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composite, 174–179, 178f, 203–205
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excitation null for, 170
excitation profile for, 167f, 178f
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Gaussian, 182f, 184f
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off-resonance effects for, 167f, 169,
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R-SNOB, 182f, 184f, 186
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experiments

3D NMR, compared with, 327–229,
525–526
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2Q. See Double-quantum coherence
2Q (Double-quantum) NMR, 465–481
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direct peaks in, 469
experimental protocol for, 473–474
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2Q (Double-quantum) NMR
(Continued )

1Ha-1Hb fingerprint region in, 478,
479f

lineshapes for, 467–471, 470f, 471f,
472t

processing of, 474
product operator analysis for,

466–473
pulse sequence for, 465f
remote peaks in, 469, 476–477, 478f
three-spin system, of, 467–468
two-spin system, of, 466–467, 467f
ubiquitin, of, 467f, 477f, 478f, 479f,

480f
2QF-COSY (Double-quantum filtered

COSY), 437–449
aliasing and folding in, 444
artifact suppression in, 444–445,

445f
cross-peak fine structure in, 441–444,

456f
experimental protocol for, 444–445
fingerprint regions in, 418–419, 419f,

446
lineshapes in, 440, 444
processing of, 445–446
product operator analysis for,

440–440
pulse sequence for, 437f, 439f
S/N ratio and, 447–448, 448f
three-spin system, of, 442–444
two-spin system, of, 440–442
ubiquitin, of, 445f, 446f, 449f, 450f,

453f, 454f, 462f, 480f
3D (Three-dimensional) NMR, 525, 581.

See also individual NMR
experiments

2D NMR, compared with, 327–329,
525–526

4D NMR, compared with, 330, 655
deuteration and, 733–734

3D spectrum, schematic, 328f, 329f,
586f

3Q. See Three-quantum coherence
3Q (Three-quantum) NMR, 481–486

experimental protocol for, 483
product operator analysis for,

481–483
processing of, 483

pulse sequence for, 465f
ubiquitin, of, 484f

3QF-COSY, 449–455
cross-peak fine structure in,456f
experimental protocol for, 451–452
fingerprint region in

1Ha-1Hb fingerprint region,
453–455, 454f, 455f

methyl, 453f
forbidden cross-peaks, 453
product operator analysis for,

449–451
processing of, 452
pulse sequence for, 437f
ubiquitin, of, 453f, 454f, 455f, 462f

4D NMR. See also individual NMR
experiments

3D NMR, compared with, 330, 655
deuteration and, 733–734

4D spectrum, schematic, 330f
908 (�/2) pulse, 16, 17f, 19f

excitation null for, 169–170
off-resonance effects for, 166–169,

167f, 168f
selective, 183f

A

AB spin system, 26, 62–64. See also
Two-spin system

Absorptive antiphase lineshape, 413f,
421, 423f, 424–426, 424f, 425f, 470f

COSY and, 411–412
representation in spectra, 406

Absorptive lineshape, 18, 139–140, 140f,
317, 320f

Acquisition period, 17, 19f, 56, 124, 271,
275f, 279, 280. See also Indirect
evolution period

initial delay for, 266
maximum, 144–145, 158

Active nuclei, 2, 3t
Active scalar coupling, 91, 282–283, 412
ADC (Analog-to-digital converter),

115f, 123, 127–129, 321
Adiabatic condition, 192
Adiabatic following, 189–190
Adiabatic full-passage (AFP), 199
Adiabatic half-passage (AHP), 199
Adiabatic pulse, 189–201, 709f
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CHIRP, 197
dephasing ZQ coherence by, 314
half-filter, in, 768–769
hyperbolic secant, 198
magnetization trajectories during, 195f
sech/tanh, 198
WURST, 198–199, 200f

Adiabatic isotropic mixing, 491–493,
492f

Adiabatic rapid passage, 189–190
Adiabatic relaxation, 336–337, 349–350
Adiabatic spin decoupling, 209–212,

213f, 216f, 758
Adjoint operator, 32
AFP (Adiabatic full passage), 199
Aggregation, 19, 236, 408
AHP (Adiabatic half-passage), 199
Aliasing and folding, 125–126, 323–326,

325f, 550f, 551f
2QF-COSY, in, 444
13C spectrum, of, 551f, 769
heteronuclear correlation and,

549–552
multidimensional NMR, in, 323–326
15N spectrum, of, 551f

Allowed transition, 25, 25f, 77f
Amide proton exchange

backbone correlations missing due
to, 418

exchange cross-peaks from, 512–513
hydrogen bond restraints from,

805–806
intrinsic rates of, 223–224, 224f
line broadening by, 406
measuring, 499–500
perdeuteration and, 727–728
protein-ligand interface and, 760
saturation transfer by, 223, 409, 573,

685
scalar coupling and, 401

Amino acid residue
chemical shifts in proteins, 783f-785f,

795f-796f
random coil, 23, 407f, 408, 782, 794,

804
scalar coupling constants for, 800–803

Amino acid spin system, 787
1H chemical shifts, 784f-785f
1H-1H isotropic mixing in, 487–493,

492f, 495f

HCCH, spin topology, for, 602
13C chemical shifts, 795f-796f
13C-13C isotropic mixing in, 611–612,

611f
triple-resonance, spin topology, for,

615t-617t, 641–642
Amplifier, rf, 120, 253
Amplitude modulated signal, 316
Amplitude, rf, 9–10, 120, 171–173
Analog signal, 123, 127–129, 156
Analog-to-digital converter (ADC),

115f, 123, 127–129, 321
Angle

Euler, 104, 107, 108f, 804–805
polar, 110, 365, 368, 804–805

Angular momentum, 2–4 See also
Magnetic quantum number

bulk, 5
intrinsic, 29–30
nuclear spin, 2–3, 3t
orientation of, 3–4
quantum mechanical, 29
quantum number, 2
vectors, 4, 4f

Angular momentum operator, 46, 80
commutation relationships for, 46
eigenfunctions of, 37, 47
N-spin, 60
Pauli spin matrix for, 46
rotation properties of, 51t, 81f
two-spin, Cartesian basis for, 70

Anisotropic chemical shift, 112, 668,
751–752, 810–811. See also
Chemical shift anisotropy

Anisotropic diffusion. See Diffusion
Anisotropic magnetic susceptibility, 110,

666–667
Annealing, simulated, 809
Anticonnected transition, 460
Antiphase lineshape, 89–90, 413, 413f,

421, 423f, 424–426, 424f, 425f, 470f
COSY and, 411–412
representation in spectra, 406

Antiphase lineshape, double, 443–444,
453, 463, 469–470, 470f, 472t

Apodization, 138, 143–151. See also
Apodization function; individual
NMR experiments

13C-13C scalar coupling, removal of,
655
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Apodization (Continued )
constant time NMR, in, 161, 543–546,

545f
COSY and, 415–416
examples of, 146f, 149f, 150f, 417f
heteronuclear correlation, in, 552
matched filtering, for, 144, 145,

147–148
multidimensional NMR, in, 327
peak integrals influenced by, 148, 151
resolution enhancement, for, 147–148
signal-to-noise ratio, and, 158
truncation artifacts with, 145

Apodization function
cos–1(�JCCt), 655
cosine bell, 145, 146f
Dolph-Chebyshev, 144
exponential, 147, 149f, 150f
Hamming, 145, 146f
Hanning, 145
Kaiser, 145, 146f, 149f, 150f
Lorentzian-to-Gaussian, 147–148,

149f, 150f
maximum resolution, 148, 149f
sine bell, phase-shifted, 147, 414

Apparent scalar coupling. See Scalar
coupling, apparent

Aromatic ring, 749
flip of, 369, 480, 810
local magnetic fields for, 408
selective protonation of, 749,

752–753
scalar coupling constants for, 764

Aromatic spin system, 480, 485–486
aliasing and folding for, 444, 483
chemical shifts of, 782, 783f, 785f,

796f
decoupling of, 607–608
fingerprint region for, 418, 419f
NOE calibration using, 797

Artifact
axial peak, 309–310, 323–324
baseline, 130, 154–158, 156f, 157f,

226, 264f, 265, 298, 307–308, 497
breakthrough peak, J-filter, 764
clipped FID, 156–157
dispersive tails, 411–412, 417f
double-diagonal, 444–446, 445f
phase cycle, 310
pseudo-diagonal, 597

pulse breakthrough, 161
repetition rate, 258, 310–311, 444–445
ridges, 416, 493, 785
steady-state, 258, 310–311
t1 noise, 262, 310, 556
truncation, 143–148, 146f, 157, 265
water stripe, 416, 477

Artifact suppression, 307–310, 313–314
in heteronuclear correlation, 546–549
phase cycling, by, 307–310, 313, 437f,

546–549
pulsed field gradient, by, 313–314,

577f, 584, 598
spin lock purge pulses, by, 228–230

Artifact suppression, examples of
2QF-COSY, 445f, 446f
4D HMQC-NOESY-HMQC,

598–599
HSQC, 547–548

Assignments, resonance. See Resonance
assignments

Attenuation, rf power, of, 253
Audiofrequency filter. See Filter,

audiofrequency
Audiofrequency signal, 132
Autocorrelation function, 138, 348
Autocorrelation peak. See Diagonal

peak
Automated assignment, 791, 794, 809
Autorelaxation, 339, 340, 357, 359, 362,

375, 381–383, 692. See also
Cross-relaxation; Relaxation

AX spin system, 25f, 26, 62–64. See also
Two-spin system

Axial peak, 309–310, 323–324

B

B0 field gradient. See Pulsed field
gradient

B1 field. See rf field
Back transfer, 507, 527–528

line, 528
peak, 527
plane, 528

Backbone
conformation, 806–807
fingerprint region, 418, 419f
resonance assignments for, 785–794,

786t, 789f, 790f

844 INDEX



Back-calculation, 810
Backprojection (BP), 775
Baker-Campbell-Hausdorff (BCH)

relationship, 43, 45–46
Bandpass filter, 131, 135–136
Bandwidth

filter, 126
noise, 126
receiver, 119, 123
signal, 124–125

Baseline correction, 131, 136, 497
Baseline distortion, 130, 154–158, 156f,

157f, 226, 264f, 265, 298, 307–308,
497

phase correction and, 156f, 322,
324–326

Basic pancreatic trypsin inhibitor
(BPTI), 241–242

Basis expansion, 32–33, 47, 78–79
Basis ket, 38

Liouville von Neumann equation and,
41

matrix representation and, 47
Basis normalization, 30, 79
Basis operator space, 78–79
Basis operator, 80–83

Cartesian, 70, 71t, 80
shift, 70, 72, 73t
single element, 80, 82
single transition, 81, 83f, 100
spherical, 70–74, 73t

Basis transformation, 47–50, 64
Bayesian analysis, 159
BCH (Baker-Campbell-Hausdorff

relationship), 43, 45–46
Biexponential relaxation, 343–345, 681
Bilinear operator, 91, 287–288
Binomial pulse sequence, 224–227, 227f
BioMagResBank, 783, 784f, 794, 795f
BIP (Broadband inversion pulse) 179,

197
Bloch equations, 7–16

chemical exchange and, 392–393
derivation of, 7–8, 12–13
free-precession, for, 14, 17
integration of, 347
laboratory reference frame, in, 7–8, 13
Larmor frequency in, 8
limitations of, 23–24
McConnell equations and, 393

pulses in, 9, 11
relaxation and, 337–338
rotating frame, in, 14
rotating frame transformation and, 10
rotation angle and, 15
rotation axis and, 15

Bloch vector models. See Bloch
equations

Bloch, Wangsness, and Redfield (BWR),
350. See also Relaxation theory

Bloch-McConnell equations, 393, 706
Bloch-Siegert shift, 9, 170
Body diagonal, 527
Boltzmann distribution, 5, 12, 333, 335,

350
Boltzmann equation, 5, 55, 107
Boltzmann probability, 5, 55, 107
Bound water, 512–513
BP (Backprojection), 775
BPTI (Basic pancreatic trypsin

inhibitor), 241–242
Bra, 37–38, 47, 81
Broadband decoupling. See Decoupling,

phase modulated
Broadband inversion pulse (BIP), 179,

197
Broadband isotropic mixing.

See Isotropic mixing
Brownian motion, 365, 366.

See also Diffusion
Brownian rotational diffusion, 21
Buildup series, 510
Bulk angular momentum, 5, 7
Bulk magnetic moment, 5, 7, 16
Bulk magnetization, 9, 11

1808 pulse and, 16
equilibrium, 12
rf pulse and, 11
vector, 9, 12f
detection of, 9

Burg linear prediction, 161
BWR (Bloch, Wangsness, and Redfield),

350. See also Relaxation theory

C

13Ca and 13CO, treated as different
nuclear species, 549, 654–655

decoupling, 170–172, 549
nonresonant phase shift, 170–171, 628
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13Ca and 13CO (Continued )
rf field strength, adjusting, 169–170,

549
13Ca-13Cb decoupling, 549
13C chemical shift. See Chemical shift,

13C
13C isotopic labeling, 533, 727
13C-13C correlation (HCCH), 601–606,

740–743. See also
CC(CO)NH-TOCSY
HCCH-COSY; HCCH-TOCSY;
HCC(CO)NH-TOCSY

13Cb-13Ca correlation (CBCA), 641–642,
734–735. See also CBCANH;
CBCA(CO)NH; HNCACB;
HCC(CO)NH-TOCSY;
CC(CO)NH-TOCSY

Calbindin D28k

CC(CO)NH-TOCSY spectrum, 744f
description, vi
ILV NOESY spectrum, 752f
15N/15N separated NOESY spectrum,

747f
PR HACA(CO)NH spectrum, 774f
TROSY, multiplet structure in, 572

Calibration
NOESY, of, 506–508,510, 797
pulse width, 252–257
temperature, 236–237

CAMELSPIN (Cross-relaxation
appropriate for mini-molecules
emulated by locked spins).
See ROESY

Capacitance, 119
Carrier frequency, 9
Carr-Purcell-Meiboom-Gill (CPMG),

686–699, 688f, 702, 711–715, 712f,
720–721, 721f

Cartesian basis, 70, 71t, 80
Cartesian operator, 37, 47, 70, 81f, 82,

90–91
basis, 70, 71t, 80
single-element operators and, 82

Cartesian tensor, 102, 103, 109
Catenation of 1808 pulses, 607, 641
Causality principle, 142
CBCACO(N)H, 641
CBCANH, 617t, 641, 645–650

product operator analysis for,
646–648

pulse sequence for, 648f
ubiquitin, of, 650f

CBCA(CO)NH, 616t, 641, 642–645
pulse sequence for, 643f
product operator analysis for, 642,

643–645
resonance assignment and, 793
ubiquitin, of, 646

CC(CO)NH-TOCSY, 741
calbindin D28k, of, 744
pulse sequence for, 742f

CE-TROSY. See Coupling-enhanced
TROSY

Characteristic frequency. See
Eigenfrequency

Chemical exchange, 391–402.
702–721, See also Amide proton
exchange

Bloch equations for, 392–393
chemical shift time scale in, 392,

399–400, 753–754
coalescence, in, 399, 754
CPMG and, 711
cross-relaxation, similarity to, 397
fast, 392, 399, 401–402,754–755
intermediate, 399, 401, 754–755
intermolecular, 394, 401, 753–754,

755f
intramolecular, 393, 401–402
isolated spins, for, 392–400
ligand concentration and, 755f
lineshape analysis, for, 704–706
McConnell equations for, 393
MQ NMR, in, 715–718
NOESY and, 397, 511
population transfer and, 395–397,

397f, 706–707
relaxation rate constant for, 398–399,

708, 711, 755f
ROESY and, 397, 522
R1� and, 708
scalar coupled spin systems, 392,

401–402
scalar relaxation and, 388
self-decoupling by, 381
slow, 392, 399, 401–402, 754–755
TOCSY, 499
two-site system, 392, 400f, 755f

longitudinal magnetization,
394–397
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rate matrix, 393, 395, 397
transverse magnetization, 395,

397–399, 708, 711 755f
ZZ-exchange, 706–707

Chemical exchange lifetime, 392,
399–400, 753–754

Chemical kinetics, 392
Chemical reactions, 391–394. See also

Chemical exchange
Chemical shift, 21–22

anisotropic, 112, 668, 751–752,
810–811

average population weighted, 392, 399
13C resonances, of

assignments, use in, 794
proteins, in, 795f-796f
random coil, in, 794
secondary structure dependence,

23, 804
conformation-dependent secondary,

23, 782–783, 804
degeneracy of, 476, 593

2D NMR, alleviating by, 278
3D heteronuclear-edited NMR,

alleviating by, 327–328, 329f,
586f

3D homonuclear NMR, alleviating
by, 525, 528

4D heteronuclear-edited NMR,
alleviating by, 329–330, 330f,
601, 733

triple-resonance NMR, alleviating
by, 792

dispersion, 179, 236, 272, 405, 407f,
408–409, 498, 525, 749, 785, 791

ethylene glycol, of, 236
1H resonances, of

proteins, in, 783f-785f
random coil, in, 23, 408, 782
secondary structure dependence,

