic” Linewidth

1000%0200' P50 50 10Hz
S=5/2
1 A, =3x10-2m?
% N 7,=100 ps
= N (if large ZFS is
g N present)
g N
0 ‘5 1‘0 1‘5 20 25 30

distance (A)
(absolute maximal values)

“Paramagnetic” Linewidth

500 100 20 (absolute maximal values)
1000200 59 10 Hz

104 \ S=1/2
= \\ Max IRDCI AY=2.4%10732m3
L
8 =1 ps
4 Max [PCS|

limit for pcs

/ detectability
0.1
5

l%lind R
Zone distance (A)
Limit for signal detectability and assignment

with standard experiments

Low spin iron(lll): 3d® Tt Emens

P ] 5 3 4 5 6 7.8 9 10 u
In non-idealized geometry, there are low-lying excited states se || v [ [ (5 co [

- electron relaxation mechanisms (Orbach) are very efficient: v [z o o [ e [ ra [ |
short electron relaxation time (1073 - 1012 s) #r [7a | W [Re [0s [

- Ay =2.410% m? oo [ 5e [ [ s [0

Ligand field
my of Free square | square | trigonal
Conf. | occupied |L| S | ion oclagedral leual;edral planar | pyramid. | bipyram.
orbitals conf. ©n T Dy | € | Dy
(strong ligands)
—— - _
& |2,1,0-1,-2 [0[1/2] °S T T To|?A] 41 |E | ’E
i I 4%
it i

(A symmetry: non-degenerate ground state )

. 2541 =
Ground state: *"IX, where X=5, P, D, F (E symmetry: doubly degenerate ground states )

depending on the L value equal to 0, 1, 2, 3,

respectively (T symmetry: three possible ground states )
Tansiton s
High spin iron(l1): 3d® ﬁ; e s
In non-idealized geometry, there are low-lying excited states se|m | v [ [ un f(F)| co |
- electron relaxation mechanisms (Orbach) are very efficient: v [ar [ [wo e RALRE
short electron relaxation time (1012 s) Gl ol A1 el
Ri [ 0b | sg[Bh [ Hs | Mt
- Ax=2.1-10%2 m3

Ligand field
my of Free square | square | trigonal
Conf. | occupied |L| S | ion octahedral tetrahedral planar | pyramid. | bipyram.
orbitals cont. (O T D) | (€ | Dy
1 1

22,101, T Tt 1 1 !
5 5 5 5 DN E
&0 PRI N T owr | BB AR R

Ground state: 21X, where X=S, P, D, F (A symmetry: non-degenerate ground state )
depending on the Lvalue equal t0 0, 1, 2,3,  (E symmetry: doubly degenerate ground states )

“Paramagnetic” Linewidth
1000 200
500 10050 20 10 Hz

S=2
7 \ AYy=2.1x10-2m?
% N T=1 ps
g N
E N \\

0 5 10 15 20 25 30

distance (A)
(absolute maximal values)

respectively (T symmetry: three possible ground states )
High spin Cobalt(l): 3d” o eealees o
In non-idealized geometry, there are low-lying excited states ;|:| S ,:,, ; 2 ‘:ﬁ: i
-Distorted Octahedral (“T): very efficient electron relaxation v [z [0 [ o [ e [mu [ n [[pa [ a5
mechanisms: short electron relaxation time (102 s) o[ 7o [ w e [los |1 [loe ['au
Ay =7-1032 m3 R |00 | sg | B0 [ s | e

-Tetrahedral, D, and Dy, (“A): larger separation in energy
between the ground and the excited states, small ZFS:
longer electron relaxation time (101! s)
Ay =3-1032 m3
-C,, (*E): intermediate because the low-lying excited states are relatively far.

Ligand field
myof Free square | square | trigonal
Conf. | occupied [L| S | ion octahedral tetrahedral planar | pyramid. | bipyram.
orbitals conf. @ T D) | € | Dy
221,10 . T | TTTL } . } RpUS
i I L I e R e R R R E s R Tr|

Ground state: 251X, where X=S, P, D, F (A symmetry: non-degenerate ground state )
depending on the L value equal to 0, 1, 2, 3, (E symmetry: doubly degenerate ground states )

respectively (T symmetry: three possible ground states )




“Paramagnetic” Linewidth

1000 200 50
500100 20 10 Hz
\ S=3/2
10 4 \
A, =5%10732m?
N
< \\ 1=10ps
g
T 14
8
e
g
o1 900 MHz

0 5 10 15 20 25 30

distance (A)
(absolute maximal values)

Gadolinium(lll): 4f

Non degenerate ground state; modulation of the transient ZFS is the dominant electron
relaxation mechanism:

Te22Xx1010s

1=

Ay =0.2:1032 m?

