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Overview of heteronuclear 3- and 4-D NMR

(not complete)

goal:

you should understand the basic building blocks and be able to

judge whether certain experiments can be applied to your protein

practical aspects:

how do I characterize my protein?

how do I get an idea about T2?

concepts:

INEPT transfer

how do you calculate transfer efficiencies?

constant time evolution, semi-constant time

basic pulse sequences:

backbone assignment, side chain assignment, 3-D and 4-D

NOESYs

additional embellishments:

sensitivity enhancements, deuteration, TROSY, water  flip-back
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relevant J-couplings

HNCO

CBCA(CO)NH

HNCA

CBCANH

"out + back"

"one way"

HN(CO)CACB

HNCACB

"out + back"

(Deuteration!)

1



1H

15N

90˚x

90˚x

90˚y180˚y

180˚y

Hz -Hy

2 JHzNz*2

-Hycos(2 J )+

2HxNzsin(2 J )

-Hycos(2 J )+

2HzNysin(2 J )

exp(-2 /T2(H))Relaxation:

0 0.25 0.50

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

*J

tr
an

sf
er

"INEPT"

sin(2 J )

exp(-2 /T2(H))

opt < 0.25*J

sin(2 J )*exp(-2 /T2(H))

transfer term

2

opt =
1

2 J
atan JT2



3

0.08



(no JHNHA dephasing)

Can my protein be studied by 2D/3D/4D NMR?

No labels available:

1D in H2O

T2 HN   from 1-1 echo

Sklenar + Bax J.M.R. 74, 469-79 (1987)

 = x, y, -x, -y

Rec = x, -x, x, -x

T =
1

4

4
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A

B

IA / IB 0.65

T2 =
2( A B)

ln( IA / IB)

T2 = 13 ms

T = 85 µs @ 600 MHz



Structure determination feasible 

Without deuteration:

if T2   12 ms, c  15 ns,

MWT < 30 kDa

With deuteration: 

tertiary structures  60-80 kDa

secondary structures  110 kDa

resolved H-N TROSYs < 900 kDa

c ns[ ]
1

5T2 s[ ]

T2 = 30 ms c = 6.6 ns

J. Biomol. NMR 3, 121-6, 1993

c ns[ ] ~
1

2
MWT kDa[ ] @20°C

6

T2  8 ms

T2  17 ms



ubiquitin (pH 4.6) vs. protein G (pH 5.8) 

ubiquitin

ubiquitin

protein G

protein G
R2[HN] = 1/T2

Rex[13CO]

Relaxation CD

Tm >
97 ˚C

Tm =
73 ˚C

Unfolding affects T2 long before the melting transition
Strohmeier, Cordier, Heerklotz, Grzesiek unpublished
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8HO

NC

3D CT-HNCO, J. Magn. Reson. 96, 432-440 (1992)

=y

HzNy  -Nx for improved 15N T2

HzNy  -Nx  -NyC'
zHz

-Hy

HxNz

Nz C'
y



Constant time
evolutionS

yBefore: 

Signal

Constant time: 

J - dephasing time :

T +
t1

2
+ T

t1

2
= 2T

chemical shift evolution :

T +
t1

2
T

t1

2

 

 
 

 

 
 = t1

I

+   no additional
     relaxation
     during t1

–    maximal t1
        limited by
      2T (~ 1/2J)
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S

Signal

I T - t1/2T + t1/2

T T t1/2 t1/2

y

Iz I y

JI zS z•2T

2IxSz

I
Iz • t1

2IxSz cos It1 + 2IySz sin It1



Estimate S/N 10

T2 N( ) = 42 ms; JNC ' = 15 Hz

S / N = sin2 2 JNC '( ) exp2 2 /T2 N( )( )
S / N HSQC( )

2
; optimal = 11.5 ms <

1

4JNC '

= 16.7 ms

S / N(HNCO)

S / N(HSQC)
=

1

2
0.26 = 0.18

S / N(HSQC)