23, 804
Hamiltonian and, 51, 102, 107
isotropic, 22

dihedral angle restraints from,
804

perturbation mapping of, 756–757
measurement of, 23
methanol, of, 236
nuclear shielding and, 22, 102, 107
perdeuteration and, 732

referencing of, 23, 262–263
indirect, 263t

tensor, 22, 102, 107
time scale, 392, 399–400, 753–754
water, of, 237

Chemical shift anisotropy (CSA), 22,
383–384, 571. See also Anisotropic
chemical shift

principal axis for, 349–350, 365, 387
relaxation, 349–350, 383–384,

502–506, 680
relaxation interference, 386–387
relaxation rate constants for, 385t
spatial functions for, 366t
spherical harmonic functions for, 350t
tensor operators and, 384t

Chemical shift asymmetry, 22
Chemical shift index (CSI), 804
Chemical shift mapping, 756–757
Chemical shift time scale, 392, 399–400,

753–754. See also Chemical
exchange

CHIRP, 197–198, 210–211
Circular polarization, 9
CITY, 493
Clipped FID, 156–157
Closure theorem, 38
13CO and 13Ca, treated as different

nuclear species, 549, 654–655
decoupling, 170–172, 549
nonresonant phase shift, 170–171, 628
rf field strength, adjusting, 169–170,

549
Coalescence, resonance, of, 399, 754.

See also Chemical exchange
Cogwheel phase cycling, 307
CO_H(N)CACB, 641
Coherence, 70–77. See also Double-

quantum coherence; Single-
quantum coherence; Zero-quantum
coherence

multiple quantum (MQ), 90–92, 473
phase cycling and, 292–295, 298
phase shift of

frequency discrimination, for, 320
rf pulse, by, 298

pulsed field gradient (PFG), 311
three-quantum (3Q), 442, 449–551,

481–482
three-spin single-quantum, 450–451
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Coherence, dephasing of
pulsed field gradient, by, 217–221, 311
relaxation, by, 335–336, 346–350
rf inhomogeneity, by, 227–230, 364,

488
static magnetic field inhomogeneity,

by, 18
Coherence level. See Coherence order
Coherence level diagram, 293–295
Coherence order, 293–295

change in, 294, 298
heteronuclear, 314, 546–547
maximum, 293, 307
relaxation and, 358, 372
signed, 311, 316

Coherence order selective (COS), 560.
See also PEP

Coherence selection, 292–293. See also
individual NMR experiments

phase cycle, by, 298–307
pulsed field gradients, by, 311–313,

312f, 438, 574, 576–578
Coherence transfer, 92–93. See also

Magnetization transfer; individual
NMR experiments

continuous (CW) rf field, by,
286–287

COSY-type, 281–284, 290–291
DCOSY, 291–292
heteronuclear, 290–291
INEPT, 96–98

refocused, 98–99, 556f
in-phase coherence transfer. See also

Magnetization transfer
COSY-type, 98–99, 283–284,

605–606, 632–633
DCOSY, 291–292
TOCSY-type, 284–289, 486–496,

608–612
isotropic mixing, by, 287–288,

487–493, 492f, 495f, 611f
NOE, by, 289–290
pulse-interrupted free precession, by,

280–284
RDC, by, 291–292
rf pulse, by, 92, 294
through-bond, 280

COSY-type, 281–284, 290–291
scalar coupling, by, 782
TOCSY-type, 284–289, 290–291

through-space, 280
NOE, by, 289–290
RDC, by, 291–292

spin-state selective (S3CT), 99, 100,
101f

TOCSY-type, 284–289, 290–291
triple-resonance, 615t-617t

Coherence transfer amplitude, 281–282.
See also individual NMR
experiments

Coherence transfer pathway, 293–295,
295f. See also individual NMR
experiments

EXORCYCLE and, 309f
phase cycle, and, 298–307
pulsed field gradients and, 311–313,

312f
Coherent averaging theory, 205
Coil

gradient, 217, 219–220, 244
Helmholtz, 117
rf, 116f, 117–119, 118f
shim, 115–117, 115f, 116f, 220,

239–241, 240t, 250–251, 251t
Z0, 117

Commutation superoperator, 45, 351,
353

Commutator, 35, 40, 46, 372t
Commuting operators

Baker-Campell-Hausdorff (BCH)
relationship for, 43

exponential matrix of, 43
simultaneous eigenfunctions, of,

34–35
Complete relaxation matrix analysis

(CORMA), 810
Complex Fourier transformation, 317,

319, 321. See also Fourier
transformation

Composite pulse, 174–179. See also
Decoupling

1808 (�), 174–179, 178f, 203–205
BIP, 179
optimal control theory and, 179

Composite pulse decoupling, 203–209.
See also Decoupling

Computer-aided assignments, 791, 792,
796

Conformation, protein. See Structure
determination
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Conformational exchange. See Chemical
exchange

Conformation-dependent secondary
chemical shift, 23, 804

Connected transition, 76, 456, 460
Connectivity, 784–791, 789f, 790f,

792–794
Constant-time (CT) evolution. See also

individual NMR experiments
digital resolution in, 544, 549–550
evolution period for, 543–544,

549–550
homonuclear decoupling, 543
13C-13C decoupling in, 578–579
lineshape in, 543–546, 545f
1H-13C HSQC

product operator analysis for,
578–581

pulse sequence for, 579f
ubiquitin, of, 581f, 582f

HSQC
pulse sequence for, 537
product operator analysis for,

543–544
relaxation in, 543–544
ubiquitin, of, 544f, 545f

linear prediction and, 161, 162f, 163f
relaxation in, 543–544
semi-constant time, 553, 691–692

Constraint. See Restraint
Continuous Fourier transformation,

136–137, 151. See also Fourier
transformation

Continuous wave (CW) rf field, 9,
201–204

Continuous signal, 124
Contraction of bra and ket, 37
Convolution. See Apodization
Convolution difference low pass filter,

232–234, 235f
Convolution theorem, 137–138, 143–145
Coordinate system, convention for, 10,

58, 121–122
CORMA (Complete relaxation matrix

analysis), 810
Correlated Spectroscopy. See COSY
Correlation function. See Stochastic

function
Correlation integral, 138
Correlation theorem, 138

Correlation time
effective, 368
internal, 368
Hamiltonian, for, 352
rotational, 18–19, 20f, 21, 336, 352,

363, 366, 729f
COS (Coherence order selective), 560.

See also PEP
Cos–1(�JCCt) apodization, 655
Cosine bell apodization, 145, 146f
Cosine-modulated signal, 132, 315, 316,

320, 561, 562, 564, 771
COSY (Correlation Spectroscopy),

409–429. See also 2QF-COSY;
3QF-COSY; COSY-b; DCOSY;
DR.COSY; E.COSY; HCCH-
COSY; pQF-COSY; P.COSY;
P.E.COSY; Pre-TOCSY COSY;
R. COSY

apodization for, 147
cross-peak fine structure in, 412
experimental protocol for, 412–414
fingerprint regions in

aromatic, 418, 419f
1Ha-1Hb fingerprint region, 418,

419f
1HN-1Ha fingerprint region,

418–419, 419f, 422f
methyl, 418, 419f, 420f, 421f

lineshape in, 411–412, 420–422, 423f
processing of, 415–418
product operator analysis for,

281–284, 410–412
pulse sequence for, 410f
scalar coupling constants, measuring

from, 420–426, 423f, 424f, 425f
self-cancellation in, 284, 414, 420–424,

423f, 424f
ubiquitin of, 445f, 446f, 449f, 450f,

453f, 454f, 462f, 480f
variants of, 426–429

COSY-35, 426–428, 463, 464f
COSY-b, 426–428, 463
COSY-type coherence transfer, 281–284,

290–291
Counter-rotating rf field, 9, 50, 170
Coupling, dipolar. SeeDipolar coupling;

Residual dipolar coupling
Coupling, residual dipolar. See Residual

dipolar coupling
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Coupling, scalar. See Scalar coupling
Coupling-enhanced TROSY (CE-

TROSY), 672–673, 673f
CPMG. See Carr-Purcell-Meiboom-Gill
CRIPT (Cross-relaxation-induced

polarization transfer), 726
Cross-correlation. See Relaxation

interference
Cross-peak, 277–278, 277f. See also

individual NMR experiments
3D NMR and, 529f, 586f
amino acid spin system and, 782
fine structure

COSY, 412, 414
E.COSY, 456f, 459f
pQ NMR, 469–473
pQF-COSY, 452, 453–455, 456f

forbidden, 453, 483
homonuclear 3D, in, 527–528

Cross-polarization, 280, 286, 290. See
also Isotropic mixing; TOCSY

Cross-rate constant, 342
Cross-relaxation, 340, 346, 357,

362–363, 372–375, 680–685. See
also NOE; NOESY; ROE; ROESY

dipolar, 20f, 359–360, 365–366,
370–383, 377t. 346, 390, 797

forbidden cross-peaks and, 360, 453,
483

laboratory frame, 357, 359, 362,
374–375, 390

NOE and ROE, compensating for,
391, 491, 493

rotating frame, 381–383, 390
secular approximation and, 358,

360–363, 372, 376, 380, 683
through-space correlation by,

289–290
Cross-relaxation appropriate for mini-

molecules emulated by locked spins
(CAMELSPIN). See ROESY

Cross-relaxation-induced polarization
transfer (CRIPT), 726

Cross-saturation, 757–759, 758f
Cross-spectral density function, 359,

369–370
Cryogenic probe, 119–120, 222, 252
CSA. See Chemical shift anisotropy
CSA relaxation. See Chemical shift

anisotropy

CSA/dipolar relaxation interference,
359–360, 373, 385–387, 570–572,
672, 686, 692, 695f, 703–704, 713

CSI (Chemical shift index) 804
Curvature, baseline, 154–158, 156f, 157f
CW (continuous wave) rf field, 9,

201–204
Cyanometmyoglobin, 667
Cyclically ordered phase sequence

(CYCLOPS) , 266, 307–308
Cycling sidebands, 203, 211–217, 214f,

215f
CYCLOPS (Cyclically ordered phase

sequence), 266, 307–308

D

D2O, 21, 222–223, 224f, 259, 260f, 406,
420, 444, 461, 474, 500, 573, 588,
727, 753, 759, 806

Damped oscillator, 139. See also FID;
Interferogram

Data processing, 129, 136–165, 263–267
HSVD and, 161
LPSVD and, 161
NMR spectrometer, in, 136

DCOSY (Dipolar correlation
spectroscopy), 292

Decay constant, 139, 399, 400, 692
Decibel (dB), 253
Decimation, 129
Deconvolution of N/P signals, 576
Deconvolution of orthogonal signals,

562, 564, 567, 576
Decoupled HSQC. See HSQC,

decoupled
Decoupled inversion recovery, 345, 346f
Decoupling, 96, 98, 181, 201–217. See

also Isotropic mixing; individual
decoupling sequences

1808 pulses, by, 96, 201, 203, 204
HSQC, in, 541, 547–548
selective, 170–172, 549, 579

adiabatic, 209–212
antiphase magnetization, effect on,

98–99, 556
asynchronous, 203
composite pulse, 203–209
constant-time evolution, in, 543,

578–581
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cycling sidebands, 212–216
1H, 552–553, 555–557, 570f, 626–627
HSQC, in, 555, 697
omitting, effects of, 596, 618
recommendations for, 216–217
relaxation and, 364
scalar coupling and, 96, 98
scaling factor, 204
selective, 271
self-, 381, 660, 799
semiselective, 549
supercycle, 205
synchronous, 555, 627
theory of, 201–204

Decoupling in the presence of scalar
interaction. See DIPSI

Degenerate NOE, 515, 516f, 593, 598
Degeneracy, resonance. See Chemical

shift
Degenerate transition, 357, 358f, 361
Denaturation, 407f, 408, 409
Density matrix, 37, 41. See also Density

operator
BCH and, 43, 45
closure theorem and, 38
density operator and, 41
diagonal elements, 55, 74, 333
Dirac notation and, 37–38
off-diagonal elements, 74
rotating frame transformation

and, 43
similarity transformation and, 44
trace of, 39

Density matrix formalism, 29, 78, 401
Density operator, 41, 68, 361

BCH and, 43, 45
diagonal elements of, 333
equilibrium, 55–56, 333

high temperature approximation
for, 55

semi-classical relaxation, in, 352
two-spin system, for, 68

expansion of, 77–80, 294
interaction frame, in, 351
Liouville von Neumann equation

and, 42
off-diagonal elements of, 333, 336
relaxation of, 351–359
rotating frame, in, 43
time-evolution of, 41–43, 280

transformation of, 79
Dephasing, coherence, of. See

Coherence, dephasing of
DEPT (Distortionless Enhancement by

Polarization Transfer), 290
Derivative theorem, 137
Detected nucleus, 535
Detection, indirect, 535
Detection operator, 55–56, 89, 308
Detection, phase sensitive. See

Frequency discrimination;
Quadrature detection

Detection, proton, 535
Detection, quadrature. See Frequency

discrimination; Quadrature
detection

Detection, single-channel, 132
Detector, phase sensitive, 120–123,

132–136
Deuteration, 533, 726–728, 730f, 733,

748, 759
CT-HNCA and, 735–737
experiments in, 733–744
HNCACB and, 737–739
HNCO and, 739
HN(COCA)NH and, 739
NOE restraints from, 745–749
relaxation and, 730f
side chains and, 740–743
static magnetic field and, 739

Deuteration, complete. See
Perdeuteration

Deuteration, fractional, 533, 727–733,
730f, 737, 740, 745

Deuterium, 117, 222, 727, 748
decoupling, 697, 734, 735, 749
isotope shifts and, 732f, 733
lock circuit, 117
relaxation rate constants and,

693–694
shimming and, 241, 252

Deuteron, 2, 222, 500, 697, 728, 732,
734. See also Deuterium

DG (Distance geometry), 808
DHPC. See Dihexanoyl

phosphatidylcholine
Diagonal

anti-, 520
double, 445f, 446f
pseudo-, 471f, 475f, 597
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Diagonal peak, 277, 290, 452–453, 475,
593, 597

Diagonalization, 63, 90, 341
exponential matrix, of, 341
Hamiltonian, of, 50, 63

Diamagnetic molecule, 102, 111, 370
Diamagnetic protein, 667, 668
Differential equation

coupled, 357
evolution in time, 41
first order, 339, 341
harmonic, 84
integration of, 352

Diffusion. See also Spin diffusion
Brownian rotational, 21, 335, 365–367
rotational

anisotropic, 19, 367, 370
Brownian motion, in, 21, 335,

365–368
correlation time, for, 19–21, 352,

366, 370
isotropic, 19–21, 365–367
relaxation, by, 352, 366

Diffusion, spin. See Spin diffusion
Digital filter, in NMR spectrometer,

126–131
Digital phase shifting, 438
Digital Quadrature Detection (DQD),

136
Digital resolution. See Resolution,

digital
Digital resolution enhancement, 149f,

150f
Digital signal processing, 124, 129–130,

135,142, 223
Digitizer, 123, 128, 133f
Digitizer phase, 298, 308
Dihedral angle, 455, 656

restraint, 798–804
Karplus, curve, dependence on, 388,

798–803
time-dependent, 388, 799–800

Dihedral angle restraint
from isotropic chemical shift, 804
from scalar coupling constant,

798–803
Dihexanoyl phosphatidylcholine

(DHPC), RDC and, 667
2,2-dimethyl-2-silapentane-5-sulfonic

acid (DSS), 262–263, 263t

Dimyristoyl phosphatidylcholine
(DMPC), RDC and, 667

Dioxane, 262
Dipolar correlation spectroscopy

(DCOSY), 292
Dipolar coupling, 24

coherence transfer under, 291
Hamiltonian and, 80, 110–111
heteronuclear, 290–291
homonuclear, 289
like spins, for, 381–383
magnetization transfer by, 289, 346,

502–510
measurement of, 665
principal orientation of, 365
spatial variables for, 366t
spherical harmonic functions for, 350t
tensor operators for, 372t, 382

Dipolar coupling constants, restraints
from, 804–805

Dipolar field, 371
Dipolar-CSA relaxation interference,

359–360, 373, 385–387,
570–572, 672, 686, 692, 695f,
703–704, 713

Dipolar relaxation, 20f, 359–360,
365–366, 370–383, 377t, 386,
502, 571–572, 680, 685 See also
Cross-relaxation; NOE; NOESY;
ROE; ROESY

Dipole-dipole (DD) relaxation. See
Dipolar relaxation

DIPSI (Decoupling in the presence of
scalar interaction), 364, 490–493

HCCH-TOCSY and, 610
HSQC and, 555
pulse sequences and, 490

DIPSI-2, 364, 490–493
DIPSI-2 relaxation-compensated

(DIPSI-2rc) sequence, 486, 493,
496, 515, 590

DIPSI-2rc. See DIPSI-2 relaxation-
compensated sequence

DIPSI-3, 611
Dirac notation, 37

basis operators and, 80
closure theorem and, 38
density matrix and, 37–38
Liouville von Neumann equation

and, 41
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Schrödinger equation and, 41
Direct peak, 469

2Q and, 471, 475f, 479f
3Q and, 484f, 486, 487f

Direct product, 59–61
Discrete Fourier transformation,

140–143, 154, 158. See also Fourier
transformation

Discrete signal, 124
Dispersion, chemical shift, 179, 236, 272,

405, 407f, 408–409, 498, 525, 749,
785, 791

Dispersive lineshape, 18, 139–140, 140f,
317

Dispersive antiphase lineshape, 425f,
469, 470f, 471, 474, 476–477

Dispersive tails, 235f, 319, 412, 417f,
431, 434f, 442, 444, 471, 475,
490, 505

Displacement vector, 459
Distance constraint, 507–508, 510, 522.

