CMRR and TSAR Recoupling
Advanced Control for Structure
Determination in Solid-State NMR
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High Field Nuclear Magnetic Resonance

eSS 1
For H@ B, =11.74T
Hhir _ _
st AE% =) BO - &
~500MHz

Hp. =-2yB, cos(a{)t+¢)IX =2 cos(a{)t+¢)IX

. / \
Amplitude, up to ~100 kHz

Phase
 RF excitation of the nuclei at their Larmor Frequenci es
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High Resolution Solid State NMR

RF coil Polycrystalline sample

B NH2-13CH2-COOH
0 =>fe80Hz=16%A,
i
Massachusetts x 20
YuB1n=YcBic
Courtesy of A. Barnes
Rotor: sample container
- x 100
A 1 1 1 1 1
H D f 80 60 40 20 ppr
1 CP ecoupling
H 13¢ chemical shift
7
2 Dipolar & Chemical Shift Anisotropy broadening
13 C CP removed if 3cos

H ZTZO

*Tremendous progress over the last 50 years..

Key authors: Abragam, Andrew, Griffin, Hartmann, Ha  hn, Mehring, Pines, Schaefer, Waugh, et al.
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Structure Determination in Solid State NMR

1D spectrum = fingerprint of the system!

Magic Angle Spinning
R. Andrew et al.

Y High Magnetic Field |
Spatial Averaging T

1H decoupling

180 160 140 120 100 40 20

13C chemical shlft (ppm)

« MAS provides high resolution: H iection = Hes "‘% %

* In order to recover the distance information, we need to design RF
pulses that can interfere with MAS averaging:

H .. :7/4.7/ + H Recoupling sequences in
Cs CSA DIP C : )
e multi-dimensional experiments

Key authors: Schaefer, Griffin, Levitt, Tycko, Niel  sen, Khaneja, Baldus etc.
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New methods for structure determination

S

13C-13C correlation experiments
750/900 MHz 'H Freq.
20 kHz MAS freq.
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« Who'swho -> assigning the resonances -- Part | - CMRR
o Structurally relevant restraints  — Part Il = TSAR mechanism
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Part | — One-bond transfer dipolar recoupling sequenc e

A lot of dipolar recoupling sequences have already b een reported...

Ce:) In practice, they necessitate concurrent  1H decoupling...

I I I | B
Mas: usetts
Instltute oi > + 3 a)
Technology

“2 Iaf N,

PostC7, SPC5, etc.

e @ 20 kHz w/2m, the *H decoupling field should be at least 150 kHz

- Beyond probe and sample limits!!
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CMRR recoupling with 1H decoupling

Can we design a recoupling sequence
that does not require 1H irradiation?
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Generalization of the second averaging principle
Z

H,, = cu]cosqa(t)ZS; +a{sin¢(t)ZS; +Q(t)ZS;

g cos (@)
a) sin (@)
\Q(t) =p'w, cos(pa)Rt)

Wy

- P
=p'w, sin(pa)Rt)

N\

p'sin(pa)Rt)J

p

, 2
‘W = pw, [1+(£sin(prt)) ]
p

Q = p'w, cos(pw,t)

@ = arctan [

> Uy = exp(—ip'a)RtCZ)exp(—zpa)RtCX)
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Interaction Frame Ugr = CXP(—Z'P W fCZ)eXP(‘lPWRfCX)

Hamiltonian H(t) ( ) ZAA T Chemical shifts,
RF pulses _— Dipolar interactions
CH) . | . etc.
Interaction Frame H, (t) =Upg (1,0) H,,, (£)Uge (1,0)
s Hamiltonian

tti

i Homonuclear dipolar interaction:

Hdip = UWyp [ZCAZCBZ _CAXCBX _CAYCBY] = \/gwABTZ%B

0’ B J/ (-wt,-6,,0) [];,SB].:;TAB ( i(q'p'+qp)ew )dozq(gjd;'q(gJ

Crystal  Rotor Lab g
Frame Frame Frame - Z

) exp (—imwrt)

(0’,,3, V) Oscillating terms at the frequencies: (m +pg+p'q ') W,
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First order Average Hamiltonian Theory