Conf. m, of occupied orbitals L S Free ion conf.

f 3.2,1,0,-1,-1,-2,-3 0 72 5S

Ground state: 21X, where X=S, P, D, F depending on the L value equal to 0, 1, 2, 3, respectively

Manganese(ll): 3d° (like high spin iron(lll) ) Transiton Sements

o

due to the non-degenerate ground state electron relaxation
mechanisms are relatively inefficient.

Spin orbit coupling introduces a relatively small ZFS,
generally smaller than that in high spin iron(lll) - because the
spin orbit coupling constant is smaller due to the smaller
charge of the manganese(ll) ion, and because excited states
are closer in manganese(ll) than in iron(lll) -:

T, of the order of 10 -10%° s (D around 1 cm)

Ligand field
my of Free . } } § square | square | trigonal
Cont. | occupied [L s | ion “‘E‘ge‘;“‘ ‘e“z‘;e;i“l planar | pyramid. | bipyram.
orbitals conf. e d (D) (Cy) (D33)
1 1
. T T 1 N
& |2,10,-1,-2 (0[52] °S Tt SA 11 SA Th SA| 11 |°A 11 SA

Ground state: 251X, where X=S, P, D, F (A symmetry: non-degenerate ground state )
depending on the L value equal to 0, 1,2, 3,  (E symmetry: doubly degenerate ground states )
respectively (T symmetry: three possible ground states )

“Paramagnetic” Linewidth
1000 500 200 100 50 20 10Hz

S=7/2
AY,=0.2x10"32m3
10000 ps

pes (ppm) / rdc (Hz)

\\ 900 MHz

distance (A)
(absolute maximal values)

Lanthanide ions, with the exception of gadolinium(ll) and europium(ll), have low-lying

excited states, due to strong spin-orbit coupling. Electron relaxation likely due to Orbach,
with T),< 10%2s.

Ay =2-40-1032 m?

Ton Configuration | =“'L,of ground | g,
state (multiplicity in
parentheses)

Ce* aft *Fyn (6) 61

Priv 4P *H,(9) 415

Nd** 4f oy (10) 811

Pm’* 4 L) 35

Smi+ 45 “Hy (6) 27

Gd*™ af $51,8) 2

Tb** 48 TF 4 (13) 312 s :1+w
Dy ar Hy (16) a5 Ju+h
Ho™ 410 Sy (17) 514

Er* 41 M5 (16) 65
T 412 *Hy (13) 716
Yo 41 2o (8) 877

Ground state: 251X, where X=S, P, D, F.... depending on the L value equal t0 0, 1, 2, 3, ...

“Paramagnetic” Linewidth

1000 200 50
50010020 10 Hz

J=5/2
104 \ AY=2x10732m3
N\ 7,=0.1 ps

pcs (ppm) / rdc (Hz)

0.1

; 900 MHz

0 5 10 15 20 25 30

distance (A)
(absolute maximal values)

10



m

“Paramagnetic” Linewidth

500 100
1000 200 5020 10 Hz

N\ =112
A AY=Tx10"2 m?
N 1,=0.3 ps

pes (ppm) / rde (Hz)

0.1

900 MHz

distance (A)
(absolute maximal values)

m

“Paramagnetic” Linewidth
500 100
100 1000 200 50 20 10Hz
N J=6
\\ Ay, =35%10732 m?
< 104 N 1,=0.3 ps
< \\
g N
E
S
R
@
a8
01 900 MHz
0 10 20 30 40
distance (A)
(absolute maximal values)
PCS=0 _T_Eii
R,>> R, o . 7 .
/ Detectable PCS ™, / Detectable PRE ™,

\

/
(R <PCs) 7

T,>10ns; A =0 Metals with large Ay, Metals with large 1, (<10 ns)

(radicals) (Co%, Th3*, Tm3*, Dy3*...) (Cu?*, Mn2*, Gd3*...)
100000 ——R1 .-
10000 - -R2 .
1000- -

154
ez AEAT TEM0 1B 1E8 1B
Electron relaxation time (s)

m

“Paramagnetic” Linewidth

500 100
1000 200 50 20 10 Hz

N J=6
104 N A, =20x10732 m?
— 1,=0.5ps
3 \\ =05p
01 900 MHz
i s s e ———
0 10 20 30 40

distance (A)
(absolute maximal values)

m

“Paramagnetic” Linewidth

500 100
100 1000 200 50 20 10 Hz
J=15/2
\\ A, =35x1072 m?
ol N 1=0.5ps

pes (ppm) / rde (Hz)

900 MHz

0 10 20 30 40

distance (A)
(absolute maximal values)

Structure calculations with

Diamagnetic protein
a—\
\ .
Classical restraints (NOE,
dihedral angles, H-bonds...)