See also Distance restraint
Distance geometry (DG), 808
Distance, lower bound, 798
Distance, upper bound, 510, 522, 797,

798
Distance restraint, 499, 502, 510, 527,

745, 749, 751–752, 756, 760, 762,
796–798, 805, 807–808. See also
Distance constraint

Distortionless Enhancement by
Polarization Transfer (DEPT),
290

DMPC. See Dimyristoyl
phosphatidylcholine

Dolph-Chebycheff window, 144–145
Double difference isotope filter, 547
Double quantum NMR. See 2Q NMR
Double-half-filter. See Isotope filter
Double-quantum (DQ, 2Q) coherence,

74, 75, 82, 83f, 101f, 293, 295f,
301, 312, 441, 443, 480, 697.
See also 2Q NMR; Coherence

bilinear product operators and,
90–91

chemical exchange and, 715
chemical shifts and, 91
HMQC and, 540, 718
NOE and, 505
selection of, 301f, 302t

Double-quantum filtered COSY.
See 2QF-COSY

Double-quantum (DQ) splitting,
468–469

Double-quantum (DQ) transition, 76,
82–83, 346

Double-relayed COSY. See DR.COSY
Doubly absorptive lineshape, 319
Doubly antiphase absorptive lineshape,

415, 470, 483
Doubly antiphase dispersive lineshape,

469–471, 477
Doubly dispersive lineshape, 319
Doubly rotating tilted frame, 363–364,

381–383
DQ. See Double-quantum (DQ)

coherence
DQD (Digital Quadrature Detection),

136
DR.COSY (Double-relayed COSY),

433–436, 785
absorptive antiphase lineshape in, 434
pulse sequence for, 435f
ubiquitin, of, 436f

DSS (2,2-dimethyl-2-silapentane-5-
sulfonic acid), 262, 263

Dynamic frequency shift, 356–357
Dynamic range, 123, 128, 135, 156, 203,

221, 223, 265
Dynamical simulated annealing (SA),

809
Dynamics, internal, 334, 365–370, 409,

499
aromatic ring flips, 369, 810
chemical shifts, effect on. See

Chemical exchange
methyl rotation, 369, 406, 810
NOE, effect on, 369
scalar coupling, effect on, 799, 802

E

E.COSY (Exclusive correlation
spectroscopy), 455–463

displacement vector, 459
experimental protocol for, 460–461
heteronuclear, 656–657, 660, 670
lineshape asymmetry, 660
phase cycles for, 461t
processing of, 461–462
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E.COSY (Continued )
product operator analysis for,

457–458
self-decoupling in, 660
ubiquitin, of, 462f, 464f, 661f
variants of, 463
weight factors for, 457

Eigenbra, 46–47
Eigenfrequency, 353, 360
Eigenfunction, 31

Hamiltonian, of, 50
Hamiltonian commutation

superoperator, of, 353
Heisenberg uncertainty relationship

and, 35
Hermetian operator, of, 32
simultaneous, 34–35
stationary state, 34
strong coupling Hamiltonian, for,

62–63
Eigenket, 38, 46–47
Eigenoperator, 353–354, 361
Eigenstate, 63, 74, 81–82. See also

Stationary state
coherence order and, 293–294

Eigenvalue, 31–34, 341, 362, 395, 398
Eigenvalue equation, 31–34
Electric field gradient tensor, 365, 366t,

384
Electric quadrupole moment.

See Quadrupole moment
Energy, 4, 31
Energy level, 4–7, 24–26, 62–64, 82–83,

335, 338
Enhancement, NOE, 344–345, 389–391
Ensemble of 3D structures, 808–813,

811
Envelope function, 144
Equilibrium

chemical, 393
dissociation constant, 757
orientational, 106–107, 368
thermal

density operator, 55–56, 75, 294
lattice, of, 335–336
magnetization, 5, 17f
phase cycling and, 294, 306,

310–311
relaxation to, 257–258, 333, 336,

350, 352

Ernst angle, 257–258, 258f
Ethylene glycol, temperature calibration

using, 236
Euler angles, 104, 107, 108f, 804–805
Evolution. See Liouville von Neumann

equation; Product operator
formalism

Evolution period, indirect. See Indirect
evolution period

Exchangeable proton. See Amide proton
exchange

Excitation null, 169–170
Excitation sculpting, 230, 233f

in 3D NOESY-TOCSY spectra, 526f
in NOESY, 504f
in TOCSY, 489f

Exclusive correlation spectroscopy.
See E.COSY

Exclusive COSY. See E.COSY
EXORCYCLE, 266, 309, 313
Expectation value, 33–35, 40–41, 48, 79

of magnetic moment, 35–37
Exponential apodization, 147, 149f,

150f
Exponential of matrix, 341
Exponential operator, 42–43, 45–46
Extreme narrowing, 367, 384, 391

F

F1, 276
F2, 274
Faraday’s law, 9
Fast exchange, 392, 399,

401–402,754–755. See also
Chemical exchange

Fast Fourier Transformation (FFT),
142. See also Fourier
transformation

FFT (Fast Fourier Transform), 142.
See also Fourier transformation

FID (Free induction decay), 17,
19f, 134f

clipping of, 156–157
distortion by filter response, 127, 157
interferogram and, 274
quantization noise in, 127–129
shimming, used for, 241

Field gradients. See Pulsed field
gradients
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Filamentous phage, RDC and, 668, 752
Filter. See also Isotope filter

analog, 126–127
audiofrequency, 115f, 123,

132–133,133f, 157
baseline distortions, 156–158,

493–494
phase delay, 127
transient response, 127, 131, 157,

266
bandpass, 135–136
digital, 129–131, 232–234, 235f
first-order J, 767
half, 763–769, 766f, 766t
low-pass, 133, 235f
second-order J, 764, 768

Filter diagonalization, 770
Filter function. See Apodization

function
Filter, isotope. See Isotope filter
Filtering. See Apodization
Fine structure. See Cross-peak, fine

structure
Fingerprint region, 418–421

aromatic, 418, 419f
1Ha-1Hb fingerprint region, 418,

419f, 453–455, 454f, 455f,
478, 479f

1HN-1Ha fingerprint region, 418–419,
419f, 422f

methyl, 418, 419f, 420f, 421f, 453f
Finite impulse response (FIR), 129
FIR (Finite impulse response), 129
First-order phase correction, 153f
Flip angle, pulse, 11, 52
Flip-back, 231–232, 574–578, 575f

saturation transfer and, 690–691
Flip-flip transition, 75, 76f, 83f, 339, 346
Flip-flop spectroscopy. See FLOPSY
Flip-flop transition, 75, 76f, 83f,

339, 346
FLOPSY (Flip-flop spectroscopy),

490–491, 492f
HCCH-TOCSY and, 610–611

FM (Frequency modulation frame),
191–192, 196

Folding. See Aliasing and folding
Forbidden cross-peak, 360, 453, 483
Force field, molecular dynamics,

808–809

Four-dimensional NMR.
See 4D NMR

Fourier analysis, 175, 180, 335
Fourier transform algorithms

complex, 317, 319, 321
continuous, 136–137, 151
discrete, 141–142, 151, 154, 158
fast (FFT), 142, 770
inverse, 137, 600t, 661f
linearity of, 137
periodicity of, 125
real, 141, 317, 318f, 319,

321–322
scaling first point in, 156

Fourier transform theorems, 137–138
Fourier transformation, 131

alternatives to, 159–165
apodization in, 143
baseline roll and, 157
causality in, 142–143
damped oscillator, of, 139, 142,

316–317
Dolph-Chebycheff window and, 144
FID, of, 17–18, 19f
frequency discrimination and, 318f
Lorentzian lineshape and, 140f, 317
nonuniform sampling and, 770–771
sinc-wiggles with, 157
truncation artifacts and, 143–148,

146f, 157, 265
zero-filling in, 142

Fractional deuteration, 533, 727–733,
730f, 737, 740, 745

Free induction decay. See FID
Free precession, 14, 17

coherence order, conservation
of, 294

evolution in the product operator
formalism, 84–85

Hamiltonian, 61–62, 64, 538, 602
pulse-interrupted, 280–284

Frequency
audio, 132, 135
carrier, 9
intermediate, 135
Larmor, 8
Nyquist, 124–126, 126f
transmitter, 9

Frequency, characteristic. See
Eigenfrequency

INDEX 855



Frequency discrimination, 132–135,
133f, 134f, 315–326, 318f. See also
Quadrature detection

hypercomplex (States), 315, 320–321,
323t

N/P selection for, 316–317, 322, 576
PEP (preservation of equivalent

pathways), 560–566, 574–578
phase cycling, by, 320–322
pQ NMR, in, 473
pulsed field gradient, by, 322–323,

574–578
Redfield’s method for, 321
time-proportional-phase-incrementa-

tion (TPPI), 315, 321–322, 323t
TPPI-States, 322, 323t, 324–326, 325t,

655
Frequency labeling, 279–280
Frequency modulation (FM) frame,

191–192, 196
Frequency, resonance, 8, 11, 125 132,

237, 324
Frequency shift

dynamic, 356–357
nonresonant, 9, 170–172
off-resonance, 9, 170–172

Frequency-shifted pulse, 181–182,
184–189

Frequency-shifting theorem, 137–138
Full-width-at-half-height (FWHH), 18,

139–140, 147–148, 408, 703
FWHH. See Full-width-at-half-height

G

GARP (Globally Optimized
Alternating-phase Rectangular
Pulse), 206, 208f, 214–215, 214f,
217, 690

Gaussian lineshape, 148, 149f, 150f
Gaussian selective pulse, 182f, 183f, 184f
Geminal proton

NOE calibration, for, 797
spin-diffusion in, 522

GFT-NMR (G-matrix Fourier
Transform NMR spectroscopy)
771–772

Global fold, 749, 751, 786f, 807, 807f
Globally Optimized Alternating-phase

Rectangular Pulse. See GARP

G-matrix Fourier transform (GFT)
NMR spectroscopy, 771–772

Gradient echo, 218, 230, 311–312, 768
Gradient enhancement, heteronuclear

correlation and, 574–578
Gradient, pulsed field. See Pulsed field

gradient
Gradient shimming, 242, 244–252

3D profile edge shimming 252
pulse sequence for, 248f
shim map for, 251f
Z1 profile shimming, 252

Gradient-enhanced (PFG) HNCA, 620f,
627–628

Gradient-enhanced (PFG) HSQC, 574,
576–578, 577f

Gradient-enhanced (PFG) TROSY, 574,
576–578, 577f

Gradient-enhanced (PFG) TROSY-
HNCA, 620f, 628

Gram-Schmidt process, 32
Group theory, 62, 361, 373

H

1H 3D NMR, 525–529
experimental protocol for, 526–527
processing of, 527
pulse sequence for, 526
variants of, 528–529

1H chemical shifts. See Chemical shift,
1H

1H decoupling, 552–553, 555–557, 570f,
626–627

1H detection, 535
1H linewidth, 406, 408, 407f
1H NMR spectrum. See 1D 1H NMR
1H relaxation rate constants, 20f, 729f,

730f
1H resonance assignments, 782–791
1Ha–1Hb fingerprint region, 418, 419f,

453–455, 454f, 455f, 478, 479f
1HN-1Ha fingerprint region, 418–419,

419f, 422f
2H. See Deuterium
HACANH, 774f, 775
HACA(CO)NH, 774f, 775
Hahn echo, 264f, 265–266, 267f, 704f

2D NMR, in, 488f, 503f
baseline distortions, 264f, 265–266
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chemical exchange and, 718, 719f
jump-return and, 261f
phase, 265–266, 264f
pulse sequence for, 228f, 229f,

265–266, 704f, 719f
spin-spin relaxation, for, 259, 261f
solvent suppression, 228f, 229f, 232,

263–267
ubiquitin, of, 267f, 407f, 783f

Half-filter. See Isotope filter
Half-Gaussian selective pulse, 182f, 183f
Hamiltonian, 30, 34, 102–104, 106, 351

averaging of, 102–112
chemical shift, 102, 107, 349
commutation superoperator, 351, 353
diagonal, 49–50
diagonalization, of, 49–50, 62–63
dipolar coupling

principal orientation of, 365
spatial variables for, 366t
spherical harmonic functions for,

350t
tensor operators for, 372t, 382
residual, 80, 110–111, 291

effective, 44–45, 50–51
eigenbase and, 43, 55. See also

Eigenfunction
eigenfunction of, 34, 49–50
eigenvalue of, 34, 49–50
free precession, 61–62, 84, 602
interaction frame, in, 351–352, 363
isotropic chemical shift, 51, 84, 107
in isotropic phase, 107
Liouville von Neumann equation and,

42
magnetic field, 50
pulse, 85–86
quadrupolar, 350t, 366t, 385t, 680
relaxation and, 351
residual dipole coupling, 80, 110–111,

291
rf, 50, 85–86
rotating frame, in, 43–45, 363
scalar coupling and, 61–67, 107, 287

strong, 26, 61–64, 90, 284
weak, 64, 84

similarity transformation of, 44–45
stationary states of, 34, 49–50
stochastic, 335, 351, 353
strong coupling, 61–62

time dependent, 351
time independent, 31, 34, 42, 351
transformation under rotation of,

104, 108
truncation of, 104, 106, 108
weak coupling, 64, 84
Zeeman, 50, 57, 363

Hamiltonian superoperator, 351, 353
Hamming apodization, 145, 146f, 148
Hankel singular value decomposition

(HSVD), 161, 162f, 163f, 498
Hanning apodization, 145
Harmonic signal, 132
Hartmann-Hahn condition, 286–289.

