CHAPTER

7

HETERONUCLEAR
NMR EXPERIMENTS

The 2D and 3D 'H NMR methods discussed in Chapter 6 are
ineffective for proteins with molecular masses greater than approxi-
mately 10-12kDa. The number of hydrogen atoms present in proteins
scales approximately linearly with molecular mass. The rotational
correlation times of globular proteins, and thus the linewidths of the
NMR resonances, also increase linearly with molecular mass. The
increased number and linewidth of the resonances in homonuclear 'H
NMR spectra result in extensive chemical shift overlap and degeneracy.
Conventional assignment procedures, based upon observation of
sequential NOE correlations (Chapter 10), become difficult or impos-
sible. In addition, larger linewidths (larger spin—spin relaxation rate
constants) result in decreased sensitivity for 'H correlation experi-
ments that rely on small (<10Hz) homonuclear 3J scalar couplings
for coherence transfer (e.g., COSY, multiple-quantum, and TOCSY
experiments).

Heteronuclear NMR spectroscopy (/-3) effectively circumvents
these problems for proteins of at least up to molecular masses of
25-30 kDa, provided that the proteins can be uniformly labeled with the
NMR active isotopes '*C and "N (4); as discussed in Chapter 9, even
larger proteins are accessible by combining "N and "*C labeling with
fractional or complete deuteration, in which nonexchangeable 'H atoms
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are replaced with H atoms (5, 6). Spectral resolution is improved by
increasing the dimensionality of the NMR spectrum so that the highly
overlapped "H resonances, present in 'H 2D spectra, are separated in
3D and 4D spectra according to the more highly resolved hetero-
nuclear resonances. At the same time, the efficiency of coherence transfer
is increased by utilizing relatively large one-bond and two-bond ('J and
2J) scalar coupling interactions between pairs of heteronuclei and
between heteronuclei and their directly attached hydrogen nuclei, rather
than the relatively small 'H homonuclear three-bond scalar coupling
interactions.

The general principles of heteronuclear NMR spectroscopy are
discussed in this Chapter. A selection of experiments is described,
focusing on those that are necessary for resonance assignment and
structure determination of isotopically labeled proteins. The selection of
experiments presented in this chapter is made for pedagogical purposes
and is by no means complete; indeed, a given resonance correlation
may be obtained using several different methods, and development of
new experimental techniques continues apace. Furthermore, except for
certain illustrative cases, the pulse sequences presented do not include
details concerning pulsed field gradient techniques for artifact suppres-
sion and coherence-selection or water-suppression techniques. Pulsed
field gradients and water-suppression can be incorporated in multiple
ways using the methods described in Chapters 3 and 4. A selection of
pulse sequences containing such elaborations is presented in Chapter 9.
A comprehensive survey of modern techniques has been published (7).

All multidimensional heteronuclear NMR experiments correlate
heteronuclear resonances, typically '>C or "N in proteins, with 'H
resonances by transfer of coherence (or polarization) between the
heteronuclear (S) and 'H (/) spins. Regardless of the specific protocol
utilized to effect coherence transfer, the NMR experiment can start with
excitation of either I or S spin polarization and must end with detec-
tion of either / or S spin magnetization. Ignoring the relative efficiency
of different coherence or polarization transfer schemes, the overall
sensitivity of heteronuclear correlation NMR experiments is propor-
tional to (see [3.69] and [3.188])

S/N & yer Ve[l — exp(—Riex D, [7.1]