Paramagnetic protein

Classical + Paramagnetis)
(R1,CS, PCS,RDC ‘estr:

Metal ion and magnetict uf
susceptibility tensor

o,

The position of the Meta
without any assumption

an be determined

11



Protein coordinates

PCS,RDC H FANTASIAN, FANTAORIENT |

X tensor components

X tensor components

N

protein structure

&, (PPM)

Initial structural family
(NOE-only)

a protein containing LS Fe(III)

8 —

6

pe
8 g (PPM)

&, (PPM)

Final structural family
(+ 280 pcs values)

Banci, Bertini, Bren, Cremonini, Gray, Luchinat, Turano, JBIC 1, 117 (1996)

RDC, PCS, CCR, T1, CS and NOE
are consistent with one another

All constraints are included in
PARAMAGNETIC DYANA# (CYANA*), and
PARArestraints for Xplor-NIH"

available at

www.cerm.unifi.it

*#Giintert, Wiitrich, J.Mol.Biol. 1991; Herrmann, Giintert, Wiitrich, J.Mol.Biol. 2002
"Clore, Gronenborn, Brunger, Karplus, J.Mol.Biol. 1985; Schwieters, Kuszewski, Tjandra,

Clore, J.Magn.Reson., 2003

4.0 T T T T T T T T T T T T T T
PCS
S ag,
=0=0—0-0—0=0--0—8
— 3
€
3 RDC ]
o
= ]
=
< 0.54 —
Ao ]
PP PP P
1.0 T T T T

T T T T T T T T T T
01 23 456 7 8 9 1011 1213 14 15

NOE-only + 280 pcs values

Banci, Bertini, Bren, Cremonini, Gray, Luchinat, Turano, JBIC 1, 117 (1996)

W

- Least square penalty energy:
E= Z W z [maqui,uh.\' - Xi,mlg
[ i

- The contributions to the energy gradient from each class of
restraints are calculated as the first derivative of the energy terms, E,
with respect to the coordinates

—tol, ,0)]2

- Force constants w; do not change during the calculation

- Force constants w, were calibrated in such a way that each class of
restraints has a comparable contribution to the energy with respect
to the standard restraints

12



Diamagnetic constraints:
93 NOEs
11 values
46 psi values
30 Hbonds
13 1D-NOE (RMSD=0.69A)
Paramagnetic constraints:
1164 pcs from 11 lanthanides
26 T, values
254 rdc from 7 lanthanides
50 cer from Ce(III) (RMSD:

267
247 a ®— Paramagnetic structure
5] " .
f»(; \ —4—Diamagnetic structure
o 18] A
S 1] A
£ A
& 144
g N
S 124 I A
2 10 * i F
= o8] | A Lo
~ 6] .. N “““A . P l“‘
] AL Mty pbte W 0
0.2
00— T T y b
N 2 40 60 80
Residue Number

Structure can be
obtained with PCS,
RDC and less than 10
NOEs

100 200 250

number of NOEs

17 hydrogen bonds, 105 dihedral angles,
+26 T, Ce(III)
+ 181 HN-N rdc Ce(III), Dy(III) and Yb(III)

Barbieri, Luchinat, Parigi,
ChemPhysChem, 2004

+908 pes Ce, Yb, Dy  +1703 pes 11 lanthanides
RMSD=1.28 A RMSD=0.82 A

PCS (ppm)
5

KI151-A157

$230-A234

3C nuclei

S.; Bertini, L.; Lelli, M.; Luchinat, C.; Maletta, M. J. Am. Chem. Soc. (2007), 129,2218-2219

vs ZnMMP-12

3C-BC PDSD 11.5kHz MAS
ZnMMP-12 (Blue, Diamagnetic)
CoMMP-12 (Red, Paramagnetic)

Balayssac, S.; Bertini, L; Lelli, M.; Luchinat, C.; Maletta, M. J. Am. Chem. Soc. (2007),129,2218-2219

Intramolecular PCS Intermolecular PCS Total PCS

0
Sl

Paramagnetic labeling scheme for the
measurement of intermolecular PCS

Paramagnetic labeling scheme for the
measurement of intramolecular PCS
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Pseudo Contact Shifts:
and Inter-Molecular Effects