See also Isotropic mixing; TOCSY
isotropic mixing sequences and, 288

HBHACBCA(CO)NH, 739
HBHACBCANH, 739
HBHA(CBCACO)NH, 645
HBHA(CBCA)NH, 649
HBLV (Hybrid Backprojection Lower

Valve), 775
HCA II (Human carbonic anhydrase II),

731–732
HCACO, 637
H(CA)NH, 615t, 632–636

product operator analysis for,
633–636

pulse sequence for, 633f
ubiquitin, of, 636f

(H)CC(CO)NH-TOCSY, 741, 743
HCCH-COSY, 601–608

constant-time
pulse sequence for, 603f
product operator analysis for,

607–608
ubiquitin, of, 609f

product operator analysis for,
604–607

pulse sequence for, 603f
HCCH-TOCSY, 601–603, 608–612

Isotropic mixing in, 611f
product operator analysis for,

608–610
pulse sequence for, 610f
ubiquitin, of, 612f

HCC(CO)NH-TOCSY, 743
Heat bath. See Lattice
Heisenberg uncertainty principle, 35,

336
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Helmholtz coil, 117
Hermitian operator, 31–32, 39, 41
Heteronuclear coherence order, 314,

546–547
Heteronuclear coherence transfer,

290–291
Heteronuclear correlation NMR,

533–581. See also individual NMR
experiments

aliasing and folding, in, 546, 549–552,
550f

artifact suppression in, 546–549
13C-13C scalar coupling in, 548–549
isotope filter, in, 546–547
gradient enhancement and, 573–578
initial sampling delay in, 325–326
phase cycling and, 546–549
processing of, 552
quadrature detection and, 546
sensitivity of, 534–535
solvent suppression in, 573–574

Heteronuclear E.COSY, 656–660,
661f, 670

Heteronuclear Multiple-Quantum
Coherence. See HMQC

Heteronuclear NMR experiments, 533
Heteronuclear scalar coupling constants,

617t
Heteronuclear single-quantum

coherence. See HSQC
Heteronuclear-edited NMR, 581—601,

745–753. See also individual NMR
experiments

Heteronuclear-edited NOESY.
See individual NMR experiments

Heteronuclear-edited TOCSY.
See individual NMR experiments

High resolution 3D structure, 806–813
High temperature limit, 5, 56, 356, 365
Hilbert space, 32, 55
Hilbert transform, 143, 357
HMQC (Heteronuclear Multiple-

Quantum Coherence), 535–540.
See also HSQC, TROSY

chemical exchange and, 718
EXORCYCLE and, 547
isotope filter in, 546–547
jump-return in, 226
lineshape in, 536, 538, 546, 549
phase cycle for, 546–547

processing for, 552
product operator analysis for, 536,

538–539
pulse sequence for, 537f
relaxation in, 539–540, 545–546,

545f
ubiquitin, of, 544f, 545f

HMQC-NOESY-HMQC, 593–601, 762.
See also HMQC-NOESY-HSQC;
HSQC-NOESY-HSQC

13C/13C, 597–599, 598f, 600t
13C/15N, 595–597, 596f
15N/15N, 594–595, 594f
processing, 599–600, 600t
pulse sequence for, 594f, 596f, 598f

HMQC-NOESY-HSQC, 597
HNCA, 614, 615t, 618–628, 734–737

constant-time, 625–626
decoupled, 626–627
deuteration and, 735–737
DQ, 740
gradient-enhanced, 627–628
HN(CO)CA and, 629, 740
intraresidue and interresidue

connectivities, distinguishing,
740

13C-13C scalar coupling in, 622–623
pulse sequence for, 619f–620f, 736f
product operator analysis for, 618,

621–627
relaxation in, 623, 625–626
sensitivity of, 625–626
TROSY, 628
ubiquitin, of, 624f

HNCACB, 641–642, 650–654. See also
CBCANH, HN(CA)CB

pulse sequence for, 651f, 738f
product operator analysis for,

651–653
resonance assignment and,

793–794
ubiquitin, of, 654f, 774f

HN(CA)CB, 737–739. See also
CBCANH, HNCACB

deuteration and, 737–739
pulse sequence for, 738f

HN(CACB)CG, 740
HN(CA)CO, 616t, 639–641

pulse sequence for, 640f
sensitivity of, 641
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HNCA-J, 656–660
3JHNHa measured by, 660, 665, 667t
pulse sequence for, 657f
product operator analysis for,

657–660
relaxation in, 660
ubiquitin, of, 661f, 667t

HNCO, 637–638
product analysis for, 637–638
pulse sequence for, 638f

HN(CO)CA, 629–632
intraresidue and interresidue

connectivities, distinguishing,
740

product operator analysis for,
629–631

pulse sequence for, 630f
of ubiquitin, 632f

HN(CO)CACB, 641. See also
HN(COCA)CB

resonance assignment and, 793–794
HN(COCA)CB, 734–735, 738–739
HN(COCA)NH, 739
HN(CX)nCY, 740–741
HNHA, 660, 662–665

3JHNHa measured by, 664–665, 667t
product operator analysis for,

662–664
pulse sequence for, 662f
relaxation in, 664, 665f
ubiquitin of, 666f, 667t

HOHAHA. See Homonuclear
Hartmann-Hahn

Homogeneity, magnetic field, 18,
115–116, 223, 238–239, 241,
245–247

Homonuclear 3D NMR. See 1H 3D
NMR

Homonuclear chemical shifts. See
Chemical shifts, 1H

Homonuclear Hartmann-Hahn
(HOHAHA), 280–281, 286,
288–289, 486. See also isotropic
mixing; TOCSY

Homonuclear scalar coupling
constants, 401, 504, 535, 538,
539, 541, 543, 583, 670, 703, 714,
726, 734, 798–802, 800f, 800t,
801t, 802f, 802t, 803f, 803f,
806–807

Homospoil pulse, 220, 574
HSQC (Heteronuclear single-quantum

correlation), 535. See also HMQC;
TROSY

13C scalar coupling and multiplet
structure, 548–549

chemical exchange and, 718
chemical shift mapping and, 756
constant-time, 543–544

pulse sequence for, 537
product operator analysis for,

543–544
relaxation in, 543–544
ubiquitin, of, 544f, 545f

decoupled, 553–560
energy level diagram for, 559f
pulse sequence for, 554f
product operator analysis for, 553,

555–560
relaxation in, 557–558
ubiquitin, of, 570f

fast, 573–574, 575f
folding and aliasing in, 449–452,

550f, 551f
1H-13C

product operator analysis for,
578–581

pulse sequence for, 579f
ubiquitin, of, 581f, 582f

interferogram for, 545f
IPAP, 670–672, 671f
phase cycling and artifact

suppression, 546–548
processing, 552
product operator analysis for,

540–542
pulse sequence for, 537f, 554f
RDC measured from, 669–670, 669f
relaxation in, 338, 542, 543–544,

557–558, 562–563
sensitivity-enhanced (PEP),

560–566
energy level diagram for, 559f
pulse sequence for, 554f
product operator analysis for,

560–566
relaxation in, 562–563
ubiquitin, of, 570f

ubiquitin of, 162f, 163f, 165f, 544f,
545f, 551f, 581f
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HSQC-NOESY, 591–593, 762
pulse sequence for, 592f

HSQC-NOESY-HSQC. 745–753. See
also HMQC-NOESY-HMQC;
HMQC-NOESY-HSQC

15N/15N-separated, 745–747
pulse sequence for, 746f
calbindin D28k, of, 747f, 752f

13C/15N-separated, 747–749
pulse sequence for, 750f
calbindin D28k, of, 752f

13C/13C-separated, 747–749
calbindin D28k, of, 752f

HSQC-TOCSY, 591–593
HSVD (Hankel singular value

decomposition) linear prediction,
161, 162f, 163f, 498

Human carbonic anhydrase II (HCA II),
731–732

Hybrid Backprojection Lower Valve
(HBLV), 775

Hydration layer, 21
Hydrodynamic radius, 21
Hydrogen bond restraints

from amide proton-solvent exchange,
805–806

from trans-hydrogen bond scalar
coupling constants, 806

Hydrogen exchange. See Amide proton
exchange

Hydroxyl proton, 512–513
Hypercomplex (States) frequency-

discrimination, 315, 320, 322–325,
511, 550, 564, 576

I

Identity operator, 38, 55–56
IF (Intermediate frequency), 135
Impedance, 118–119, 237
Impurity, detecting, 409
Incrementable delay, 273, 279, 326–327.

See also Indirect evolution period
Indirect detection, 535
Indirect evolution period, 274, 275f,

278–280. See also Acquisition
period

constant time, 543–541, 578–581
initial delay, for, 172, 325–326, 546
semi-constant time, 553, 691–692

Indirect evolution time, 273, 279,
326–327. See also Indirect
evolution period

Indirect magnetization transfer. See
Spin diffusion

Inductance, 119
INEPT (Insensitive Nuclei Enhanced

by Polarization Transfer), 96–99.
See also PEP; TROSY

homonuclear scalar coupling in,
541–542

HSQC and, 540–542, 543, 553
optimal transfer, 338
refocused, 98–99, 553, 554f, 555–560,

556f, 633
relaxation in, 338
solvent suppression in, 573–574

Inhomogeneous broadening, 18,
534–544, 545f

Initial rate approximation, 343–345, 507,
681, 797

Initial rate regime, 343–345, 507, 681,
797

In-phase coherence transfer. See also
Magnetization transfer

COSY-type, 98–99, 283–284,
605–606, 632–633

DCOSY, 291–292
TOCSY-type, 284–289, 486–496,

608–612
In-phase lineshape, 88–90
InS spin system, 553, 555–557, 556f,

598
Insensitive Nuclei Enhanced by

Polarization Transfer. See INEPT
Integrated intensity, 148, 151, 505–506
Interaction frame, 351–352
Interference, between relaxation

interactions. See Relaxation
interference

Interference, destructive, 284, 453, 508,
572

Interference effects. See Relaxation
interference

Interferogram, 124, 144–145, 274–276,
275f. See also FID

heteronuclear correlation and, 545f
Intermediate exchange, 399, 401,

754–755. See also Chemical
exchange
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Intermediate frequency (IF), 135
Intermolecular chemical exchange, 394,

401, 753–754, 755f
Intermolecular interactions, 753–760
Internal mobility. See Dynamics,

internal
Interresidue NOE, 788–790, 789f-790f
Intramolecular dynamics. See

Dynamics, internal
Intramolecular chemical exchange, 393,

401–402
Intrinsic angular momentum, 29–30
Intrinsic amide-solvent exchange rate,

224f
Inverse detection, 535
Inverse Fourier transformation, 137.

See also Fourier transformation
Inversion operator, 52–53, 66
Inversion, population, 16, 57
Inversion recovery, 258–259, 342–346,

686, 688f
IPAP HSQC, 670–672

pulse sequence for, 671f
IRS spin system. See Three-spin system
IS spin system. See Two-spin system
Isochromats, 218, 247
Isolated spin, 6, 8, 15, 58, 93, 181, 337,

392–400
Isolated two-spin approximation, 507
Isotope editing, 763
Isotope filter, 762–769

breakthrough peaks, 764–765
double difference, 547
double half-filtered NOESY, 765,

766f, 766t, 767
first-order J-filter, 767
half-filter, 763–764

adiabatic, 768
composite, 768–769
gradient, 767, 768
spin-lock, 768

heteronuclear correlation, in,
546–547, 584

second-order J-filter, 764, 768
signal selection by, 763
signal suppression by, 763
third-order J-filter, 768–769
!1 half-filtered NOESY, 765
!2 half-filtered NOESY, 765

Isotope shifts, 732–733, 732t

Isotopic labeling, 533, 727
Isotopomers, 697, 733, 743, 748
Isotropic chemical shift, 22. See also

Anisotropic chemical shift
dihedral angle restraints from, 804
perturbation mapping of, 756–757

Isotropic mixing, 287–289. See also
decoupling; TOCSY

coherence transfer efficiency and,
492f, 495f, 611f

Hartmann-Hahn condition and, 288
RDCs and, 291–292
relaxation in, 364
suppression of ROE peaks, 491,

493
Isotropic mixing sequences, 287–288,

291, 490–493. See also individual
mixing sequences

Isotropic rotor spectral density function,
366

IUPAC-IUBMB-IUPAB Inter-Union
Task Group on the
Standardization of Data Bases of
Protein and Nucleic Acid
Structures Determined by NMR
Spectroscopy, 262

J

J coupling. See scalar coupling
J filter. See Isotope filter
JR.NOESY. See Jump-return NOESY
Jump-return, 224–226, 233f, 235f

excitation profiles of, 227f
Hahn echo experiment, in, 261f

Jump-return NOESY (JR.NOESY),
511–514

pulse sequence for, 512f
ubiquitin, of, 513

K

Kaiser apodization function, 144–145,
146f, 148, 149f, 150f

Karplus equation, 798
curves, 800f, 802f, 803f
parameterization of, 799, 800t, 801t,

802t, 803t
Ket, 37–38, 47
Kinetics. See Chemical kinetics
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Kramers-Krönig relations, 143, 357
Kronecker delta, 32

L

Labels, isotopic, 526, 727, 761–763
Labile proton. See Amide proton

exchange
Laboratory reference frame, 4, 7–8,

102, 104, 106, 107, 108f, 364f,
368, 387

Larmor frequency, 8. See also resonance
frequency

Lattice, 40, 55, 335
Lattice jump model, 368
Leakage rate constant, 342
Levinson-Durbin linear prediction,

161
Lifetime, 2, 336, 368, 392, 754
Ligand. See Protein-ligand binding
Like spins, 360–363, 382
Linear prediction, 160,-161, 234

4D NMR, in, 599–600, 600t
HSQC, of, 162f, 163f
mirror image, 161, 162f, 163f

Linear prediction singular value
decomposition (LPSVD), 161

Line-broadening. See Apodization;
Linewidth

Lineshape. See also Apodization;
Linewidth

absorptive antiphase lineshape, 413f,
421, 423f, 424–426, 424f,
425f, 470f

absorptive lineshape, 18, 139–140,
140f, 317, 320f

analysis, 684–685, 704–706
chemical exchange, 400f, 507–506
constant time evolution in, 543–546,

545f
dispersive lineshape, 18, 139–140,

140f, 317
dispersive antiphase lineshape, 425f,

470f, 471, 474, 476–477
doubly absorptive, 319, 469
doubly antiphase absorptive, 415,

470, 483
doubly antiphase dispersive, 469–471,

477

doubly dispersive, 319
full-width-at-half-height (FWHH),

18, 139–140, 147–148, 408,
703

Gaussian, 148, 149f, 150f
homogeneous, 18, 544
Lorentzian, 18, 139, 140, 140f, 155,

317
inhomogeneous, 18, 544, 545f
in-phase, 88–90
off-resonance, 168f
phase-twisted, 319, 320f
shimming and, 242

Linewidth
chemical exchange, 400f, 755f
Gaussian, 148
1H NMR, 406, 408, 407f
HMQC, in, 539–540
HSQC, in, 542, 557
Lorentzian, 18–21, 20f, 139–140,

140f, 729f, 730f
measurement of, 259, 261f
TROSY, in, 387, 571–572
ubiquitin, for, 21, 259, 261f,

408
Liouville operator space, 78–80
Liouville von Neumann equation,

41–43, 79, 351, 356–357
Lipari-Szabo model free formalism,

368–369
Lock, field-frequency, 115f, 116–117

adjustment of, 241
shimming and, 241

Longitudinal relaxation. See spin-lattice
relaxation

Longitudinal two-spin order, 314, 519,
574, 699, 706, 720

Lorentzian lineshape, 18, 139, 140, 140f,
155, 317

Lorentzian spectral density function,
367, 367f

Lorentzian-Gaussian transformation,
496–497

Lowering operator, 52, 72, 81. See also
Shift operator

Lower-value (LV), 773, 775
Low-pass filter, 232–234, 233f
LPSVD (Linear prediction singular

value decomposition), 161
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M

Magnet, superconducting, 114–117,
116f, 238

Magnetic equivalence, 353, 361, 412,
483

Magnetic field. See also rf field
amplitude of, 8
anisotropic, 383, 408
effective, 8, 10, 16
homogeneity of, 115–117, 223, 233,

238, 241–244
imaging of, 244, 252
inhomogeneity of, 18, 117, 172, 239,

242, 245, 247–251, 293, 311, 408,
703

local, 22, 199, 247, 335–336, 367, 383,
387

measure of, 8
resolution, dependence on, 116
secondary, 22
shimming, 117, 223, 238–252
spherical harmonic expansion of,

239–240
static, 4–5, 8, 10, 18, 116, 169, 238
stochastic, 336, 345, 367
strength of, 4, 8, 10, 116
vector, 4, 102

Magnetic moment, 3–5
Bloch model and, 7
equation of motion, 7
expectation value of, 35–37
free precession, 14
Larmor frequency and, 8, 37
precession, 8–9

Magnetic quantum number, 3, 24–25,
59. See also Coherence order;
Selection rule

coherence and, 74–75, 293
product basis, in, 59–62
spin-1/2 nuclei, for, 24–25
spin quantum number and, 2

Magnetic susceptibility, anisotropic,
110, 666–667

Magnetization. See also Bulk
magnetization; Transverse
magnetization

adiabatic pulse, during, 194, 195f
average, 399

complex, 56, 70, 347
equilibrium, bulk, 5, 8–9, 11
longitudinal, 5, 12–13, 257,

293–294
observable, 55, 68–69
sense of precession, 58
steady-state, 389, 686

Magnetization transfer, 280–292. See
also in-phase coherence transfer;
NOESY; ROESY; TOCSY

Magnetogyric ratio, 3, 3t, 8, 97, 119,
122, 371, 405, 534, 728

Magnitude mode, 246f
Main chain directed (MCD) assignment,

786f, 790–792
Master equation, relaxation and,

351–363. See alsoRelaxation theory
Matching. See Tuning and matching
Matrix

density operator representation with,
39, 41, 62

direct product, 58–61
exponential, 43, 52, 69, 341, 504, 518
rotation operator representation with,

52–54, 65–67
spin operator representation with,

46–50
trace, 39–40
unitary, 44, 341

Matrix representation, 39, 41, 46, 65
basic kets and, 46
exponential operator, of, 43, 69, 341
pulse operator, of, 66
rotation operator, of, 52–54, 65–67
two-spin system, in, 59

Maximum entropy reconstruction,
159–165, 655, 769–770

4D NMR and, 599–600
homonuclear 3D, 527
HSQC and, 165f

McConnell equations, 393, 706. See also
Chemical exchange

MCD (Main chain directed) assignment,
786f, 790–792

Medium range NOE, 790f, 798, 807
Methanol, temperature calibration and,

236
Methyl group

assigning, 751

INDEX 863



Methyl group (Continued )
coherence transfer for, 556, 606
dynamics, 697
fingerprint region for, 418, 419f, 420f,

421f, 453f
forbidden cross-peaks and, 453
interference in, 360
isotopomers, 733
linewidths for, 406
magnetic equivalence and, 361
relaxation and, 259, 361, 369, 453,

483, 696, 700f
rotation and, 369, 406, 810
selectively protonated, 749–752, 759
TROSY, 749, 770
ubiquitin, in, 408

Methylene group
2Q spectrum and, 478
3Q spectrum and, 485
3QF-COSY and, 452–453
coherence transfer for, 556f, 606
DR.COSY and, 436
E.COSY and, 456–457
interference in, 360
isotopomers of, 733
Karplus curves for, 801–802, 803f
NOESY and, 522, 797
R.COSY and, 433
ROESY and, 522
sensitivity and, 535, 741
spin diffusion in, 522
stereospecific assignment of, 502,

522
TOCSY and, 498, 502

Methyl-TROSY, 749, 770
Metric matrix distance geometry, 808
Microsecond-millisecond time scale,

680, 702
Microsecond-second dynamics,

702–721
Millisecond time scale, 702
Millisecond-second time scale, 702
Mixed state, 40
Mixing coefficients, 287, 488, 490, 610
Mixing period, 273–280, 324, 328f, 330f,

525, 680. See also Mixing time
2Q and, 471
NOESY and, 499, 506, 515, 593
R.COSY and, 432
ROESY and, 520

TOCSY and, 486, 490, 491, 494–496,
499

Mixing sequences, 490–493. See also
Isotropic mixing sequences

chemical exchange and, 481, 493, 522
CITY and, 493
DIPSI and, 490–493
FLOPSY and, 490–492
Hartmann-Hahn, 280, 286–288, 492f
MLEV and, 490–492
NOE and, 491, 493
ROE and, 491, 493
WALTZ and, 490–492
WURST and, 491–493

Mixing time, 273, 284, 289, 344. See also
Mixing period; individual NMR
experiments

MLEV, 206, 208–209, 491, 492f
mixing sequences and, 490–492

MLEV-17, 490–491, 492f
Molecular dynamics, internal.