S / N(1D)
=

1

2
sin2(2 JHNN ) exp2 2 /T2(H N )( ) = 0.35;

S / N(HNCO)

S / N(1D)
= 0.18* 0.35 = 0.065 =

1

15

T = T' = 

3D vs. 2D
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-7 11

1JNC =11 Hz; 2JNC = 7 Hz; 2T = 22 ms; T2N = 42 ms

1J : S /N ~ sin2 1JT cos2 2JT exp
2T

T2N

 

 
 

 

 
 = 0.36

2J : S /N ~ sin2 2JT cos2 1JT exp
2T

T2N

 

 
 

 

 
 = 0.20

S /N(HNCA)
S /N(HSQC)

=

1J 0.362

2
= 0.9 ˆ = 

HNCO
2

=

2J 0.202

2
= 0.028 ˆ = 

HNCO
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Interferon-  (31.4 kDa)

HNCO

15N = 118.9 ppm

HNCA

12



better:

HN(CO)CA

Ikura, Kay, Bax

H H

NC C

H

C

O O

N C

H

O

C

13



14HCACO: Ikura et al. Biochemistry 29, 4659 (1990)

Powers et al. J. Magn. Res. 89, 496 (1990)

S/N (vs. 1D) = exp (-4 /T2H  ) • exp (-4T/T2C ) • sin2 (2 JC C'T) • cos2 (2 JC C T) / 2 = 0.039

= HNCO / 1.5  BUT ALSO DIFFERENT RELAXATION DURING t3!

Grzesiek + Bax, J. Magn. Reson. B 102, 103 (1993)

Löhr + Rüterjans, J. Magn. Reson. B 109, 80 (1995)E- and D-sidechains

[sin (2 JC H  ) = 1]



HCACO of Interferon - 

C  = 59.1 ppm
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S/N = (HNCA) * exp (-4c/ T2C ) • cos2 (2 JC C ) = (HNCA) * 0.58 = 0.017

= HNCO / 3.4

HN(COCA)HA: Clubb + Wagner, J. Biomol. NMR 2, 389 (1992)

O

C CN

H

H

CN

H

H
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d = 3 ms

HN(CA)CO Clubb, Thanabal, Wagner, J. Magn. Reson. 97, 213-217 (1992)

S / N = (HNCA) exp(
4d

T2C

) cos2(2 dJC C ) sin2(2 dJC C ' ) =

= (HNCA) 0.20 = 5.8 10 3
= HNCO/10

Engelke + Rüterjans, J. Magn. Res. B, 109, 318 (1995)

17

works well for
deuterated
proteins!
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S/N = (HNCO) * exp (-2 /T2 (CO)) * sin2 ( JC'C )

= HNCO  0.58 = 0.034

HN(CO)CA

J. Magn. Reson. 96, 432 (1992)

 = 6 ms

problem with CO
relaxation at high
fields:

1/T2 ~ CSA2 B2
c



Interferon-

31 kDa
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H   H    O   H

N   C    C   N

      C

20

H -C -Spectrum of
Human Interferon-

weak J-connection 
in backbone
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CBCA(CO)NH

S/N = e-3/6 e-6.6/8 e-7.4/14 e-22.4/52 e-22/42 e-4.5/13 • sin(2 JH C ) •

• sin(2 JC C TAB) • cos(2 JC C TAB) • sin(2 JC C  )

• sin(2  JC C ) • sin(2 JC'N ) • sin(2 JC'NTN)

• sin(2  JHN ) ~ 0.09 - 0.17 * HNCO H

C

O

NC

H C

H
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CBCA(CO)NH of Interferon -



Amino acid type determination in

the sequential assignment

procedure of uniformly 13C/15N-

enriched proteins

 J. Biomol. NMR 3, 1993, 185-204

60%
90%

95%
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C -Cß secondary shift

Spera + Bax, J. Am. Chem. Soc. 113, 5490, (1991)

De Dios et al., SCIENCE 260, 1491 (1993) (theoretical calculation)

TALOS database http://spin.niddk.nih.gov/bax/software/TALOS.