in which y., and y4e; are the magnetogyric ratios of each nucleus excited
at the beginning of the sequence and detected at the end of the sequence,
respectively, T is the recycle time of the experiment, and R is the
spin—lattice relaxation rate constant of the excited nucleus (assuming
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multiple transients are accumulated) (8). Therefore, indirect, or proton,
detection is used whenever possible in order to maximize sensitivity. In
these techniques, 'H spin polarization initially is transferred to the
heteronucleus, the desired heteronuclear spin manipulations are
performed, and the heteronuclear coherence finally is transferred back
to '"H magnetization for detection. The gain in sensitivity compared to
a correlation experiment in which '"H magnetization is transferred to the
S nucleus for detection is thus n(y,/yS)S/z, in which y; and ys are the
magnetogyric ratios of the I and S nuclei, respectively, and »n is
the number of hydrogen atoms attached to the S nucleus. For 'H-'*C
correlations, the gain in sensitivity is approximately 24 for methyl 'H
spins, 16 for methylene 'H spins, and 8 for methine 'H spins, while for
"H-'N correlations of backbone amides the gain is approximately 30.
The sensitivity gain relative to an experiment that starts with S-nucleus
polarization and detects '"H magnetization is simply the ratio of the
magnetogyric ratios, y;/ys; for 'H-'C correlations this ratio is about 4,
and for "H-"°N correlations it is about 10. The larger spin-lattice
relaxation rate constants of hydrogen nuclei compared to heteronuclei
(Ri7 > Ry) give an additional sensitivity advantage to the experiments
starting with 'H magnetization (i.e., the schemes involving /— S and
I— S — I transfers) because of the [1 —exp(—R;T)] factor in [7.1]. In
practice, several factors can reduce the empirical gain in sensitivity,
including splitting of the resonance signal into multiplets due to
homonuclear scalar couplings, relaxation during coherence transfer
steps, incomplete coherence transfer in multispin systems (e.g., I,S and
I;S systems), and resonance offset effects arising from the increased
heteronuclear, relative to 'H, chemical shift range. Direct '*C-detected
experiments also have been introduced for application to biomacro-
molecules (9).

71 Heteronuclear Correlation NMR Spectroscopy

Two-dimensional proton-detected heteronuclear correlation experi-
ments most commonly use HMQC, HSQC, or TROSY coherence
transfer mechanisms. The techniques are distinguished by whether the
transferred coherence evolves during an indirect evolution period as
heteronuclear multiple-quantum coherence (HMQC), heteronuclear
single-quantum coherence (HSQC), or heteronuclear coherence, usually
but not always spin state selective, chosen for its favorable relaxation
properties (TROSY) (10-14). As will be seen subsequently, the
two-dimensional heteronuclear correlation experiments are integral
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components of all heteronuclear three- and four-dimensional NMR
experiments.

7.1.1 Basic HMQC AnD HSQC EXPERIMENTS

Pulse sequences for the HMQC and HSQC heteronuclear correla-
tion experiments are illustrated in Fig. 7.1. A heteronuclear IS spin
system (/="'H, S="°N or '*C), in which the 7 and S spins are directly
covalently bonded and the 'H spin 7 is scalar coupled to a remote 'H
spin, K, forms the basis for the following discussion. The homonuclear
"H scalar coupling constant (J;x) is assumed to be much smaller than
J]S-

7.1.1.1 The HMQC Experiment Evolution during the HMQC
scheme of Fig. 7.1a is described using the product operator formalism as
follows:

JUAK =217
I, ———— -2I.S,
2_ lv+K\' —t 2
M —21.S, cos(Qst1) cos(mJixt1) — 41,K.S, cos(Qst)
X Sil’l(Tl’J]Kll)

5, -2t
2 —1, cos(R2st1) cos(mJixtr) + 21K cos(Qst1) sin(mwJkty),

[7.2]