Nearest Co? Atom

- Ser 230
U 105A | o

»Co2+ions Molecular and
Inter-Molecular PCS

Interaction with all the Co?* lattice i

ertini, L.; Lelli, M.; Luchinat, letta, M. J. Am. Chem. Soc. (2007),129,2218-2219

High Resolution Protein Structure with PCS

X-ray

RMSD (A)

BB

Secondary elements (BB)

Restrainis

DARR/PDSD

CHHC

PAR

PAIN

TALOS

Metal links
Bertini, I.; Bhaumik, A.; De Paépe, G; Griffin, R.G.; Lelli, M.; Lewandowski, J.R.; Luchinat, C.
J.Am.Chem.Soc., 2010, 132, 1032

Structure calculations with total PCS
(without dilutions)

f PCS to the structure provides new Ay,

structural calculation is repeated; and so on
till convergence
Calculations are performed with a modified version
of PARAMAGNETIC A with a single metal
ion, and all cystallographic molecules pos
TS Mo from the knowledge of the cell symmet
) The position and orientatio
origin is obtained in the

Magnetic anisotropy (m’)

iteration

minimization

) = *
Metal tensor ‘ ‘

ighboring molecules are positioned
ing to the provided symmetry

13C-ISN BC-ISN
Co-MMP12

Paramagnetic-diluted sample Reversed Paramagnetic-diluted

Intra and intermolecular PCS can be separated

Balayssac, S.; Bertini, I.; Bhaumik, A.; Lelli, M.; Luchinat, C., PNAS, (2008), 105, 17284-17289

Structure calculations with total PCS
(without dilutions)

Structural ulations are performed with the
available restraints with different numbers of metal
ions and estimated Ay anisotropy values

The minimum number of metal ions (4) needed to
best fit the PCS is found from the TF values

From the calculated structural model, new restraints
can be found

Target Function

Internal metal
tal

Second me

The fourth metal is not clustered g
. BB RMSD with the ructure = 1.

Structure calculations with total PCS
(without dilutions)

In the case of MMP-12, in orthoron ymmetry, 4 cases are pt

1) P2,2,2 (the correct symmetry!)

e

tidfh and
orientation of
the origin

(thicker line is the crystal structure)

Luchinat, Parigi, Ravera, Rinaldelli, JA(
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Structure calculations with total PCS
(without dilutions)

3) Symmetry P222

2) Symmetry P2,2,2, »

(thicker line is the crystal structure) 3

BB RMSD with the

Without clashes between n g molecules

Luchinat, Parigi, Ravera, Rinaldelli, JACS 2012

{A}(M@ cos’ 8- 1)+%A;(,_,, sin @ cos 24

The relative position of the metal ion with respect to any rigid domain
can be determined but NOT the directions of the y tensor axes.

> >~

J + /'\ = j x4
J" helix J™ helix-tensor
structure

RDC and PCS values are fit to obtain the metal tensor:

23 orientations: 4 have correct chirality

PCS and RDC relative to one metal can provide the relative
position of the metal and the Y tensor axes with respect to any
rigid domain but not the directions of the y tensor axes.

2 3 2
os” 0—1)+= Az, sin 0

PCS and RDC /ide an unique solution if two (or more) sets, relative to two
different metal , are used.

PCS provide information on the distance; RDC are more sensitive to the
ation of rigid bodies far from the metal ion

Bertini, Longinetti, Luchinat, Parigi, Sgheri, J.Biomol. NMR (2002)

Unknown: coordinates of the metal (3), tensor parameters (5)

Jj=n

PCS and RDC do not provide a unique solution, unless two sets,
relative to two different metal ions, are used.

Metal 1 Metal 2

2N z
) v
Py
X x

With two metals

2 > 2 _
degeneracy is removed!
y y Yo y
X X X '\

Q@ @.Q@ a

y ‘;i(y)dx}i y ;}i v

From the position of the metal ion and the directions of
tensor axes, all rigid domains can be relatively oriented

ble strategy for structure calculation in solution:

y structure of individual “relatively rigid” domains to o
the structure of the whole system from PCS and RDC.