24



Uniqueness of
C -C  shift paris
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Semi-constant time HBHA(CO)NH

(old)
1H

13C

t1

1/2J

H

C

O

NC

H C

H



1H

13C

Semi constant time
chem. shift evolution: ta + tb - tc

=>  1/sw = ta + tb - tc

J-dephasing: ta - tb + tc ~ 1/(2J) = constant

=>  ta - tb + tc = 0

1H

13C

chem. shift evolution: 0

J-dephasing: 0.8/(2J)

1H

13C

chem. shift evolution: taq = ta + tb

J-dephasing: 1/(2J)

acquisition start:

acquisition end:

3 ms

7 ms

ta tb tc

ta tc

ta tb

28



HBHACONH

CBCACONH

Calmodulin + M13 (20 kDa)

29



30

"one way“ S/N = HNCO * (0.03-0.06)

CBCANH, J. Mag. Reson. 99, 201 (1992)

N

C

CH

H H

21 ms!7 ms



S/N = HNCO  0.09

"out + back"
31

N

C

C

H

works also with
deuterated proteins



CBCANH of CaM/M13 ~ 20 kDa 32

• =  CBCA(CO)NH



H H

N C

H

C

H

C

O

N

H C

H C

H

H

C C

O

N

H

4D HNCAHA, HN(CO)CAHA

Sidechain C-C-TOCSY to (CO)NH

Boucher + Laue, J. Am. Chem. Soc. 114, 2262 (1992)

Olejniczak + al., J. Magn. Reson. 100, 444 (1992)

Kay et al., J. Magn. Reson. 98, 443 (1992)

...

Logan et al., FEBS Lett. 314, 413 (1992)

Montelione et al., JACS,  114, 10974 (1992)

Grzesiek et al., J. Magn. Reson. B 101, 114 (1993)

33HN(CO)CACB

(out + back,deuteration!)

H

D C D

C C

O

N

HD

Yamazaki et al. (1994), JACS, 116, 11655.
Salzmann et al., JACS, 1999, 121, 844

Sidechain C-C-TOCSY from CANH
(out + back, deuteration!, carbonyl relaxation at high
fields)

D C

D C

D

D

C C

O

N

HD

D C

D C

D

D

C

D

Löhr and Rüterjans, J. Magn. Reson. 156, 10 (2002)
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35

HCCH-COSY

C

H

C

H
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Kay et al. (gradient-enhanced H2O) J. Magn. Reson. B 101, 333 (1993)



HC(C)H-TOCSY

F1

37



38Aliasing and baselines

Flat baselines only
for  = 0, 1/2, 1 dw

 = 
1/4  dw
fp *0.75

 = 
1/4  dw
fp*0.6

 = 
1/2  dw
fp*1

 = 
1/2  dw
aliased
fp*1

Zhu et al. (1993),
J. Magn. Reson. A105, 219
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13C

1H
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Linear ( 1) + constant ( 0) phase
correction:

1  = / t1 * 360˚; 0 = - 1/2

E.g. HMQC:

 = t1(0) + 4*p90(X)/  + p180(H)
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Flat baselines are only achieved from normal FT, if tinitial = 0, 0.5 DW, or 1 DW. [Don't
use anything else unless you know what you are doing. tinitial is the time for chemical shift
evolution for the first digitized data point. For the calculation of tinitial, an initial or final 90-
degree pulse (that converts z- into transverse magnetizationor vice versa) is counted as
2/pi*pulse length.]

the first order phase correction (phc1) is  +/- tinitial/DW * 360º (+/- depends on program
convention). For initial delays of 0, 0.5 DW, and 1 DW, this corresponds to (+/-) 0º, 180º,
360º first order phase corrections.

the contribution to the zero order phase correction from chemical shift evolution is: phc0
= -1/2*phc1.

other effects can contribute to the zero order phase correction. Such effects are e.g.
Bloch-Siegert phase shifts and hardware phase shifts in the directly detected dimension.
These effects should not contribute to the first order phase correction.