in which the delay 2t is set to 1/(2J;s) (approximately 5.4ms for
one-bond 'H-’N Jyy=92Hz, and 3.6ms for one-bond 'H-'’C
Jen = 140 Hz). If desired, all delays of nominal length 1/(2J;5) can be
shortened slightly to account for relaxation (Section 5.1.1). Only
operators leading to observable terms have been propagated through
the pulse sequence. Evolution of scalar coupling interactions other than
J1s during the periods 27 has been ignored. Chemical shift evolution of
the 7 spin during the 2t periods and during #; is refocused by the 180°(/)
pulse. Heteronuclear multiple-quantum (MQ) coherence, represented by
the 21..S, operator, does not evolve under the influence of the active
scalar coupling, J;g, during the #; period (Section 2.7.5). Evolution under
the homonuclear J;x scalar coupling Hamiltonian is not refocused,
because both 'H spins 7 and K experience the effect of the nonselective
180°(Z) pulse. The resulting correlation spectrum exhibits homonuclear J
coupling multiplet structure in the F; dimension. In addition, the F,
lineshapes consist of the superposition of in-phase absorptive and
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FiGure 7.1 Pulse sequences for basic (a) HMQC, (b) HSQC, and (c) constant-
time HSQC heteronuclear correlation experiments. Thin bars represent 90°
pulses and thick bars represent 180° pulses. Pulses are applied with x-phase
unless the phase is indicated above the bar. The nominal value for 2t =1/(2J;g).
Decoupling during ¢, is achieved by using GARP-1, WALTZ-16, or other
decoupling sequences. (a) Phase cycling for the HMQC experiment is ¢; = x, —X;
¢r=8(x), 8(—x); d3=2(x), 2(»), 2(—Xx), 2(—y); and receiver =2(x, —x, —X, X),
2(—x, x, x, —x). (b) Phase cycling for the HSQC experiment is ¢; =x, —X;
¢ =2(x), 2(—x); p3=4(»), 4(—y); and receiver = x, —x, —x, x. (c) Phase cycling
for the constant-time HSQC experiment is ¢;=x, —x; ¢ =28(x), 8(—x);
$3=2(x), 2(»), 2(—x), 2(=»); ¢a=16(y), 16(—y); and receiver =2(x, —x, —x,
x), 2(—x, x, x, —x). If desired, this 32-step phase cycle can be reduced to 8 steps
by eliminating the cycling of ¢, and using only the first 4 steps of the phase cycle
of ¢3 (with appropriate changes to ¢4 and the receiver); an additional reduction
by a factor of two can be obtained by eliminating cycling of ¢,. Frequency
discrimination is obtained by TPPI, States, or TPPI-States phase cycling of ¢;.
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antiphase dispersive components, represented by 7, and 2/,.K. operators
in the last line of [7.2], respectively.

The antiphase dispersive component of the signal can be purged by
inserting a 907(/) pulse prior to the acquisition period. The purge pulse
transforms the final operators in [7.2] to

— 1, cos(R2st1) cos(nixty) + 21 K. cos(Q2st1) sin(rJixt1)

I
2(1,+K,) |
—1I, cos(Q2st1) cos(mJigtr) — 21K, cos(Qst1) sin(Jixt1).

[7.3]

The antiphase / spin operator is transformed into an antiphase K spin
operator. If the K spin resonance frequency occurs in an unimportant
region of the spectrum (if it is not coupled to an S spin of interest), then
the IS correlation spectrum has pure in-phase absorptive lineshapes in
both frequency dimensions.

Inclusion of homonuclear scalar coupling evolution during the
periods 2t is facilitated by using [2.121] to simplify the propagator for
the pulse sequence prior to product operator analysis. The propagator is

U =exp[—i24'1] exp[—iZSy] exp[—i '1,/2] exp[—in(l, + Ky)]

. ‘ . . [7.4]
x exp[—iA 11/2] exp[—2S.] exp[—i2#'7] exp[—E(L, + K.)],

in which the free-precession Hamiltonian for weak scalar coupling is
given by
H = Q;l. + QsS. + 2nJis.S: + 2nJix K. [7.5]
Inserting E =exp[in(l,+ K,)] exp[-iz(l.+ K,)] and applying [2.121]
yields
U =exp[—i2#4°7] exp[—z%Sx] exp[—iH 't /2] exp[—in(l + K)]
x exp[—iA 11 /2] explin(l + K.)] exp[—in(l; + K)]
x exp[—ZS | exp[—i2# t] exp[ (]« + K]
= exp[—i24 7] exp[—iZSy| exp[—iA 11 /2]
x exp[—i(—QL: + QsS- — 2w s LS + 2nJ kK )11 /2] exp[ — 5S, ]
x exp[—i(—L. + QsS. — 215 LS. + 21 ik .K.)2t] exp[ &(Ic + K)]
=exp[—27J k. K-(1) + 47)] exp[—i(QsS: + 27J;51.S-)27] exp[—iZSy ]
X exp[—i2sS:11] exp[—i%Sx] exp[—i(R2sS: — 2nJys1.S:)21]
x exp[ &L + Ky)].
[7.6]
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Evolution through the pulse sequence is represented as
S AK) (RS-~ 2715152158,
L =218,

QsS4 %Sx_(QSS_-+27TJ[S[:S:)2T
— =215, cos(Qst1) —1, cos(Qst1)

27TJ1K]zK:(I1 +4'L’)
-

—1I, cos(Q2sty) cos[mJx(t1 + 47)]
+ 21K, cos(Q2st1) sin[mJ k(1) + 47)]. [7.7]

Evolution of the homonuclear scalar coupling during the 2t periods
introduces a phase error in the F; dimension of the 2D HMQC
experiment. The magnitude of the phase error depends upon J;x and
thus will vary nonlinearly throughout the spectrum. For a 10 Hz scalar
coupling constant and 27 =1/(2Jyy) = 5.4 ms, the phase error is 19.4°.