—a _1r .
H int :FIdtlH int(tl)
0

Cea First order recoupling if: ~ m+p.q+ p’.q =0

A

I I I | B |
MAS .
n first averaging
mstitut:oi e
Technolo: % .
: : : . CS interaction
Homonuclear dipolar interation heteronuclear dipolar interaction

10

CMRR: p'=1/2 and p from 3.5t0 8

 This new scheme can be seen as a very versatile recoupling toolbox
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DQ CMRR recoupling without *H decoupling

=5 — O _ 3 U, yé : : AB - AB
P H' e = 73 arr sin(25) [exp (—z y) T,>, +exp (ly) T, }
p'=1/2 SN2 ATTTp
: E :l 7°2 A DQ subspace ; o
e AB,Z 0.5 - ~50% DQ excitation!
| N d
U _ 04! 21 kHz MAS frequency
— S 034 20% U-[3C, *N]-glycine
feenmetosy % ] No 1H decoupling
]&L;’Q)Z =AB .~ AB,; 1 % 0.2 - 750 MHz 1H frequency
199 =4B +4B,; T I 041 -
1 =(avs) » oo
- - ]DQ | T T % T X T " Ll "
ABY 00 05 10 15 20

Excitation time (ms)

DQ H .
Ly x CMRR / Powder averaging

De Paépe, Lewandowski, Griffin JCP (2008)
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CMRR and dipolar truncation

=0 sin2) | exp(~iy) T4 +exp(iy) T |

+aw' o sin2B)] exp(~iy) TS +exp(iy)T;° ] Non-commuting terms!

H'

CE:) +a',,. sin(2,6’)[exp(—iy) T%S +exp(iy) Tz‘gc]
Mir
s D DQ recouplin
B D e Q pling
S
E 04 CB
O
E 0.2 C. in absence of C_
® C
° C_in presence of C 1.5A A
S ol GNP ! b
0 5 10 15 20 25 30 c

Mixing time (ms)
SPINEVOLUTION, Veshtort et al., IMR (2006) 178.

* Spin dynamics dominated by one-bond couplings
« very useful for assignment!
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DQ-CMRR recoupling without 'H decoupling

Red cross peaks = one-bond transfer only!
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Vare
Sy 2 =

180 60 40 20 : .
13¢ chemical shift (ppm) Properties/advantages:

Single channel irradiation
13C-13C recoupling without  *H decoupling
20 kHz MAS CM5RR* on [U- 13C, 15N]-Crh

750 MHz, 15 hours Attenuation of r.f. sample heating

Efficient at high By, high w/2m

*De Paépe, Bayro, Lewandowski, Griffin, JACS (2006)
De Paépe, Lewandowski, Griffin, JCP 128 (2008)
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Challenges to obtain long distance transfer

* DQ/ZQ broadband 13C-13C dipolar recoupling yields truncation

+5AN Truncation effect

15A CA Initial magnetization
) ) on C, spin

- useless for long distance transfer!!
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Part Il - TSAR mechanism: use of assisting spins!
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PAR pulse sequence

TPPM

Illil- 13C CP

'H “{ C.W.

PAINCP pulse sequence
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Third Spin Assisted Recoupling - Principles

Assisting Spin: e.g. 1H's Hye =Wedy + e By + g, H
= Wy, (pCAX tpcByt pHHX)

H
= ®/ \@> Ugr = exp{ _i(prRtAX t PolRtBy + p Wyt )}

o A,B 13C spins Wy = mZ af" exp(~imayt)

H,, =w,24,H,( 1) exp(—ia)r)(t)> {Xl =mtp.tp, — (1)
+wHB 2[{ZBZ @

Average Hamiltonian Theory — Magnus Expansion

(1) +H—,im(2) +H—,im(3) +

H':H'int

Let’'s calculate the second order!