In the case of phc1 = 0º, 180º, 360º, the first data point must be multiplied by 0.5, 1.0,
and 1.0 respectively, in order to get a flat baseline at value zero.

In the case of phc1 = 360º, tinitial = DW, a constant baseline correction must be applied
after the FT. [Some information was lost (the integral over the spectrum is set to zero)
because data sampling started too late. This information is restored by the base line
correction procedure.]

Some simple rules for getting flat baselines and good phases
(RSH, States-TPPI):



15N (13C) - separated 3D-NOESY-HMQC/HSQC

Fesik + Zuiderweg J.Magn. Reson. (1988), 78, 588

Marion er al. JACS (1989), 111, 1515

Ikura et al. J.Magn. Reson. (1990), 86, 204

Zuiderweg et al. J.Magn. Reson. (1990), 86, 210

15N - separated 3D HOHAHA (HN(i), N(i), H (i))

Marion et al. Biochemistry (1989), 28, 6150

42



3D 15N – NOESY

43

3D  15N– HOHAHA

3D  13C – NOESY



4D 13C-, 15N-separated
NOESY

Kay et al., Science 249, 411
(1990)

"watergate"
Piotto et al.

J. Biomol. NMR 1992

Gradient-enhanced
4D 13C/15N - NOESY:

Muhandiram et al. (1993)
J. Biomol. NMR 3, 463

JACS 115, 12593 (1993)

44



H

15N

H

13C

NOE
            

45



46

Strip from 3D 15N-
edited NOESY

Plane from 4D
15N/13C-edited
NOESY

IFN-



4D 13C-/13C-separated NOESY

Clore et al., Biochemistry (1991), 30, 12-18

Zuiderweg et al., JACS (1991) 113, 370-372
8 scans, 3-4 days

8* (C1) x 64* (H1) x 8* (C2) x 256* (H2)

47
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HMQC - HMQC

HMQC - HSQC

Vuister et al., J.
Magn. Reson. B
101, 210 (1993)

2 scans!

494D Gradient 13C/13C separated NOESY



IL - 4 50

18* x 64* x 16* x 300*

 (4 days)

107 ms mixing

2 scans

zerofilled to

64* x 128* x 64* x 512*

(16 Gbyte)

Reals only: 1 Gbyte



51Line narrowing and reduction of spin diffusion by deuteration
13C line narrowing by deuteration

2D H(N)CA Calcineurin B 310K

Multinuclear pulse sequences making use of
deuteration:
Grzesiek et al. (1993), JACS, 115, 4369.
Kushlan & LeMaster (1993), J. Biomol. NMR, 3, 701.
Yamazaki et al. (1994), JACS, 116, 6464.
Yamazaki et al. (1994), JACS, 116, 11655.
Farmer & Venters (1995), JACS, 117, 4187.
Venters et al. (1995), JACS, 117, 9592.
Grzesiek et al. (1995), JACS, 117, 9594.
Venters et al. (1995), J. Biomol. NMR, 5, 339.
Nietlispach et al. (1996), JACS, 118, 407.
Shan et al. (1996), JACS, 118, 6570.
Metzler et al. (1996), JACS, 118, 6800. + …

+ many
TROSY
sequences

Dipolar relaxation

in praxis
 3-4
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Reduction of spin
diffusion by
deuteration

Protonated methyl groups on a
deuterated background:
Rosen et al., J Mol Biol 1996,
263:627
+ many more papers from Kay lab



Gain: 2

Cavanagh et al. (1991), J. Magn. Reson. 91, 429

Palmer et al. (1991), J. Magn. Reson. 93, 151

Kay et al. (1992), JACS, 114, 10663

Shan et al. (1996), JACS, 118, 6570

Additional delay: some
relaxation losses

53Sensitivity enhanced scheme: simultaneously record x- and y-component of indirect
dimension. Can be used with gradient selection.