Paramagnetic ions must be attached to one protein domain

15



Cytochrome bsg, Calbindin Dy,

Two approaches have been developed:

- paramagnetic binding tag with reduced flexibility

Tag
&
- substitution of a paramagnetic ion
in metalloproteins

Bertini, Longinetti, Luchinat, Parigi, Sgheri, J. Biomol. NMR 2002

PCS and RDC, plus crystal structure, are used to calculate the RDC calculated from the X-ray structure and the y tensor obtained
solution structure of complexes of CaM with target peptides from PCS are significantly different from experimental RDC
from DAP (death-associated protein) kinases
PCS provide the  tensors
structure

/ Calmodulin

RDC obs (Hz)
5 3 o 3
RDC obs (Hz)

@
8

- 80 20 10 0 10
RDC N-ter calc (Hz) RDC C-ter calc (Hz,

PCS obs (ppm)

N ) { PCS calc (ppm) Exp. RDC deviate from predictions based on the X-ray structure due to structural
aM-binding dom rearrangements in solution

-h_ W11 'f' .&l‘-”ﬁ -
Wd‘f‘ e :_{e HYDRONMR predictions The prOtOCOl

are shown as b.

S0 8 100 120 140 XplOf-NIH: simulated annealing at 200 K

Residue number

Restraints:
1) ¢ and y angles extracted from the X-ray structure
2) PCS, to place the ) tensors

v 'S,HS' . 3) PCS+RDC+dihedral ¢ and y angles from TALOS
in perfect agreement with ©

HYDRONMR

R2(s")
onaondNEs

Only PCS and RDC of residues not experiencing large mobility
rom relaxation measurements have been included

80 100 120 140
Residue number




'

Fit of PCS on the refined solution structure
Forward problem
Prediction

PCS obs (ppm)

Chemical structure Experimental data

PCS cale (ppm)

Fit of RDC of non-mobile atoms
on the refined solution structure

NMR structure

ADC obs (Hz)

RMSD=2.0 A

L Model
DG el ) Inverse problem

_
A paramagnetic ion is included in the N-terminal domain

The N60D mutant of calmodulin was used as it selectively binds lanthanides in the
second binding loop of the N-terminal domain

PCS and RDC me d for atoms in the
N-terminal domain are used to ulate
the magnetic susceptib anisotropy

tensor

PCS and RDC me d for atoms in the
flexible C-terminal domain provide informa
linker on the effects transmitted through the

linker, i.e. on the region of space

sampled by the C-terminal

Bertini, Del Bianco, Gelis, Katzaros, Luchinat, Parigi,
Peana, Provenzani, Zoroddu, PNAS 2004, 101, 6841

Fragai, Luchinat, Parigi, Acc. Chem. Res., 2007

Differences in tensor magnitude between N-

3+/Tm3*/Dy>* are substituted to Ca?* in the second binding site of
the N-terminal domain of N60D CaM
Rigid system Mobile system If the adduct is not rigid, :
PCS and RDC of C-term N Tb3* Tm3* Dy
are averaged over the Ay, 37 26 x10732 m3
values relative to all B Ay.,.-14 9.1
experienced conformations

C-terminal “tes "
N-terminal C-terminal

N-terminal

RDCof N ’_W —m-m_‘ RDCof N :D:D:Dl : ) . + Tm3* Dy’
LUl L - c AY-16 -33 -1.9 x102 m
y Axy, 08 22 0.8 x1032m3

reorientation

RDC of C A oF e .
o RDCof C RDC =0 o0 10-20 times smaller!
90720710 p, 10 20 %0 ° = Averuged tensors
— Same tensors — Different tensors 4 40123 4
Bertini, Del Bianco Katzaros, Luchinat, Pa ana, Provenzani, Zoroddu, PNAS, 2004
Bertini, Gupta, Luchinat. Parigi. Pean . Yuan JACS. 2007

Bertini, Gupta, Luchinat, Parigi, Peana, Sgheri, Yuan JACS, 2007

Observed values (Hz)




Distribution of the rdc values in the two domains

rdc of the N-terminal domain

rdc

Reduced rdc values implies MULTIPLE RECIPROCAL ORIENTATIONS

PCS and RDC can be used together to obtain the maximum
occurrence (MO) for each conformation

MO = maximum weight for a
conformation independently of all

other experienced conformations

¥

Conformations with largest MO are those
in which the system can stay longer

Longinetti, Luchinat, Parigi, Sgheri, Inverse Problems, 2006
Gupta, Luchinat, Par
Bertini, Giachetti, Luchinat, Pa

Proteins move:
The “four-dimensional”
structure of proteins Prediction
Fragai, Luchinat, Parigi,
Acc. Chem. Res., 2007

Chemical structures

\Y/ 4 g
Yo?
0\
QOQ Model

Inverse problem

Forward problem

Experimental data
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