See Dynamics, internal
Molecular dynamics, restrained (rMD),

808–810
Molecular reference frame, 367–368
MPF, 209, 210f, 215, 215f
MQ. See pQ NMR
MQF (Multiple-quantum filtered) 460
MQF-COSY. See pQF-COSY
Multidimensional NMR. See also

individual NMR experiments
2D (Two-dimensional), 273–280

3D NMR, compared with,
327–328, 328f, 329f

3D (Three-dimensional), 327–328,
525–526, 581

2D NMR, compared with,
327–328, 328f, 329f, 525

4D NMR, compared with, 329,
613–614

4D (Four-dimensional), 329–330,
330f

3D NMR, compared with, 329,
613–614

sensitivity in, 326–327
Multiexponential relaxation, 341, 453,

483, 681, 714–715
Multiple conformations, 799
Multiple pulse. See Composite pulse;

Decoupling
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Multiple quantum coherence (MQ),
91–92, 473

Multiple quantum echo, 221
Multiple quantum filtered COSY. See

pQF-COSY
Multiple quantum filtration. See

p-quantum filtration
Multiple-quantum (MQ) NMR, 90, 147,

279, 463–486, 465f, 536
chemical exchange in, 715–718
HMQC and, 536, 540
HSQC and, 541, 561
operators and, 90–92, 255, 288
scalar coupling and, 91–92

Multiple-quantum relaxation, in
ubiquitin, 717f

Multiple-quantum transition, 76f
Multiple-spin echo, 221
Multiplet, 23–27, 76–77, 98, 201, 271, 284,

380, 401–402, 455, 535, 548, 571,
572f, 684. See alsoCross-peaks, fine
structure; Scalar coupling

Lorentzian, 425
Multiplicity, 555
Multiplicity filter, 562
Mutual resolved coupling, 452

N

15N relaxation rate constants, ubiquitin,
of, 694f, 695f, 705f, 710f, 717f

Natural abundance, 3t, 405, 568, 763,
765, 767

Net magnetization transfer. See
In-phase coherence transfer;
Magnetization transfer

NMR active nuclei, 2, 3t
NMR chemical shift time scale, 392,

399–400, 753–754
NMR spectrometer, 114. See also Probe;

Shim system
components of, 115f
computer in, 123
data acquisition by, 124
digital filters in, 126–131
lock, field frequency, in, 115f,

116–117
oversampling in, 127–131
quadrature detection in, 132–136,

133f, 134f

receiver in, 115f, 123
rf transmitter in, 115f, 120–122

NOE (Nuclear Overhauser effect), 680.
See also Cross-relaxation; NOESY;
ROE

accuracy of, 798
calibration of, 510, 597–598
classifications

intraresidue, 787f, 788
long range, 786f, 806–807
medium range, 790f, 797–798,

806–807
sequential, 786f, 788–790, 789f,

790f, 806–807
coverage, 798
deuteration and, 745, 748–749
difference, 389–390
distance dependence of, 797–798
enhancement, 345, 389–390
global fold and, 807f
heteronuclear, 290, 694f
mixing sequences and, 491, 493
protein-ligand binding and, 761–762
rate constant, 390–391, 796–797
ROESY, contribution to, 520
steady-state, 389–390, 690, 700,

812
structural restraints and, 510, 797–798
transferred, 761
transient, 289, 344–345, 390–391, 700,

805
ubiquitin for, 694f, 789f, 790f

NOESY (Nuclear Overhauser Effect
Spectroscopy), 289–290, 502–517.
See also Cross-relaxation; Isotope
filter; Jump-return NOESY;
ROESY; ZZ-exchange; individual
NMR experiments

baseline in, 506, 509
buildup series for, 510
chemical exchange and, 397, 511,

522
deuteration and, 745, 748–749
double half-filtered, 765, 766f, 766t,

767
excitation sculpting and, 513–514,

514f
experimental protocol for, 506–510
Hahn echo and, 502–503, 503f
initial rate regime for, 507
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NOESY (Nuclear Overhauser Effect
Spectroscopy) (Continued )

mixing period in, 502, 506–508, 510,
515

phase cycling in, 509, 511–512
presaturation in, 506, 511, 513f
processing of, 510
product operator analysis for,

503–506
protein-ligand binding and, 761–762
pulse sequence for, 503f, 504f, 512f,

515f
recycle delay in, 506, 514
relayed, 515–517

pulse sequence for, 515f
ubiquitin, of, 516f

resonance assignment and, 786,
788–792, 789f, 790f

spin diffusion in, 506–508
ubiquitin, of, 509f, 513f, 514f, 516f
variants, of, 511–517
!1 half-filtered, 765
!2 half-filtered, 765
zero-quantum peaks in, 490, 505,

508–509
z-filtration in, 490, 508–509
ZQ peaks in, 490, 505, 508–509

NOESY-HSQC, 582–589. See also
HSQC-NOESY; HMQC-NOESY-
HMQC; HMQC-NOESY-HSQC;
HSQC-NOESY-HSQC

pulse sequence for, 584f
product operator analysis for,

582–584
schematic of, 586f
ubiquitin for, 587f, 589f

NOESY-NOESY, 528–529
NOESY-TOCSY, 525–529, 526f
Noise, 119, 123, 126–129, 131–132, 158,

163, 253. See also Signal-to-noise
ratio

Noise, t1, 262, 453
Nonadiabatic relaxation processes,

336–337, 349, 350
Nonlinear nonresonant phase shift. See

Phase shift, nonresonant
Nonresonant frequency shift, 170–172
Nonresonant phase shift. See Phase

shift, nonresonant
Nonsecular, 355, 361–362, 380, 399, 684

Nonselective inversion recovery,
258–259, 260f, 344, 346f

Normalization, 30, 49, 79
N/P selection, 316–317, 322, 576. See

also Frequency discrimination
N-type signal, 316–317, 319, 322
Nuclear magnetic moment, 3–6
Nuclear magnetism, 2, 5–6

angular momentum and, 3
magnetogyric ratio and, 3
nuclear spin states and, 5–6

Nuclear Overhauser effect. See NOE
Nuclear Overhauser effect (NOE)

classifications
intraresidue, 787f, 788
long range, 786f, 806–807
medium range, 790f, 797–798, 806–807
sequential, 786f, 788–790, 789f, 790f,

806–807
Nuclear Overhauser Effect

Spectroscopy. See NOESY
Nuclear shielding, 22, 51, 102, 107
Nuclear spin angular momentum. See

Angular momentum
Nuclei

active, 2, 3t
properties of, 3t
quadrupolar, 2

Nutation axis, 120–122
Nyquist frequency, 124–126, 126f

O

Observable
operator, 32, 55–56, 89–90, 300,

308
transition, 6, 25

Observable quantity, 31–34, 41
Observation operator, 55–56, 300, 308
Off-resonance

1808 (�) pulse, 167f, 169, 178f
908 (�/2) pulse, 166–169, 167f, 168f
phase shift, 168–171
pulse, 165–169

Offset
baseline, 155–157, 157f, 307–308, 326
resonance, 10, 58, 121

!1 half-filter. See Isotope filter
One-dimensional NMR. See 1D 1H

NMR
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One-pulse acquire experiment, 16–18,
19f, 56–58, 263, 265

recycle delay, for, 257–258, 258f
signal-to-noise of, 158–159
two-spin system, for, 68–70
ubiquitin, of, 150f, 233f, 235f, 267f,

272f
One-spin operators, 46, 70
On-resonance

pulses, 16, 17f, 51, 85–86
rf field, 11, 12f

Operator. See also Angular momentum
operator; Basis operator; Cartesian
operator; Density operator;
Hamiltonian; Product operator;
Tensor Operator; Trace

adjoint, 32
bilinear, 91, 287–288
compatible, 34
commuting, 34
direct product, 60–61
equilibrium density, 55–56, 75, 294
expansion of, 78–79
exponential, 42–43, 45–46
Hermitian, 31–32, 39, 41
identity, 38, 55–56
inversion, 52–53, 66
matrix representation, 39, 41, 43,

46–47
MQ, 90–92
observable, 32, 55–56, 89–90, 300,

30
observation, 55–56, 300, 308
one-spin, 46, 70
orthogonal, 79
Pauli spin, 46–50
projection, 39, 74
rotation, 50–54, 65–67, 84, 85f
shift, 70, 72, 73t, 75, 80–81, 90, 293,

316, 356
similarity transformation of, 44–45,

48, 341
single element, 80–83, 99, 353, 450,

658
single transition shift, 81, 83f, 100,

294, 460
space, 78–80
spherical tensor, 103–104, 353
two-spin, 70, 71t, 73t
unitary, 44

Optimal control theory, 179, 726
Order parameter

Saupe, 109
Lipari-Szabo, 368–370
ubiquitin, for, 812f

Orientational correlation function.
See Stochastic correlation function

Orientational spectral density function.
See Spectral density function

Orthogonal operator, 79
Orthogonality, 32, 79. See also

Normalization
Orthonormal set, 32–33, 38
Orthonormality, 32
Oscillator, damped, 139. See also FID;

Interferogram
Oscilloscope, 237, 238f, 253
Out-and-back coherence transfer, 613
Out-and-stay coherence transfer, 632
Oversampling, 126–129, 266

P

Paramagnetic relaxation, 365, 370
Paramagnetic effects, 797
Parseval’s theorem, 138
Parts per million (ppm), 23, 262
PAS. See Principal axis system
Pascal triangle, 412
Passive scalar coupling. See Scalar

coupling
Pauli spin matrices, 37, 46
P.COSY (Purged Correlation

Spectroscopy), 427–428
Peaks. See also Cross-peaks; Direct

peaks; Remote peaks
back-transfer, 527
breakthrough peaks, J-filter, 764
diagonal, 277, 290, 452–453, 475, 593,

597
zero-quantum, 490, 505–506,

508–509
suppression of, 314, 508–509

Peakshape. See Lineshape
Peak-to-peak voltage, 253
P.E.COSY (primitive E.COSY), 427
PEP (Preservation of equivalent

pathways), 500–502, 560–572. See
also individual NMR experiments

13C heteronuclear correlation, in, 598
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PEP (Preservation of equivalent
pathways) (Continued )

15N heteronuclear correlation, in,
554f, 560–566, 570f

gradient-enhanced, 574, 575–578,
577f

HSQC-TOCSY, in, 593
triple-resonance, in, 620f, 627–628
TROSY, in, 566–570, 570f, 620f,

628
relaxation, 562–563, 568–570
sensitivity enhancement, 562–563
spin multiplicity in, 560–561
TOCSY, in, 500–502, 593

Peptide
chemical shifts, random coil, 23, 408,

782, 794, 804
1H 1D spectrum of, 272f
scalar coupling in, 799
test sample, as, 255–256

Perdeuteration, 727
13Ca decoupling and, 734
isotope shifts and, 732–733, 732t
relaxation and, 728–729, 729f, 734
sensitivity and, 729–732

PFG. See Pulsed field gradient
Phase angle, 10, 37, 120, 166, 167f, 720
Phase correction

aliasing and folding in, 125–126
baseline distortion, from, 156–158,

156f, 157f, 324
first-order, 131, 152, 154f, 155
nonresonant phase shift for, 170–172,

621–622, 645
pivot, 152, 155
zero-order, 152, 153f, 154f, 155

Phase cycle, 292–307. See also
Coherence transfer pathway;
Frequency discrimination; Isotope
filter; Quadrature detection;
individual NMR experiments

artifact suppression in, 307–310
axial peak suppression, 309–310,

323–324
cogwheel, 307
CYCLOPS (Cyclically ordered phase

sequence), 266, 307–308
EXORCYCLE, 266, 309, 313
first pulse, for, 306–307
grouping pulses in, 306–307

heteronuclear correlation, for,
546–548

last pulse, for, 307
limitations of, 310–311
p-quantum, 465, 465f
p-quantum filtration, 437f, 438, 461t
repetition rate artifacts, 258, 310–311,

444–445
saving time in, 305–307, 310–311
selectivity of, 305

Phase error, 123, 127, 154–156, 170, 266,
539, 622, 645, 659

Phase map, 246–249, 250
Phase modulated signal, 316–317
Phase, NMR spectrum of, 139,

151–158
baseline distortions, 156–158, 156f,

157f
frequency-dependent, 151–152, 154f
frequency-independent, 151–152,

153f, 154f
initial, 139
sampling delay and, 154–156, 156f

Phase, pulse, 10–11, 168–171
Phase sensitive. See Frequency

discrimination; Quadrature
detection

Phase shift, resonance
nonresonant, 9, 170–172

cosine modulation, compensatory,
172

delays, compensatory, 597, 599
phase shift compensatory, 171–172,

621–622, 645
pulses, compensatory, 172,

579–580
off-resonant pulse, 166–169, 167f,

168f
receiver phase by, 295–300, 302–306
rf phase by, 298

Phase, spatially dependent, 218, 220,
311, 576

Phase-incremented pulse (PIP). See
Phase-modulated pulse

Phase-modulated pulse, 181–189, 185f
vector representation of, 190f

Phase-twisted lineshape, 319, 320f
Phasing, 151–156, 153f, 154f, 156f. See

also Phase correction
in multidimensional NMR, 323–326
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Picosecond-nanosecond dynamics,
685–701

15N backbone amide, 686–692, 688f,
693f-695f

13CH2D methyl, 693, 696–699, 696f,
698f, 700f

13CO backbone, 699–700, 701f
PIP (Phase-incremented pulse). See

Phase-modulated pulse
Pivot, 152, 155
Planck’s law, 6
Polar angle, 110, 365, 368, 804–805
Polarization transfer. See Coherence

transfer
Poles, signal, 160
Polyacrylamide gels, RDC and, 668–669
Population. See also Spin-lattice

relaxation
Boltzmann distribution, 5, 55–56,

335
density matrix, 55–56
effects of rf pulse on, 75
equilibrium, 5
inversion, 16, 57
Solomon equation for, 339–340
transfer, 98–99, 397f, 706

Population transfer, chemical exchange
and, 397f, 706

Post-acquisition signal processing,
232–234

Post-acquisition solvent suppression,
232–234

Power, 253–254
Power spectral density function. See

Spectral density function
pQ NMR (Multiple quantum NMR),

463–465, 465f. See also 2Q NMR;
3Q NMR

pQF COSY (Multiple quantum filtered
COSY), 437–440, 437f. See also
2QF-COSY; 3QF-COSY

p-quantum filtration, 437–440. See also
2QF-COSY; 3QF-COSY

PR. See Projection-reconstruction
Preacquisition delay, 265–266, 494
Preamplifier, 115f, 119, 123, 133f, 253
Precession. See Free precession
Precision, three-dimensional structures

of, 798, 805–806, 809–810
Prediction order, 160

Preparation period, 271, 273f, 279–280,
328f, 330f, 680

Presaturation, 223–224, 233f
NOESY and, 513f

Preservation of equivalent pathways.
See PEP

Pre-TOCSY, 428–429, 428f, 499
Pre-TOCSY COSY, 428–429, 428f,

499
Primitive Exclusive Correlation

Spectroscopy (P.E.COSY), 427
Principal axis system (PAS), 22,

103–104, 108f, 110
Principal component of tensor, 22, 103,

110, 110
Principal value of tensor, 22, 103, 110,

110
PR-NMR (Projection reconstruction-

NMR), 773–775, 774f
Probability density, 30, 40, 107, 109,

111, 350
Probability, transition, 334–335
Probe, 114–120, 115f, 118f. See also rf

coil
actively shielded gradient, 217,

219–220
cryogenic, 119
impedance, 118–119, 237
quality factor, 118, 159
resonance frequency, 237
tuning and matching, 119, 237–238,