Simultaneously transfers
Nx  Hy and Ny  Hx
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PERVUSHIN, RIEK, WIDER, WÜTHRICH,
PNAS,1997, 94, 12366

relaxes with
rate ~ (c+d)2

relaxes with
rate ~ (c-d)2

HSQC 2 x decoupled

HSQC 2 x undecoupled

TROSY

c: CSA-constant
d: dipolar constant

N N

H

H
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Salzmann et al., PNAS 1998, 95, 13585.
Pervushin et al., J.Biomol NMR, 1998, 12, 345.
Pervushin et al., JACS, 1998, 120, 6394.
Salzmann et al., JACS, 1999, 121, 844.
Salzmann et al.,  J Biomol NMR, 1999, 4, 85-8
Salzmann et al., JACS, 2000, 122(31); 7543-7548: "NMR
Assignment and Secondary Structure Determination of an
Octameric 110 kDa Protein Using TROSY in Triple
Resonance Experiments"
Yang and Kay, J.Biomol NMR, 1999, 13, 3.
Yang and Kay, JACS, 1999, 121, 2571.

Sa
lz

m
an

n 
et

 a
l.,

 J
A

C
S,

 1
99

9,
 1

21
, 8

44

HN(CO)CA

HN(CA)CO HN(CO)CACB

HNCACB

TROSY triple resonance assignment experiments



56

Kontaxis et al.
J. Magn. Reson.
143, 184-196 (2000)

"TROSY T2"

loss of 15N-
downfield
component by
proton spin flips fpr
protonated proteins



H-N Transfer by CRIPT/INEPT 57

Riek et al., PNAS (1999) 96, 4918;
Dalvit, J. Magn. Reson. (1992) 97, 645

CRIPT

INEPT

CRINEPT

Hx = HxN + HxN             HxN  = 1/2 Hx+ HxNz

CRIPT-TROSY spectrum of GroES
bound to GroEL (~900 kDa)
Fiaux et al., Nature 418, (2002), pg.207

relaxation



Preservation of exchangeable protein magnetization
by WATER FLIP-BACK JACS (1993) 115, 12593

Flip-back can be put into many
triple-resonance exps.

Kay et al. 1994, J. Magn. Res.
A108:129

Water flip-back HSQC

58



Water scrambling Water flipback

Calmodulin + M13 pH 6.6 1H-15N HSQC
59



Standard deviations (reproducibility) of the
chemical shift in heteronuclear experiments

Nef empirical:

deviation (Hz) ~

1/(“lifetime of resonance“ *25)

Simulation Kontaxis et al.
JMR 143, 184-196 (2000):

indirect direct

0.015 0.03 0.005

60

rmsd =  
1

S/N

0.26

AT
+ 0.067* R2

 

 
 

 

 
 

e.g. R2 =1/13 ms, AT = 55 ms,S/N = 3 :1

rmsd = 3 Hz ˆ = 0.005 ppm

15N NOESY NEF, Protein Science, 1997, 6, 1248 
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62
How many dimensions does one really need?

Every additional dimension results in:
sensitivity loss:

1/ 2 for every additional dimension (without Rance/Palmer/Kay trick)
loss for additional magnetization transfer (not always): e.g. 3D HNCA and HN(CA)HA vs. 4D HNCAHA, 3D N15-
NOESY vs. 4D N15/C13-NOESY

resolution loss (almost always): e.g. two 3Ds with the same sensitivity, but with much higher
resolution can be recorded in the same time as one 4D:

H C 15N HN
4D: 8* 8* 32* TD*

3D: 64* 32* TD*
3D: 64* 32* TD*

More dimensions are useful
when there is overlap, and the higher dimensionality spectrum is not limited in resolution
and sensitivity

4D not useful in CBCACONH-type assignment exps. of  smaller proteins
4D useful in CBCACONH-type assignment exps. of very large # residue proteins, e.g. 723-
residue Malate Synthase G, Tugarinov et al. J. Am. Chem. Soc.;  2002; 124; 10025.
4D sometimes useful for NOESY experiments, but sensitivity can be a problem

(* is complex number of points)