The linewidth in the F; dimension of an HMQC spectrum is
determined by the relaxation rate constant of heteronuclear MQ
coherence plus the contributions from inhomogeneous broadening
(10, 13). In this and the following discussions of other heteronuclear
correlation experiments, inhomogeneous broadening is ignored and
relaxation rate constants are calculated using the methods outlined in
Chapter 5.

The model for relaxation assumes that (i) the S spins relax by
dipole—dipole interactions with the directly attached I spins and by
chemical shift anisotropy, (if) the [ spins relax by dipole—dipole
interactions with the S spins, by dipole—dipole interactions with k
additional remote 'H spins and by chemical shift anisotropy, (iii) in the
limit of slow overall tumbling, which typically applies for proteins,
wrte> wste > 1, and J(0) > J(ws) > J(w)) ~ J(wr+ws), (iv) o = wg,
and (v) rotational diffusion is isotropic, with J(w) given by [5.98].
Individual relaxation rate constants are obtained from Tables 5.5 and
5.8. in Chapter 5. In the resulting expressions, d;g reflects the
heteronuclear dipolar coupling between the scalar-coupled / and S
spins; dcsaay and desacs) arise from chemical shift anisotropy of the 1
and S spin, respectively, and the terms containing dj reflect the
homonuclear dipolar coupling between 'H spins (Sections 5.4.1 and
5.4.4). In '3C- or *C/""N-labeled samples, the S spin (either '*C or '°N)
has additional dipolar interactions with nearby, predominantly directly
bonded, '*C spins, designated as R spins. These interactions are smaller
than the dipolar /S interaction by a factor of

drs/dis = Vii5s/Virks [7.8]
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and are neglected in the present discussion. The effects of relaxation
interference are ignored until the TROSY experiment is discussed in
Section 7.1.3.5.

The 180°() pulse during the HMQC scheme of Fig. 7.l1a inter-
converts heteronuclear zero- and double-quantum coherences. Conse-
quently, the relaxation rate constant for MQ coherence is the average
of the relaxation rate constants for zero- and double-quantum
coherences. Using the preceding model, the relaxation rate constant
for MQ coherence is

Roviq = [ RE(ZQ) + REDQ)] + R + RS + REA(S)

_dis {J(w, — ws) + 3J(w)) + 3J(ws) + 6J(w; + ws)}

+dCS6A(1) {4J0) + 3J(@n)} + dCS6A S0 + 3(9))

+ % XA: dpe{ 5J(0) + 9J(w)) + 6J(2wy)}, [7.9]

in which the summation, ¥, includes all the homonuclear k # I spins. In
the limit of slow overall tumbling, the relaxation rate constant is
approximated by

Romq = |:3 desam + 5 3 dCSA(S) +- Z d[kj| [7.10]

7.1.1.2 The HSQC Experiment In the HSQC experiment, illus-
trated in Fig. 7.1b, the INEPT sequence introduced in Section 2.7.7.2 is
used to transfer / spin polarization (/.) into antiphase heteronuclear
single-quantum (SQ) coherence (21.S)). The antiphase heteronuclear SQ
coherence evolves during the subsequent #; evolution period. A second
INEPT sequence is used to transfer the frequency-labeled heteronuclear
SQ coherence back to '"H magnetization for detection. For a hetero-
nuclear IS spin system, evolution through the pulse sequence is described
as follows:

S A+K)—t—n(l+K ), 7S —1-F(1,+K,). 58,
L —2LS,

2— ]‘( K\'7 2 i
WA 518, cos(Qst) — 2LSx sin(Rst)

JUAK), 5S —t—n(l+K.), 78—

—I, cos(R2st1) — 21,8, sin(Rst1), [7.11]
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in which the delay 2t =1/(2J;s) and evolution of the homonuclear 'H
scalar coupling interaction during the INEPT sequences has been
ignored. The resultant term proportional to 7,5, is unobservable
multiple-quantum coherence. The 180°(/) pulse in the middle of the
evolution period refocuses evolution of the 'H heteronuclear J;g scalar
coupling interaction. The 2I.S, operator present during #; commutes
with the homonuclear 'H scalar coupling Hamiltonian and the F,
lineshape does not contain contributions from 'H scalar coupling
interactions.