238f
PROCHECK, 809–810
PROCHECK-NMR, 809–810
Prochiral groups, assignment of, 502,

798
Product basis, two-spin, 24, 58–61,

62–64
Product operator. See also Basis

operator; Cartesian operator;
Density operator; Hamiltonian;
Operator; Tensor Operator; Trace

Cartesian basis, in, 58–61, 70, 71t, 80
shift, 70, 72, 73t, 75, 80–81, 90, 293,

316, 356
single element, 80–83, 99, 353, 450,

658
single transition shift, 81, 83f, 100,

294, 460
transformation of, 84–88, 85f, 87f
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Product operator formalism, 77–102
evolution of, 84–88, 85f, 87f

cascades during, 86,88
chemical shift, 84, 856
commuting operators of, 88
double quantum (DQ) coherence

of, 90–93
free precession, 84–86, 87f, 90–92
rotation, 84, 85f
scalar coupling, 84–85, 87f, 92
zero quantum (ZQ) coherence of,

90–93
pulses, 85–86, 87f
relaxation, 337–338, 357, 359, 362
transformation, 84–88, 85f, 87f

Profile edge shimming, 252
Progressively connected transition, 77,

460
Projection operator, 39, 74
Projection-reconstruction (PR),

773–775, 774f
Propagator, 45–46, 54, 79–80, 84,

337–338
Protein. See also Ubiquitin; calbindin

D28k

chemical shifts for, 784f, 785f, 795f,
796f

correlation time for, 18, 21
denatured, 407f, 408–409
hydration layer, 21
hydrodynamic radius, 21
linewidth, 20f, 729f, 730f
scalar coupling constants for, 800f,

800t, 801t, 802f, 802t, 803f, 803t
specific volume, 21

Protein structure. See Structure
determination

Protein-ligand binding, 753–769. See
also Isotope filter

amide proton exchange, 760
chemical exchange regime, 753–755
chemical shift mapping, 756–757
cross saturation, 757–759
NOESY and, 761–769
relaxation for detecting, 759–760

Proton decoupling, 552–553, 555–557,
570f, 626–627

Proton detection, 535
Proton exchange. See Amide proton

exchange

Protonation, 749–753
amide 1HN spins, 727–728
aromatic rings, 752–753
ILV, 751
methyl-selective, 749–752
ubiquitin, ILV NOESY, of, 752f

Pseudo-diagonal, 471, 475f, 597
Pseudo-energy, from restraints,

808–810
Pseudo-first-order rate constant, 394
P-type signal, 316–317, 319, 322
Pulse, 14–15. See also 1808 pulse; 908

pulse; Adiabatic pulse; Composite
pulse; Phase-modulated pulse;
Pulsed field gradient; Selective
pulse; Shaped pulse

broadband inversion (BIP), 179
Cartesian product operators and, 84
coherence order, effect of, 294
evolution during, 166–169

product operator formalism, in,
84–85

excitation null for, 169–170
flip angle, 11, 52
Hamiltonian and, 51
homospoil, 220, 574
length, 11, 171, 253–255
off-resonance, 166–169, 167f, 168f,

169, 178f
on-resonance, 16, 17f, 51, 85–86
phase, 10–11, 168–171
purge, 538, 541, 659, 663
read, 224, 226, 511
rf field strength of, 8
rotation angle, 11, 52
rotation operator, 50–54, 65–67, 84,

85f
spin lock purge, 173, 227–230, 228f,

232, 573, 585, 767, 768
Pulse programmer, 115f, 120
Pulse sequence, 43

gradient shimming, 248f
INEPT, 96–99
pulse width calibration, for, 254–257,

256f
out-and-back, 613
out-and-stay, 632
spin-state-selective (S3CT), 99–101
spin echo, 93–96
straight-through, 632
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Pulse sequence, specific experiment
heteronuclear

CE-TROSY, 673f
Cross-saturation, 758f
Double half-filtered NOESY, 766f
Fast HSQC, 575f
1H-13C CT-HSQC, 579f
HCCH-COSY, 603f
HCCH-TOCSY, 610f
HMQC, 537f
HMQC-NOESY-HMQC, 594f,

596f, 598f
HNHA, 662f
HSQC, 537f, 554f, 575f, 577f, 579f
HSQC-NOESY, 592f
HSQC-NOESY-HSQC, 746f, 750f
HSQC-TOCSY, 591–593
IPAP HSQC, 671f
PEP-HSQC, 554f
PFG-PEP-HSQC, 577f
PFG-TROSY, 577f
NOESY-HSQC, 584f
TOCSY-HSQC, 590f
TROSY, 554f, 575f, 577f, 673f

homonuclear
2Q, 465f
2QF-COSY, 437f, 439f
3Q, 465f
3QF-COSY, 437f
COSY, 410f
COSY-b, 426–427
DR.COSY, 435f
E.COSY, 457, 461t
JR.NOESY, 512f
NOESY, 503f, 504f, 512f, 515f
NOESY-TOCSY, 526f
P.COSY, 427–428
pQ NMR, 464–465
pQF-COSY, 437–439
pre-TOCSY COSY, 428–429, 499
R.COSY, 430f
relayed NOESY, 515f
ROESY, 521f, 524f
SCUBA, 429
TOCSY, 488f, 489f

1D 1H
1-�3-3-�1, 224–227
excitation sculpting, 228f
Hahn echo, 228f, 229f, 265–266,

704f

jump-return, 224–225, 261f
one-pulse acquire, 263–264
WATERGATE, 229–230
water flip-back, 229f

Relaxation measurement
1D inversion-recovery, 258
13CH2D, for, 696f, 698f
13CO, for, 701f
CPMG, 712f, 715f
Hahn spin echo, 261f, 704f, 719f
multiple quantum, 717f
15N, for, 688f, 695f, 704f, 709f,

717f
R1�, 709f
relaxation interference, 695f
TROSY-CPMG, 721f
TROSY Hahn spin echo, 719f
ZZ-exchange, 707f

Triple-resonance
CBCA(CO)NH, 643f
CBCANH, 648f
CC(CO)NH-TOCSY, 742f
HBHA(CBCACO)NH, 645
HBHA(CBCA)NH, 649
HCACO, 637
(HCA)CONH, 641
H(CA)NH, 633f
HNCA, 619f-620f, 736f
HNCACB, 651f, 738f
HN(CACB)CG, 740
HN(CA)CO, 640f
HNCA-J, 657f
HNCO, 638f
HN(CO)CA, 630f

Pulse width calibration, 252–257
pulse sequences for, 256f

Pulse-acquire. See One-pulse acquire
experiment

Pulsed field gradient probe, actively
shielded, 217, 220, 246f, 251f

Pulsed field gradient (PFG), 217–221,
311–315

artifact suppression, 313–313, 577f
coherence selection, 311–314,

574–578
dephasing by, 219f
frequency discrimination by, 322–323,

574–578
limitations of, 314–315
magic-angle, 221, 444
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Pulsed field gradient (Continued )
radiation damping and, 219, 231–232,

440, 514, 587
recovery delay for, 315
shape factor for, 311
solvent suppression using, 229f,

230–232, 573–574
strength of, 218, 221
three-axis, 220, 444
z-axis, 217–218

Pulse-interrupted free precession,
280–284

Pure state, 40, 74
Purged Correlation Spectroscopy

(P.COSY), 427–428
Purity, sample, 409, 418

Q

Quadrature detection, 117, 132–136,
133f, 134f, 321. See also Frequency
discrimination; States; Time-
proportional-phase-incrementa-
tion; TPPI-States

Quadrature glitch, 307–308
Quadrature images, 135–136, 264–265,

307–308
Quadrature pair, 132, 564
Quadrupolar Hamiltonian, 680

spatial functions for, 366t
spherical harmonic functions for,

350t
tensor operators and, 385t

Quadrupolar nuclei, 2, 384
Quadrupolar relaxation, 370–371,

383–384, 385t
techniques for, 693, 696–699, 696f,

698f
ubiquitin, of, 700f

Quadrupole moment, 2, 384. See also
Electric field gradient tensor

axial symmetry of, 366
principal axis of, 365
spatial function for, 366
spherical harmonic functions for,

350t
tensor operators and, 385t

Quality factor, 118, 159, 211
Quantitative J-correlation, 656, 660,

662, 670

Quantum mechanical relaxation theory,
351

Quantum mechanics
density matrix, 37–40
multispin systems, of, 58–70
postulates of, 29–37

Quantum number, angular momentum,
2. See also Magnetic quantum
numbers

Quantum statistical mechanics, 40–41
Quarternion formalism, 15, 177

R

R1. See Spin-lattice relaxation
R1�, 382. See also Rotating frame

relaxation
R2. See Spin-spin relaxation
R�2, 18, 408, 544
Radiation damping, 123, 222, 232, 241,

248–249, 440, 511–512, 514, 574,
586–587

Radiofrequency field. See rf field
Raising operator. See Shift operator
Rance-Kay processing, 563, 564,

567–568
Random coil chemical shifts, 23, 408,

782, 794, 804
Random field. See Stochastic field
Random fractional deuteration, 727

isotopomers in, 733
relaxation and, 728–729, 730f, 741

Random function. See Stochastic
function

R.COSY, 429–436
experimental protocol for, 432
processing of, 432
product operator analysis for,

430–431
pulse sequence for, 730f
ubiquitin, of 434f

RCT. See R. COSY
RD (Reduced dimensionality),

771–772
RDC. See Residual dipolar coupling
RE-BURP, 182f, 184f, 186
Read pulse, 224, 511, 528
Real Fourier transformation, 141, 317,

318f, 319, 321–322. See also
Fourier transformation
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Receiver, 115f, 123
gating delay, 157–158, 266
phase shift, 297–298

Recovery delay, pulsed field gradient,
315

Rectangle function, 144–145
Recycle delay, 98, 257–258, 258f

double diagonal artifacts and,
444–445, 445f

Ernst angle and, 257, 258f
NOESY, for, 506
phase cycling and, 306
signal-to-noise and, 158, 534

Redfield equation, 350–359. See also
Relaxation theory

Redfield kite, 358f
Redfield’s method for frequency

discrimination, 321
Reduced dimensionality (RD), 771–772
Reduced staic field, 10
Reference, chemical shift, 23, 262–263
Reference frame

alignment, 108, 804–805
frequency modulation (FM), 191–192,

196
interaction, 351–352
laboratory, 4, 7–8, 102, 104, 106, 107,

108f, 364f, 368, 387
molecular, 107, 367–368
rotating, 7, 10–11, 11f, 43–46, 364f
tilted, 10–11, 11f, 363–364, 364f,

381–383
Reference frequency, 132, 135, 322
Refinement, 3D structures of, 805,

809–810
Refocused INEPT, 98–99, 553, 556f.

See also INEPT
Refocusing, by 1808 pulses, 93–96
Regressively connected transition, 77,

460
Relaxation, 333. See also individual

NMR experiments
adiabatic, 336, 337, 349–350
autorelaxation, 340, 357, 359, 362,

375, 382–383, 692
average, 364, 380–381, 383, 396,

540, 542, 572, 681–685, 713,
718, 720, 748

biexponential, 343–345, 681
coherence, dephasing by, 336

constants in, 337
cross-correlation. See Relaxation

interference
cross-rate constant, 342
cross-relaxation. See

Cross-relaxation
chemical shift anisotropy (CSA), 22,

349–350, 383–384, 385t,
386–387, 502–506, 571, 680

decay constant, 139, 399, 400, 692
deuteration and, 728–729, 729f, 730f
dipolar, 20f, 359–360, 365–366,

370–383, 377t, 386, 502,
571–572, 680, 685. See also
Cross-relaxation; NOE;
NOESY; ROE; ROESY

dynamic frequency shift, 356–357
extreme narrowing, 367, 384, 391
forbidden, 360, 453, 483
heteronuclear multiple quantum

coherence for, 540
heteronuclear single quantum

coherence for, 378–381, 542
high temperature limit, 356, 365
inhomogeneous broadening, 18,

534–544, 545f
initial rate regime, 343–345, 507, 681,

797
interference. See Relaxation

interference
1H relaxation rate constants, 20f,

729f, 730f
laboratory reference frame, 357–358,

363, 364f, 368, 383, 686–701
leakage rate constant, 342
like spins, 360–363, 382
Lipari-Szabo formalism, 368–369
longitudinal. See Spin-lattice

relaxation
magnetic equivalence in, 353, 360,

391–392
master equation, 351–359
monoexponential, 344–345, 683
multiexponential, 341, 453, 483, 714
15N relaxation rate constants,

ubiquitin, of, 694f, 695f, 705f,
710f, 717f

nonsecular contribution to, 355,
361–362, 380, 399, 684

paramagnetic, 365, 370
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Relaxation (Continued )
perdeuteration and, 728–729, 729f
population, 335–336, 339–340.

See also Spin-lattice relaxation
product operator, for, 337–338,

357–358, 359, 362
quadrupolar, 365, 370–371, 383–384,

385t
random fractional deuteration and,

728–729, 730f, 741
rate matrix, 341, 357–358, 358f, 372,

378, 395, 397, 506, 680–684
Redfield kite, 358f
rotating frame, 363–364, 364f,

381–383, 390–391
scalar, 370, 381, 387–388, 401, 406, 734

of first kind, 387–388
of second kind, 387–388

secular approximation in, 358,
360–363, 372, 376, 380, 683

self-decoupling by, 381, 401, 660, 799
Solomon equations, 338–346, 375, 503

relaxation interference and, 386
spatial functions for, 366t
spin diffusion, 367, 511, 515, 528, 745,

759, 797, 798
NOESY and, 506–508, 522
ROESY and, 522

spin diffusion regime and, 367
spin-lattice. See Spin-lattice relaxation
spin-spin. See Spin-spin relaxation
superoperator, 356, 361. 363
transverse. See Spin-spin relaxation
ubiquitin

order parameters for, 812
relaxation decay for, 693f, 710f
relaxation dispersion in, 710f
relaxation rate constants for,

694f, 695f, 700f, 705f, 717f
unlike spins, 360–363, 714

Relaxation interactions and mechanism.
See also Chemical exchange

chemical shift anisotropy (CSA), 22,
349–350, 383–384, 385t,
386–387, 502–506, 571, 680

principal axis for, 349–350, 365, 387
spatial functions for, 366t
spherical harmonic functions for,

350t
tensor operators and, 384t

dipolar relaxation, 20f, 359–360,
365–366, 370–383, 377t, 386,
502, 571, 680. See also Cross-
relaxation; NOE; NOESY;
ROE; ROESY

picosecond-nanosecond dynamics
and, 685

principal orientation of, 365
spatial variables for, 366t
spherical harmonic functions for,

350t
tensor operators for, 372t, 382
TROSY and, 572

paramagnetic, 365, 370
quadrupolar, 370–371, 383–384, 385t

spatial functions for, 366t
spherical harmonic functions for,

350t
tensor operators and, 385t

scalar, 370, 381, 387–388, 401, 406,
734

of first kind, 387–388
of second kind, 387–388

Relaxation interference, 359–360,
385–387

CRIPT and, 726
CSA-CSA, 692
CSA-dipolar, 359–360, 373, 385–387,

570–572, 672, 686, 692, 695f,
703–704, 713

dihedral angle and, 801
dipole-dipole, 692
forbidden cross-peaks from, 360, 453,

483
experimental methods for, 683–685,

692–693
multiplet structure and, 684–685
spectral density function for,

369–370
TROSY and, 570–572, 718–721

Relaxation measurements
13CH2D, for, 696f, 698f
13CO, for, 699–700, 701f
CPMG, 712f, 715f
Hahn spin echo, 261f, 704f, 719f
inversion recovery, 258–259, 342–346,

686, 688f
Multiple quantum, 717f
15N, for, 688f, 695f, 704f, 709f, 717f
NOE difference, 388–390
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NOESY. See NOESY
R1�, 709f
relaxation interference, 695f
ROESY. See ROESY
steady-state NOE, 388–390, 690–691,

688f, 699–700, 701f
transferred NOE, 760–761
transient NOE, 344–345, 346f
TROSY-CPMG, 721f
TROSY Hahn spin echo, 719f
ZZ-exchange, 707f

Relaxation mechanisms. See Relaxation
interactions and mechanisms

Relaxation theory
Bloch equations, 12–14, 337–338,

346–350
Bloch-McConnell equations,

393–400
quantum mechanical, 350–351
semi-classical (BMR), 350–364,

358f
Solomon equations, 338–346, 343f,

375, 503–504, 506–507
Relaxation-compensated CPMG, 712f,

713–715, 715f
Relayed coherence transfer (RCT).