Reduced dimensionality?
63

Szyperski et al. J. Am. Chem. Soc. (1993) 115, 9307-9308, ... 
G-transform Kim+Szyperski, J. Am. Chem. Soc. (2003) 125, 1385–1393 

Principle:

record cos( 1t1)* exp( i 2t2) * exp( i 3t3), with t1 and t2 incremented simultaneously

=> 
2 dimensions instead of 3

cosine-modulation gives signals at 2 +/- 1 (peaks are split in two)

signal weaker by factor of 2 compared to normal 2D

signal weaker by factor of 2 compared to normal 3D which records exp(i 1t1)* exp( i 2t2) *
exp( i 3t3) and where t1 and t2 are incremented independently.

2 2 - 1 2 + 1

normal 2D reduced dimensionality 2D



64
Experiments for Backbone Assignments and Secondary Structure

Protonated Proteins

labelling
experiment 15N 13C S/N
15N-separated NOESY + - ++
HNCO + + ++
HNCA + + ++1)

HN(CO)CA + + ++1)

HNCACB + + +
HN(CO)CACB + + +
HN(CA)CO + + ++

1) when you are desperate for S/N, and
HNCACB, HN(CO)CACB don t' work well
 enough

Deuterated Proteins (HN reprotonated)

labelling

experiment 15N 13C S/N
15N-separated HOHAHA + - ±

15N-separated NOESY + - ±

HNCO + + ++

HNCA + + ++1)

HCACO +/- + ++

HN(CO)CA + + ++1)

HN(COCA)HA + + ++1)

CBCA(CO)NH + + +

HBHA(CO)NH + + +

HNCACB/CBCANH + + ±

HN(CA)CO + + ±

HN(CA)HA + + ±

1) when you are desperate for S/N, and

CBCA(CO)NH, HBHA(CO)NH, HNCACB don t'

work well enough
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NEF, Protein Science, 1997, 6, 1248 

Total time (all exps.) ~ 51 d => 7 structures/year/conventional instrument

Cryoprobe increase in S/N ~ 2 => 28 structures/year/cryoprobe instrument
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1. Building a 3D HNCO from scratch:

a) sketch a pulse sequence that achieves the following magnetization transfer steps by INEPT
intervals and RF pulses (Grzesiek and Bax, J. Magn. Reson. 1992, 96, 432-440):

HN
z  -HN

y(1)  HN
xNz(2)  HN

zNy(3)  -HN
zNxC z(4)  -HN

zNzC y(5) 
-HN

zNxC z(6)  -HN
zNy(7)  HN

yNz(8)  -HN
x(9) [acquire HN/decouple N]

b) determine the "optimal" INEPT transfer times as 0.8/(2J) between points 1/2, 3/4, 4/6, 6/7,
and 8/9 (see lecture notes for J-couplings)

c) how can a carbonyl evolution period be introduced? Which J-couplings are active during the
evolution period? How can they be decoupled?

d) introduce a constant-time nitrogen evolution period in the interval 3/4. Which J-couplings are
being reintroduced?  How can they be decoupled?

e) introduce a minimal phase cycle, i.e. select for transverse nitrogen magnetization at point 3
and transverse carbonyl at point 5. How can quadrature detection be implemented?

f) calculate the relative intensity of term 9 as compared to term 1 according to the INEPT
transfer functions and the T2s in the hand-out (neglect longitudinal magnetization).

g) HN spin flips occur in the 100 ms range and act as a relaxation mechanism between points 3
and 7. A better sequence can be achieved by refocusing the proton magnetization in the interval
3/4  (HN

zNy  -Nx), subsequent proton decoupling, and dephasing again to proton antiphase
magnetization between points  6 and 7 (Nx  HN

zNy). How can this be achieved? What must

be done to the phases of the nitrogen pulses?

h) the pulse sequence doesn't contain any water suppression. How can water suppression be
achieved? (Messerle et al., J. Magn. Reson. 1989, 85, 608-613; Piotto et al., J. Biomol. NMR,
1992, 2, 661-665; see at end of exercises)

i) water scrambling attenuates fast exchanging amide protons, if the repetion rate is faster than
the T1 of water (4s). Water flip-back can alleviate this problem (Grzesiek and Bax, JACS 1993,