(1) , _
-ﬂqu (t) zeroif X#0

De Paépe et al., J. Chem. Phys. (2008).
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Second order Average Hamiltonian Theory - TSAR term

H — _ 1 oo
@/ \@) HY _ﬁjdtljdtz[H(tl)aH(tz)]

Second order TSAR Hamiltonian @X@

A
20
]AB’Z HTSAR = 2MSARA+B_H + 26(%*"SARA_B+H

- Re(wTSAR ) 2]1(43 ))(H + Im(a)FSAR ) 2[,(43 IZH

- Re(&jAH wI_}B)A(lapC7pH)+iIm(a),l4H w;B)a(l’pC’pH) |
1 Srsan
Wrsar =~
2H ]ZQ SAR @, +Re(a)124H wgB)/‘(z’pC’pH)+iIm(ij w]?B)J(z’pC’pH)
V4 AB,Y L P rsar
)| 2o
’ M H 2 2
2H 1% H gz - (per e =(py=pe)
AB,X m m
o(m pe.p,)= -
o 2_(pH+pC)2 mz_(phr_pc)2

*TSAR subspace:
->coupled basis between a fictitious ZQ spin and ana  ssisting proton spin.
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Second order Average Hamiltonian Theory - TSAR term

H — 1 7
@)/ \@) H int _h_ngtlgdtz[H(tl)aH(tz)]
720 A A B Second order TSAR Hamiltonian @X@
AB,7
| _ (0) @x(@)
‘ HAUTO - wAUTOIAB,Z
H 1 —|
e w 1 (wélH Wy, _wéH wHQ)/Y(lapC’pH)
- } AUTO ) +(wélH w;q _a)ézH wl;zc‘z)X(zapcﬂpH)
Z
- 2H, 17, (o) .
/Y(mﬁpC7pH)=_( ) Pu _Pe 2, Pu_Pe 2}
7 2\m* =(py +pc) m =(py-pc)
2 H, ]ig’X TSAR

X(mapcapH):O If pH:\/pé—mz

» Auto-cross terms leads to longitudinal off-resonance c ontributions!

» But these off-resonance contributions can be minimized!
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Analytical versus numerical simulations

Homonuclear case

Analytical

Pc=w /W

« Second order AHT explains the numerical maps!
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Insight in the PAR experiment

Homonuclear case W/21=20 kHz /21=750 MHz

) ) "5} )
e &5 1.0 Cp ' C ch
e 038l All couplings | no CaCp coupling | no CaHa coupling

S included : '
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"0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
mixing time (mMs)

 PAR recoupling does not rely on CC coupling!
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PAR versus dipolar truncation

remote remote

3.56 A
5A Hor
- —
% _— Co Co
5 0s- =P
'% 0.2 1 = C____inabsence of Cp
Dcz 0.1 - = C . ote N Presence of CP

0.0

0 5 10 15 20 25 30
Mixing time (ms)

Long distance transfer (~4.5 A) in presence of directly bonded carbon:
reduction of the dipolar truncation!
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13C chemical shift (pprh)
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PAR on [U- 13C,*N]-Crh at 7

64C5/36Ca. 5.4 A

50 MHz, 20kHz MAS

20CP/47C31 4.3 A

N
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........... I

Crh, 2 x 85 residues

33Cy1/44CB 3.7 A o /21 = 20 kHz
' ®, ~ 50 kHz
®, " 50 kHz

T 40CPB/53Cy 5.5 A

37C31

Examples of interresidue contacts

70 60 50 40 30 20
13C chemical shift (ppm)

* Long distance transfer in uniformly labeled protein!
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PAINCP on [U- $3C,1°N]-Crh at 750 MHz, 20kHz MAS

T
Q i 49 0
o
& 1104 52/51 9 “ L
= M ' 'I , :
C:e:) E 1204 222 Feall Y 55 Y RGN,
- 53/52 gy, 4 Yodh 349 v
. S 130 ‘44_4__|3fr 65/74
I I I I I lﬂz T T : T T T 5"’%3‘ T . T T - T T T | | T T
Massachusetts - ﬁﬂ' ED 4D
o *C chemical shift (ppm) 10 ms PAINCP

13C rf - 15 kHz
5N rf - 15 kHz
Leu74 H rf—53 kHz

e >5A 15N-13C contacts between secondary structure elements
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Signal Intensity (a.u.)

Signal intensity (a.u.)