See R.COSY
Relayed COSY. See R.COSY
Relayed NOESY, 515–517

pulse sequence for, 515
ubiquitin, of, 516

Remote peak
2Q and, 469–472, 471f, 472t, 475,

475f, 479f
3Q and, 484–485

Reorientation. See Diffusion
Repetition rate artifacts, 258, 310–311,

444–445
Residual dipolar coupling (RDC), 110,

665–673, 810–811
alignment media for, 667–669
coherence transfer using, 291
measuring, 670–673
restraint, from 751, 804–805
ubiquitin, for, 669f, 812f

Resistance, 119–120, 253–254
Resolution

digital, 141, 158
constant-time evolution, in 544,

549–550

semi-constant time evolution, in,
691–692

enhancement, 147–148, 149f,
150f

magnetic field, dependence on, 23,
116

Resonance assignment
1H, 782–791
isotopically labeled proteins, for,

792–794
Resonance degeneracy. See Chemical

shift, degeneracy
Resonance dispersion, 179, 236, 405,

407f, 408, 785, 791
Resonance frequency, 8, 11, 125 132,

237, 324
Resonance lineshape. See Lineshape;

Linewidth
Resonance linewidth. See Lineshape;

Linewidth
Resonance offset, 10, 58, 121
Restrained molecular dynamics (rMD),

808–809
Restraint

covalent, 808
dihedral angle, 798–804, 800f, 802f,

803f, 804, 806–807
distance, 510, 522, 751–752, 797–798,

806–807
hydrogen-bond, 805–806, 807
NOE, 507–508, 510, 522, 751–752,

797–798, 806–807
Paramagnetic effects, 797
protein complexes, for, 756, -769
RDC, 804–805
ROE, 522
residue, per, 798
scalar coupling, 798–804, 800f, 802f,

803f, 806–807
violations, 809

rf coil, 116f, 117–119, 118f
rf field

amplitude of, 8, 9–11, 120
B1, 9, 11f
Bloch-Siegert shift of, 9, 170
counter-rotating, 9, 50, 170
Hamiltonian for, 50
inhomogeneity of, 172–174, 178f,

228–230, 364, 517, 519
nonresonant, 9, 170
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rf field (Continued )
off-resonance, 10–11, 11f, 12f,

166–167
on-resonance, 10, 11f, 12f
phase of, 9–10, 120
strength of, 8, 9–11, 120

rf power meter, 237, 238f
rf transmitter in, 115f, 120–122

Ridges, 416, 493, 785
Rigid rotor, 366–367
Ring flip, aromatic, 369, 480, 810
Ringing, 265
rMD (restrained molecular dynamics),

808–809
RMSD (Root-mean-square deviation),

798, 808–809
ROE (Rotating frame Overhauser

effect), 363–364, 383, 390–391, 491,
493, 502, 517, 520–522. See also
Cross-relaxation; NOE

ROESY (Rotating-Frame Overhauser
Effect Spectroscopy), 517–524.
See also Cross-relaxation; NOESY;
ROE

chemical exchange in, 522, 524
experimental protocol for,

520–521
mixing time for, 520–521
vs. NOESY, 517, 522
product operator analysis for,

517–520
processing of, 521–522
pulse sequence for, 521f, 524f
relaxation in, 363–364, 383,

390–391
resonance offset in, 518–520
rf inhomogeneity in, 364, 517
spin diffusion in, 522
ubiquitin, of, 523f
variants of, 524

Roll, baseline, 157, 266
Root-mean-square deviation (RMSD),

798, 808–809
Root-mean-square voltage, 253
Rotating frame, 7, 10–11, 11f, 43–46,

364f
Rotating frame Overhauser effect. See

ROE
Rotating frame transformation, 43–46,

50–51, 363–364

Rotating-Frame Overhauser Effect
Spectroscopy. See ROESY

Rotating-frame relaxation, 363–364,
364f, 381–383, 390–391

Rotation, convention for, 10, 58,
121–122

Rotation operator, 50–54, 65–67, 84,
85f

Rotational correlation time, 20f, 21.
See also Diffusion

Rotational diffusion. See Diffusion
R-SNOB, 182f, 184f, 186

S

S3CT. See Spin-state selective coherence
transfer

SA (Simulated annealing), 809
SAIL (Stereo-array isotope labeling),

727
Sample preparation, 234–236
Samples, test, 255
Sampling, 124–125

decimation in, 129
nonuniform, 770–771

Sampling delay, 139, 154, 156, 161, 172,
324

acquisition, adjusting, 154, 324, 546,
655

indirect evolution, 324, 770
adjusting in, 324–326, 546, 658
compensating with added delay,

597
Sampling interval, 124–125, 140, 158,

265, 320–321
Sampling rate, 124–129, 132, 265
Sampling theorem, 124–126, 126f
SAR (Structure-activity relationship),

736
Saturation, 253, 259, 271, 477f, 585,

685, 688f, 689–691, 701f, 755f,
757–759

Saturation transfer, 223–224, 226, 228,
232, 409, 511, 514, 573, 685, 690,
758–759, 805

Saupe order matrix, 109, 804
Scalar coupling, 23–27, 55

2Q and, 474–475
active, 91, 282–284, 412, 456, 458,

473, 536
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apparent, 110, 660, 664–665, 669,
799

average, 402, 799
Bloch equations in, 23–27
chemical exchange and, 401–402
coherence transfer and, 280–283, 288,

338, 410, 492f, 520, 534, 601
CPMG and, 711, 714
dihedral angle and, 656, 799–802,

800f, 802f, 803f
dihedral angel restraints from, 455,

656, 798–803, 810
energy of spin states, 24
evolution in the product operator

formalism, 84–85
Hamiltonian and, 61–65, 80, 378. See

also Hamiltonian, scalar
coupling

intramolecular dipolar relaxation
and, 378–381

Karplus curve, 388, 424, 798–803,
800f, 802f, 803f

multiple quantum coherence,
evolution of, 92, 536

multiplet, 24, 63, 76, 98, 201, 241–242,
271, 380, 401–402, 548, 571, 578,
684

passive, 91–92, 282, 655
2Q in, 468
2QF-COSY in, 443
3Q in, 482
COSY in, 412, 420
COSY-b in, 426–427
decoupled HSQC in, 555
E.COSY in, 456–463
HCCH-COSY in, 605
PEP in, 561

relaxation and, 370, 387
resolved, 452
restraints derived from, 799–800
sign of, 459
spin echo and, 95
strong, 26–27, 62, 90, 107, 284–286,

292
time-dependent, 387–388
TOCSY and, 486
topology of, 490, 786
trans-hydrogen bond, 762, 806
in two-spin system, 25f, 62
weak, 26, 62, 64

Scalar coupling constants, 24, 62, 84,
110, 401–402, 667t

COSY and, 420–426
HCCH-TOCSY and, 602
heteronuclear, 617t
homonuclear, 401, 504, 535, 538,

539, 541, 543, 583, 670, 703, 714,
726, 734, 798–802, 800f, 800t,
801t, 802f, 802t, 803f, 803f,
806–807

linewidth and, 426
Lorentzian lineshape and, 425
measurement of, 420–426, 656–665
side chains and, 656
TOCSY and, 502
trans-hydrogen bond, 797, 806

Scalar coupling constants, measure-
ments of

absorptive and dispersive lineshapes
from, 425

COSY, 420–426
COSY-b, 426–427
E.COSY, 455–463
heteronuclear E.COSY, 656
heteronuclear-edited NMR,

590, 656
HNCA-J, 656–660
HNHA, 660–665
nonlinear least squares, 426, 656
quantitative J-correlation, 656
TOCSY, 502
TOCSY-HSQC, 590

Scalar product, 33, 37
Scalar relaxation, 370, 381, 387–388,

401, 406, 734
of first kind, 387–388
of second kind, 387–388

Scaling interferogram, first point of, 155,
156f

Schrödinger equation, 30, 41. See also
Liouville von Neumann equation

Hamiltonian and, 30
time-independent, 34
wavefunction and, 30

SCUBA (Stimulated Cross-peaks Under
Bleached Alphas), 426, 429

Secondary chemical shift, 23, 804
Secondary magnetic field, 22
Secondary structure, 786, 790

1HN-1Ha scalar coupling for, 798–799
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Secondary structure (Continued )
chemical shifts for, 405, 409, 783, 794,

804
determination of, 806–808
deuterium isotope shift, 733
NOE characteristic for, 797, 806

Secular, 355, 358, 360, 682
Secular approximation, 358, 360–363,

372, 376, 380, 683
SEDUCE-1, 170, 182f, 183f, 217
Selection rule, 6, 25, 358, 449, 452–453,

473, 475, 482–483
p-quantum, 482–483
p-quantum filtration, 457

Selective decoupling, 170, 217, 271, 549,
758

Selective inversion recovery, 343,
346f

Selective protonation. See Protonation
Selective pulse, 172, 179–181, 217, 227,

228f, 229f, 230–232, 259, 525, 549,
607, 697

Selectivity, phase cycle, 303–304
Self-cancellation, 284, 414, 424, 425, 435,

476, 481, 510
heteronuclear correlation and, 552

Self-decoupling, relaxation by, 381, 401,
660, 799

Semi-selective decoupling, 170, 549
Sensitivity, 6, 98–99, 116–117, 119, 158.

See also Noise; Signal-to-noise
ratio; individual NMR
experiments

3D compared to 4D, 600–601
constant-time, 544
heteronuclear NMR, 534, 552
recycle delay and, 257–258
relaxation and, 534

Sensitivity-enhancement. See PEP
Separation of interactions, 278
Separation of variables, 31
Sequence alignment, 788, 790, 794
Sequence specific assignment, 510, 788,

792, 796
Sequential assignment, 515–516, 516f,

590, 614, 646, 653, 740, 785, 789,
791–793, 806

Sequential NOE, 513f, 515, 533, 786f,
788–790, 790f, 807

Shape factor, 220, 311

Shaped pulse, 170, 171, 183f, 184f,
185f, 220, 228f, 230, 579, 645,
655, 696f, 698f, 717f

Shielding tensor, 22, 102, 103
Shift basis operator, 70, 73t, 75
Shift operator, 70, 72, 73t, 75, 80–81, 90,

293, 316, 356
Shifted laminar pulse (SLP). See

Phase-modulated pulse
Shim system, 117, 238–252

coils and, 239–240, 240t, 250
FID and, 241
gradient, 242–252
maps, 251f
profile edge, 252
protocol for, 243f
pulse sequences for, 248f
values, 251

Shimming, 238–252
Side chain conformation, 522, 656
Side chain torsion angle, 656, 801–803,

803f, 803t
Side chains, 19, 436, 667, 791

1H and, 743
2Q and, 478
3Q and, 485, 486
aliphatic, 641, 784f, 785
CC(CO)NH-TOCSY and, 743
deuteration and, 732, 740–743
E.COSY and, 456
nonaliphathic, 418, 784f, 785, 810
R.COSY and, 433
scalar coupling constants and, 656
TOCSY and, 498, 499

Sidebands. See Cycling sidebands
Signal

amplitude modulated, 316, 319, 322,
500, 559–560

analog, 123, 127–129, 156
audio frequency, 132
continuous, 124
cosine-modulated, 132, 315, 316, 320,

561, 562, 564, 771
harmonic, 132, 144
high-frequency, 126f, 132, 134f
N-type, 316, 319, 322
phase modulated, 316, 565
P-type, 316, 319, 322
sine-modulated, 132, 315, 316,

320–322, 326, 413, 561

878 INDEX



sinusoidal, 124, 132, 160, 254, 337,
411

Signal averaging, 174, 255, 257, 258,
265, 274, 293, 310

Signal-to-noise (S/N) ratio, 119, 123,
143, 144, 148, 149f, 150f, 158–159,
327–328. See also Noise;
Sensitivity; individual NMR
experiments

2QF-COSY and, 447, 448f
COSY and, 414, 415, 448f
deuteration and, 729–732, 741, 745
1H NMR, in, 406–409
pulsed field gradient, 313, 315,

322–323, 576
heteronuclear NMR, 535
linewidth and, 18
matched filter and, 144
multi-dimensional spectrum, in, 326
probe, of, 119
NOESY and, 506, 797
PEP, 501, 560–566
power ratio, 128
preamplifier, of, 123
rapid data acquisition and, 769, 770,

773, 775
TOCSY and, 501
ubiquitin 1D spectrum, in, 406

Similarity theorem, 138
Similarity transformation, 44, 48, 58
Simulated annealing (SA), dynamical,

809
Simultaneous eigenfunctions, 34–35
Sinc function, 145, 146f, 182f
Sinc pulse, 171, 182f
Sinc-wiggles, 157
Sine bell, 415f, 416, 417f, 426

2QF-COSY and, 446
phase-shifted, 147

Sine-modulated signal, 132, 315, 316,
320–322, 326, 413, 561

Single element basis operator, 80–83, 99,
353, 450, 658

Single quantum relaxation. See
Spin-lattice relaxation; Spin-spin
relaxation

Single transition shift basis operator, 81,
83f, 100, 294, 460

Single-quantum (SQ) coherence, 74, 82,
83f, 101f, 295

HSQC and, 535, 543–544, 572
operators and, 82, 88–90

Single-quantum transitions, 76, 77f, 82,
83, 88, 202

Size limitations, for NMR, 405, 533, 613
Skewed unimolecular exchange, 399
SL. See Spin lock
Slices of 3D spectrum, 328–329
Slow exchange, 401, 511, 522, 702, 754,

760. See also Chemical exchange
Slow tumbling, 367, 391, 569
SLP (Shifted laminar pulse). See

Phase-modulated pulse
S/N. See Signal-to-noise ratio
Soft-hard-soft pulse sequence, 230
Solomon equations, 338–346, 375, 503.

See also Cross-relaxation; Dipolar
relaxation

relaxation interference and, 386
Solomon transition rate, 375
Solvent exchange. See Amide proton

exchange; Chemical exchange
Solvent suppression, 117

1-�3-3-�1, 224–227
binomial sequences, 224–227, 230
convolution difference low pass filter,

232–235
dynamic range and, 221, 223
flip-back, 231–232, 574–578, 575f,

685, 690–691
Hahn echo, 232, 263–267
heteronuclear NMR experiments and,

573–578
isotope exchange, 222–223
jump-return, 224–226, 227f, 233f,

235f, 261f
NOESY and, 503, 511–514
postacquisition, 232–234, 235f
presaturation, 181, 223–224, 233f,

409, 418, 428, 448, 473, 475,
499, 506, 511, 513f, 573

pulsed field gradient using, 227–232,
573, 574

saturation transfer during, 223, 226,
228, 232, 409, 573, 690

selective pulses in, 179–180, 227–232
spin lock purge pulse, 173,

227–230, 228f, 232, 573, 585,
767, 768

TOCSY-NOESY and, 528
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Solvent suppression (Continued )
water flip-back, 231–232, 574–578,

575f, 685, 690–691
WATERGATE, 229f, 230, 232, 574

Solvent, viscosity of, 21, 366, 408
Spatial variables, relaxation for, 353,

365, 368
Spatially dependent phase, 218, 220,

311, 576
Specific volume, 21
Spectral assignments, 782
Spectral density function, 355, 358, 363,

365–370, 367f
autocorrelation for, 355
cross-correlation for, 359, 369–370
high-temperature limit in, 365
internal motion for, 369
lattice jump model for, 368
Lipari-Szabo, 368–369
rigid isotropic sphere, for, 366–367

Spectral editing, 546, 580
Spectral simplification, 437, 449, 452, 484
Spectral width, 124–125

2Q experiment and, 473
3Q NMR, 483
13C, 550–551

Spectrometer. See NMR spectrometer
Spectrum, frequency domain, 18,

133–136, 773
Spherical harmonic functions, 106, 239,

240, 349, 365
modified second-order, 350t

Spherical tensor operator, 103, 353
Spherical top, 366
Spin angular momentum. See Angular

momentum
Spin decoupling. See Decoupling
Spin diffusion, 367, 511, 515, 528, 745,

759, 797, 798
NOESY and, 506–508, 522
ROESY and, 522
regime, 367

Spin echo, 92–97, 265, 703, 711, 714
chemical shifts and, 94
difference, 763
gradients and, 313, 315, 438
in gradient shimming, 248
Hamiltonian, 95
homonuclear, 96
multiple, 221