115, 12593-12594; see lecture notes). How can it be implemented in this sequence?

j) how can gradients be used to reject unwanted magnetization pathways? (Bax and Pochapsky,
J. Magn. Reson. 1992, 99, 638-643; see at end of exercises)

k) how can gradient sensititivity enhancement be added? (see lecture + Kay et al., 1992, JACS,
114, 10663)

l) how can the scheme be changed to incorporate TROSY? (see Salzmann et al., 1998, PNAS,
95, 13585; Loria et al., 1999, J. Magn. Reson. 141, 180)

m) determine the initial delays for the 1 5N- and 1 3C'-dimensions such that the first order phase
correction is 0 and –180˚ degrees, respectively? What would the zero order phase correction be
for these cases? (see lecture notes)

n) the one-bond 1JNC' coupling is approximately –15 Hz. For hydrogen bonded amides,
couplings across hydrogen bonds exist of the type 3 hJNC'. These couplings are in the range of
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–0.2 to –0.9 Hz. How can the HNCO be modified such that the one-bond 1JNC couplings do not
lead to transfer, but that the transfer occurs mainly across the hydrogen bonds? (Solution JACS,
1998, 121, 1601).

2. Making an HNCO into an HNCA:

a) the HNCA sequence can easily be derived from the HNCO sequence by interchanging the
respective frequencies. What else has to be taken into account?

b) is the C C  J-coupling important?

c) what is the efficiency of the HNCA experiment? (refer to HNCO (f)).

3. Product operators and efficiencies for the CBCA(CO)NH:

The hand-out shows the CBCA(CO)NH sequence with parameters  (Grzesiek and Bax, 1992,
JACS, 114, 6291-6293). Assume a leucine spin system with a  C C   J-coupling of 35 Hz.

a) determine the relevant operator products at points a-g for the first step of the phase cycle.

b) calculate the efficiencies for all the INEPT transfers. (Assume no chemical shift evolution, no
relaxation).

c) take transverse relaxation into account  and compare to HNCA and HNCO

4. Bloch Siegert shifts and aliphatic carbon pulses with zero excitation
at the carbonyls:

A rectangular RF pulse of duration p and strength  is applied along the x-axis at an offset 

from the resonance frequency of spin S.

a) what is the direction and amplitude of the effective field that S experiences?

b) assume p = /  (180° pulse on resonance) and that we have Sy magnetization. Choose the

strength of the RF field  such that S goes through one 360° rotation during the duration of the
pulse. What is the value of p for  = 2  * 150 * (177-56) Hz? How do those numbers and
formulae change for a 90° or arbitrary flip-angle pulse on resonance?

c) during the duration p of the pulse, S precesses faster around the effective field axis than it
would in the absence of the RF-field. Calculate the resulting change in phase for S. This is the
famous Bloch-Siegert phase shift.
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5. Analysis of artifacts in an HCACO (courtesy Rolf Boelens and
Geerten Vuister):

In the handout the pulse sequence of the HCACO experiment is shown (Grzesiek and Bax,
1993, J. Magn. Reson. B, 102, 103-106). Using product operators we start at point a with
antiphase C  magnetization C yH z.

a) assume there is no t1 evolution, but only active C C  and C C  J-couplings. Calculate the

operators at point b.

b) the phase cycle of 7 selects for coherences containing C z at b. Assume 6  = y, 7 = x and

that the C  pulses are also active at the C  frequencies. Calculate the operators at point c.

c) evaluate the effect of the C H , C H , C C   J-couplings during t2. What multiplet

structure does C yH zC yC x have?

d) at point d, the 90° pulses are given with 
9  = y, 1 0 = x. Verify that C yH zC yC x of point

c is refocused into observable magnetization during the remainder of the sequence (
1 2 = x).

e) evaluated the effect of setting 
9  = x, 1 2 = y.




