Structure determination by SSNMR

80,15 A ¥125-3A
?[]- II" 3[]_
|
1 \ 25 4101ce 2 25A
so] |\ —12C CB 15A — ?
. — 20+ 4?0&10
— 15_
30 \
2[]_ "\-\. 1[]‘
10 5 -
0 . : : : 0 : : : .
0 5 10 15 20 0 5 10 15 20
35 _ —31(30'.6?(3114{} -
4-5A —#5C6e |55-7TA — 11cusacp s, %
30 730065 —— 35CD244
25 — 37Ce60CB 53
10. — 64Cy241Ce 6.7
20
15,
10- 54
5 |
0 : : : : 0 b . : :
0 5 10 15 20 5 10 15 20

PAR mixing time (ms)

PAR mixing time (ms)

* Observed buildups can be categorized into different
* Upper bond distance can be estimated

PAR 900 MHz
2.5,10, 15 & 20 ms
PAR irradiation

®, /2t = 20 kHz
®,./21 ~ 50 kHz
®,,,/21 ~ 30 kHz

distance classes
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>N chemical shift (ppm)

Collaboration with A. Bockmann et al. at IBCP, France

De novo structure determination — Crh dimer (2 x 10.4 kDa)

13C chemical shift (ppm)

704 4 °°

Crh assignment (e.g. CMRR)
+ 13C-13C PAR (~15 ms)
+ I5N-13C PAINCP (~15 ms)

ARIA

795 unambiguous CC constraints
(269 long range)

400 unambiguous NC constraints
(130 long range)

3C chemical shift (ppm)

PAR & PAINCP @ 900 MHz

TALOS
+ XPLOR-NIH

RMSD 0.58 A
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13C chemical shift (ppm)

15N chem. shift

[°)
e

A
e

o)
e

140

De novo structure determination — MMP-12 (17.6 kDa)

w/2n=20kHz /21 =900 MHz

PAR + PAINCP

120{ .-

MMP-12 protein (17.6 kDa)

‘ go T 40 — 20 Collaboration with I. Bertini et al. at CERM, Italy

13C chemical shift (ppm)

« Application to larger and larger systems...
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Conclusions

. DQ-CMRR efficient one-bond relayed recoupling sequen  ce for

Cea assignment ( without 1H decoupling )

. TSAR recoupling:

-13C-13C, I5N-15N or 13N-13C recoupling assisted by surrounding

protons
- Very efficient for short, medium and  long distance transfer

- Applicable to de novo structure determination

. Promising techniques for de novo atomic structure determination
of challenging systems: membrane proteins, fibrils, etc... that are

not accessible by other techniques
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3C chemical shift (ppm)

13C-13C PAR at 65 kHz MAS Frequency on [U- 3C,U-1°>N]GB1

: " RS SRE i R i ) ;e ; : ] .P-_: :.
i R U IS B i
| g \ il ! el 4 Duvat gl
:.-%%Ef: O o mo ¥ Tt
A :f::"' ! & ! ! g l:l u’ﬁg\: _f"‘rj a;cs
- :_ﬁ ':”f: ' 0 ohygo ) 4¥%% 393 %,
14, LML ot S ol
60:"}’5% e, | QO e e N TS
1%, ~a Miib Wi vt
i i _ % 2.0
1/
1001 " 1.5
§_
i =
v o 8 1.0
| e III
'140j ' o
a 0.5
] 4
1 by 0.0
L "'é ................................ 00 05 10 15 20
180 140 = |
Pc=0/®,

3C chemical shift (ppm)
Collaboration with W. Maas et al. at Bruker, MA

» Despite being a second order recoupling sequence,
PAR is still applicable at 65 kHz MAS !
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15SN-5N PAR on [1,3- 13C,U-°N]GB1

- e -
”'é"‘ : (9 . @ ’ , A
o )
& 1107 pse51 °
— - - @ = - )Jd
E I o F T153-T44
B A
2 il J i 0
E 120-_ " .®
G "ﬂgﬂ o L7-G14
et 9155425 @ &
= 1301 A2 L5-T16
ﬁ'a' ® N O)
130 120 110
N chemical shift (ppm) .. :
18 ms mixing time
Lewandowski et al. (2008) JACS
Fandowsia etal %9 W/2Tt= 20kHz, wy,/2TT= 900MHz

« direct information about secondary and tertiary structure
 identification of a-helix and connectivity of strands in 3-sheets
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