Spin flip, 338
Spin lock (SL), 197, 227–232, 228f, 254,

382, 518. See also Solvent
suppression

purge pulse, 173, 227–230, 228f, 232,
573, 585, 767, 768

ROESY in, 520–524
rotating-frame relaxation, in, 707–710
trim pulse, 609

Spin operator, 46
Spin quantum number, 2
Spin system, 24, 28, 58. See also Three-

spin system; Two-spin system
AB, 26
AX, 25f, 26
categorization of, 787f
density matrix formalism and, 29
InS, 553, 555–556

Spin system assignments, 222, 405,
534, 613, 615t, 725, 739, 761,
782, 792

Spin tickling, 271
Spin-1/2 nuclei, 6, 27, 38, 55, 78, 370
Spin-lattice relaxation, 5, 12, 337, 338,

340, 378, 534, 805
1H, 535
axial peaks and, 309
Bloch formulation, 12–14, 337
CSA, 20f, 23, 349, 365, 366t, 370–371,

383–386, 680, 685
dipolar, 346, 365, 366t, 370–378
heteronuclear, 535
inversion recovery, measuring using,

258–260, 343–346, 686, 734
quadrupolar, 365, 366t, 370, 383–385,

680, 686, 693, 696, 700f
scalar coupled spins, 378
slow, 491
Solomon equations, 338–346, 375,

386, 389
Spin-lattice relaxation rate constant, 5,

12, 337
Spin-spin coupling. See Scalar coupling
Spin-spin relaxation, 13, 337. See also

Chemical exchange
average, 364, 378–381
Bloch formulation, 12–14, 337
CSA, 20f, 23, 349–350, 365, 366t,

370–371, 383, 384t, 385t, 542,
569, 680, 685, 728, 729f, 739
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deuteration and, 726–728, 729f, 730f
dipolar, 19, 20f, 365, 366t, 370–371,

377–381, 739
heteronuclear, 542, 545, 557
linewidth, measuring from, 18–19,

406–408
quadrupolar, 2, 370, 383–385, 680,

686, 696
random-phase model for, 346–350
scalar, 387–388, 401, 406, 734
scalar coupled spins, 378–381

Spin-spin relaxation rate constant, 13,
337

Spin-state selective coherence transfer
(S3CT), 99, 100, 101f

Spontaneous emission, 334–335
SQ. See Single-quantum coherence
Stability, 116, 236, 660, 679
State function, 30–31, 34, 37. See also

Eigenfunction; Wavefunction
States (hypercomplex) frequency

discrimination, 315, 320, 322–325,
511, 550, 564, 576. See also TPPI,
TPPI-States

Static magnetic field, 4, 7, 11, 116, 238,
246

Stationary state, 24, 34, 36, 55, 63, 75,
77, 98, 289, 336–337

Statistical mechanics, 40
Steady-state NOE difference

experiment, 389–390, 690, 700
Steady-state NOE enhancement, 389
Stereo-array isotope labeling (SAIL), 727
Stereospecific assignments, 502, 522,

761, 798
Stimulated Cross-peaks Under Bleached

Alphas (SCUBA), 426, 429
Stimulated emission, 334–335
Stochastic Brownian motion, 335, 365
Stochastic correlation function, 365.

See also Spectral density function
factoring, 367
internal, 367
overall, 367
rigid isotropic sphere for, 366

Stochastic field, 335–336, 350–351,
365–367

Stochastic Hamiltonian, 345, 351–353,
358, 359, 370, 385, 679

Stochastic process, 336, 348, 355

Stoichiometry, 756
Stokes Law, 21
Straight-through coherence transfer,

632, 643, 743, 751
Strong coupling, 26, 62–64, 66, 90, 217,

285, 488, 611f
Strong coupling parameter, 62
Structural restraint. See Restraint
Structure determination, 806–811

backbone conformation, 656
back-calculation, 810
CORMA, 810
distance geometry, 808
global fold, 749, 751, 786f, 807, 807f
high resolution, 806–813
restrained molecular dynamics,

808–809
secondary structure, 529, 733, 751,

783, 786f, 790, 794, 804,
806–807, 813

side chain conformation, 656
simulated annealing, 809
three-dimensional structure, 808–811,

813
Structure-activity relationship (SAR),

756
STUD, 211
Supercycle, 205, 206, 209, 211, 491,

493–494, 555, 557
Superoperator, 45, 351, 353, 356, 361,

363
Superposition state, 75, 90
SUSAN, 206, 208f, 209, 214, 215
Symmetrical reconversion, 684
Symmetry, 349, 361, 365, 373, 384, 387,

455, 456f, 588, 772, 783
Synchronous decoupling, 555–556
Synthesizer, frequency, 115f, 120, 189

T

t1, 274
T1. See Spin-lattice relaxation
t1 noise, 262, 453
T2. See Spin-spin relaxation
t2, 274
T5M4, 208–209
TALOS, 804
Temperature

calibration, 236–237
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Temperature (Continued )
correlation time, effect on, 21
fluctuations, 310

Tensor, 102–103, 104
chemical shift, 21–22, 102, 107
scalar coupling, 107

Tensor operator
Cartesian, 102
CSA interaction and, 384t
dipolar interaction and, 372t
quadrupolar interaction and, 385t
spherical,103–104, 353

Tesla, 8
Tetramethylsilane (TMS), 262
Thermodynamic equilibrium, 55
Three-dimensional (3D) shim map, 252
Three-dimensional NMR. See 3D NMR
Three-quantum (3Q) coherence, 442,

449–551, 481–482
Three-spin single-quantum coherence,

450–451
Three-spin system, 75–77, 77f, 91–92,

787f
2Q and, 467–473, 471f
2QF-COSY, and, 442–444
3Q and, 481–483
3QF-COSY, and, 449–451, 457–462
DCOSY, and 292
ROESY, in, 522
spin-diffusion in, 506–507

Through-bond coherence transfer, 280
COSY-type, 281–284, 290–291
scalar coupling, by, 782
TOCSY-type, 284–289, 290–291

Through-space coherence transfer, 280
NOE, by, 289–290
RDC, by, 291–292

Tilt angle, 16
Tilted rotating frame, 363–364, 364f,

381–383
Time-dependent Hamiltonian, 30, 351
Time-independent Hamiltonian, 31, 51,

351
Time-proportional phase-

incrementation (TPPI), 315,
321–322, 323t. See also States
frequency discrimination;
TPPI-States

folding and, 324, 325t, 550, 550f
initial delay for, 326

Time-resolved fluorescence
spectroscopy, 21

Time-shifting theorem, 138, 152
TMS (Tetramethylsilane), 262
TOCSY (Total Correlation

Spectroscopy ), 284–289, 486–502.
See also CC(CO)NH-TOCSY;
Coherence transfer; HCCH-
TOCSY; (H)CC(CO)NH-
TOCSY; HSQC-TOCSY; Isotropic
mixing; NOESY-TOCSY;
TOCSY-HSQC

chemical exchange, 493
coherence transfer functions, 491,

492f, 495f
DCOSY, compared with, 292
disadvantages of, 498–499
dispersive lineshape in, 288, 490
experimental protocol for, 493–496
Hamiltonian for, 284, 287
heteronuclear edited NMR and, 582
isotropic mixing sequences and,

287–288, 487–493, 492f, 495f,
611f

Lorentzian-Gaussian transformation
for, 496–497

mixing period and, 494–496, 495f,
497f

pre-TOCSY, 428–429, 428f,
515–517

processing of, 496–498
product operator analysis for,

284–289, 486–489
pulse sequence for, 488f, 489f
rapid acquisition, 500, 501f
relaxation in, 363–364, 496
relayed, 428–429, 428f, 515–517
ROE peaks in, 491, 493
sample purity, and, 409
sensitivity-enhanced, 500–502
stereospecific assignments, for, 502
ubiquitin, of, 480f, 497f, 501f
variants of, 428, 429, 499–502
zero-quantum peaks, 490
z-filtration, 288, 490

TOCSY-HSQC, 589–591
pulse sequence for, 590f
resonance assignment and, 792
ubiquitin of, 591

Torque, 7, 220
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Torsion-angle dynamics, 808
Torsion-angle, side-chain, 656, 801–803,

803f, 803t
Total Correlation Spectroscopy.

See TOCSY
TPPI (Time-proportional phase-

incrementation), 315, 321–322,
323t. See also States frequency
discrimination; TPPI-States

TPPI-States, 322, 323t, 324–326, 325t,
655. See also States frequency
discrimination; TPPI

Trace, 39
basis operator, 79
commutator, 40
cyclic permutation, 40
expectation value as, 39

Transferred NOE, 761
Transformation. See also Fourier

transformation
basis sets, between, 48
coordinate, 108
interaction frame, 352, 363
product operator, of, 79, 84, 85f, 87f
rotating frame, 10, 43–46, 50–51,

363–364
similarity, 44–45, 48, 341
spherical tensors, irreducible, of, 104
tilted, 363–364, 364f, 517–519
unitary, 44–45, 341

Transient NOE experiment, 289, 344,
346f, 390–391, 700, 805

Transient ROE experiment, 390, 391
Transition, conformational. See

Chemical exchange
Transition rate constant, 345, 375
Transition

allowed, 6, 25
anticonnected, 460
connected, 76, 456, 460
double quantum, 75, 76f, 83f
flip-flip, 75, 76f, 83f, 339, 346
flip-flop, 75, 76f, 83f, 339, 346
frequency, 6, 8
magnetic dipole, 6
multiple quantum, 76f
non-connected, 460
probability, spontaneous, 334–335
progressively connected, 77, 460
regressively connected, 77, 460

single quantum, 25f, 75–77, 77f, 82
stochastic field, induced by,

335–336
three-spin system, in, 77f
two-spin system, in, 25f, 83f
unconnected, 426–427, 463
Zeeman, 6
zero-quantum, 75, 76f, 83f

Transmitter
power attenuation, 253–254
frequency, 9
rf, 115f, 120–122
triple-resonance experiments, in, 654
tuning and matching, 237–238

Transverse relaxation. See Spin-spin
relaxation

Transverse Relaxation Optimized
Spectroscopy. See TROSY;
Relaxation interference

Trim pulse. See Spin lock
Triple-quantum. See 3Q (Three-

quantum)
Triple-resonance NMR, 613–655.

See also individual NMR
experiments

3D and 4D, compared, 654–655
experimental parameters, 654–655
experiments, table of, 615t-617t
nomenclature, 613
out-and-back, 613
out-and-stay, 632
straight-through, 632

TROSY (Transverse Relaxation
Optimized Spectroscopy), 387, 535,
552–572, 574–578. See also
Relaxation interference

calbindin D28k, of, 572
chemical shift mapping, for, 756
coupling-enhanced TROSY

(CE-TROSY), 672–673, 673f
CPMG and, 720, 721f
cross saturation, for, 758f
energy level representation for, 559f
Hahn echo and, 718, 719f
methyl groups, for, 749, 770
phase cycling and, 122, 555, 567
product operator analysis for,

566–568
pulse sequence for, 554f, 575f, 673f,

758f
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TROSY (Continued )
pulsed field gradients in, 574–578, 577f
RDC, for measuring, 672
relaxation and, 386–387, 568–572,

719–720
ubiquitin, of, 570f
water flip-back in, 574, 575f

TROSY-CPMG, 720, 721f
TROSY-HNCA, gradient-enhanced,

620f, 628
Truncation artifacts, 143–148, 146f, 157,

265
Tuning and matching, 237–238, 238f
Two-dimensional NMR. See 2D NMR
Two-quantum. See 2Q (Double-

quantum)
Two-spin order, 314, 519, 574, 699, 706,

720
Two-site exchange, 392, 400f, 755f

longitudinal magnetization, 394–397
rate matrix, 393, 395, 397
transverse magnetization, 395,

397–399, 708, 711 755f
Two-spin system, 25f

energy, 24–26, 63, 371–372
Hamiltonian for, 62, 64
isolated, 345, 507
rotation matrices, 66–67

2Q and, 466, 467f
Cartesian basis, 70
direct product spaces in, 59
one-pulse experiment for, 68–70
product operators for, 71t, 73t
dipolar relaxation rate constants

for, 377t
scalar coupling in, 25f, 62, 64
transitions for, 25f, 339f, 371f

single element basis, 81–82, 83f
wavefunctions, 24, 59, 62

Tycko 5-step phase cycle, 208–209, 211

U

Ubiquitin
chemical shifts in, 783f
correlation time of, 21
denatured, 407f, 408
description, vi, ix
linewidth for, 408
order parameters for, 812

RDCs for, 669f, 812f
relaxation decay for, 693f, 710f
relaxation dispersion in, 710f
relaxation rate constants for, 694f,

695f, 700f, 705f, 717f
sample preparation, ix
scalar coupling constants for, 667t,

800f
structure, NMR-derived, 807f, 811f

Ubiquitin, NMR spectra of
heteronuclear

HCCH-COSY, 609f
HCCH-TOCSY, 612f
HMQC, 544f
HNHA, 666f
HSQC, 544f, 551f, 570f, 581f, 582f,

669f
HSQC-NOESY-HSQC, 747f, 752f
NOESY-HSQC, 587f, 589f
TOCSY-HSQC, 591f
TROSY, 570f

homonuclear
2Q, 467f, 477f-480f
2QF-COSY, 445f, 446f, 449f, 450f,

453f, 454f, 462f, 480f
3Q, 484f, 487f
3QF-COSY, 453f-455f, 462f
COSY, 415f, 417f, 419f-422f, 427f,

449f
COSY-35, 427f, 464f
DR.COSY, 436f
E.COSY of, 462f, 464f
JR.NOESY, 513f
NOESY, 509f, 513f, 514f, 516f
pre-TOCSY COSY, 428f
R.COSY, 434f
relayed NOESY, 516f
ROESY, 523f
TOCSY, 480f, 497f, 501f

1D
excitation sculpting, 233f
Hahn echo, 267f, 407f, 783f
inversion recovery, 260f
jump-return, 233f, 261f
1D, denatured, 407f
one-pulse acquire, 150f, 233f, 235f,

267f, 272f
spin-echo, 261f, 267f, 407f, 783f

triple-resonance
CBCA(CO)NH, 646f
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CBCANH, 650f, 774f
CC(CO)NH-TOCSY, 744f
HACA(CO)NH, 774f
HACANH, 774f
H(CA)NH, 636f
HNCA, 624f
HNCACB, 654f
HNCA-J, 661f
HN(CO)CA, 632f

Unconnected transition, 426–427, 463
Unit vector, 5, 9–10, 54, 365
Unitary matrix, 341
Unitary operator, 44
Unitary transformation, 44, 45
Unlike spins, 360–363, 714

V

van der Waals, 798, 809
Variable target function distance

geometry, 808
Vector space, 32, 33, 38, 60, 79
Vicinal proton, 796–798
Viscosity, 21, 366, 408
Voltage, 124, 237, 253–254
Voltage standing-wave ratio (VSWR),

237
VSWR (Voltage standing-wave ratio),

237

W

WALTZ, 205–206, 207f, 209, 214f, 217
synchronous, 555, 627, 657
Hahn echo and, 703
HSQC and, 555
Isotropic mixing sequence, as,

490–491, 492f
Saturation by, 690

WALTZ-4, 205, 207f
WALTZ-8, 205, 207f
WALTZ-16, 205–206, 207f, 214f,

490–491
Water, bound, 512–513
Water, chemical shift, 237
Water flip-back, 231–232, 574–578, 575f

saturation transfer and, 690–691
Water radiation damping. See Radiation

damping

Water stripe, 416, 477
Water suppression. See Solvent

suppression
WATERGATE, 229f, 230, 232, 574, 671f
Wavefunction, 24, 30–33, 35, 37–38, 40,

47–48, 59, 62–64, 74
Weak scalar coupling, 26, 62, 64, 80, 90,

284, 538
weight factor, E.COSY, 457
WHATIF, 809–810
Wigner rotation matrices, 104–107,

105t
Wigner-Eckart theorem, 3
Window function. See Apodization

function
Windowing. See Apodization
WURST, 198–200, 200f

isotropic mixing, 491–493, 492f
spin decoupling, 211–212, 213f, 216f,

758

Z

Zeeman Hamiltonian, 50, 55–57, 355
Zeeman levels, 4, 6
Zeeman transition, 8, 12
Zero-filling, 142–143, 600
Zero-order phase correction, 152, 154f,

322, 326, 416, 563–564
Zero-padding, 142–143, 600
Zero-quantum (ZQ) coherence, 74, 75,

76f, 82, 83f, 90–92, 314
chemical exchange and, 715
relaxation of, 540
scalar coupling and, 92
two-pulse segment for, 306f

Zero-quantum peak, 490, 505–506,
508–509

suppression of, 314, 508–509
Zero-quantum splitting, 92
Zero-quantum (ZQ) transition. See

Flip-flop transition
Z-filtration, 288, 490, 496
Z-gradient, 218–220. See also Pulsed

field gradient
ZQ. See Zero-quantum coherence
Z-rotation, 300
ZZ-exchange, 702, 706–707

pulse sequence for, 707f
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