Evolution of the homonuclear scalar coupling interaction during the
INEPT sequences is analyzed most easily by using [2.121] to simplify the
propagator for the pulse sequence:

U = exp[—iA't] exp[—in(l, + K.)] exp[—inS,] exp[—iH# 7]
x exp[—i%(I + K,)| exp[—i3Sy] exp[—i#'1,/2] exp[—in(l; + K,)]
X exp[—iH't /2] exp[—i%Sx] exp[—i%(ly—l—l{v)] exp[—iA 1]
x explin(l, + Ky)] expl—inS,] exp[~i#1] exp[ i3 + Ky)]

= exp[—iQ2mJsL.S- + 2rJ k. K:)27] exp[i%(I, + K)]

X exp[—i%Sx] exp[—i(R2sS; + 2nJ k. K. )t ] exp[—i%Sx]
x expli%(l, + K,)] exp[—i2nJsL.S: + 27J . K-)21]
x exp[ i3I + K,)] [7.12]

prior to evaluating evolution through the pulse sequence as

L+ K)~ Qs LS4 2mT i K)2e—(-5) (14K, 35S,
I —2I.S, cos(2nJxT)

(—QsS-+2nJ k- K-)t

=218, cos(Qst1) cos(2mJ k)

JU KD, 58—l s LS.+ i K.) 2 5
—1I, cos(Qst1) cos” (2 k1)

— I},KZ cos(Qst1) sin(4mJ k1),

[7.13]

in which only observable terms have been included. Evolution of the "H
scalar coupling during the INEPT periods modulates the amplitude (but
not the phase) of the in-phase absorptive resonance and introduces an
antiphase dispersive contribution to the F, lineshape. As in the case of
the HMQC experiment, the antiphase dispersive component can be
purged by applying a 907(/) pulse prior to acquisition.
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In Fig. 7.1b, the 90°({) pulse following the ¢ period is phase shifted
by 90° relative to the 90°(/) pulse preceding the ¢; period. If the two
pulses have the same y-phase, then evolution through the pulse sequence
becomes

T g g
U AK)-QrdisLS42m) i LK) 2t — (=5 ) (1,+K, ). 55x
L2 (D)3 —2L.S, cos(2mJ k)

+41,S, K, sin(2mJ k)
(QsS-+2mJ ik LK),
_—

—2I.S, cos(Q2st1) cos(2mJ k1)
+41,S, K, cos(Rst1) sin(2mwJ k)

38 = 5 +Ky)~Qulis1.S-A2m ikl K2) 2w

—1I, cos(Q2sty) cos(4mJkt) + 21,
x K. cos(Q2st1) sin(4rJ k). [7.14]

Comparison of [7.13] and [7.14] demonstrates that the phase shift of the
final 90°(/) pulse reduces contributions from evolution of the homo-
nuclear 'H scalar coupling interaction during the initial INEPT period
because cos*(2mJxt) > cos(dntxt) and sin(4wJx7) < 2sin(4mJ k7).

The F, linewidth of the HSQC spectrum is determined by the
relaxation rate of the heteronuclear SQ coherence under conditions of
free precession during ;. As discussed in Section 5.4.2, evolution under
the scalar coupling Hamiltonian averages the relaxation rate constants
for in-phase and antiphase SQ coherence to give

[RIS(217S ) + RIS(S) + RIK(I) + RCSA(I)] + RCSA(S
% {4](0) + J(w; — ws) + 3J(ws) + 3J(w;) + 6J(w; + a)S)}

N dcs% T + % [4J(0) + 3J(ws)}

+ é ; dp{J(0) + 3J(wr) + 6JQ2wy)}. [7.15]

In the limit of slow overall tumbling, the relaxation rate constant is
approximated by

— Te 4 1
Rys=—=1d —d - dp |. 7.16
25 =% |: [S+3 CSA(S)+4 Xk: Ik:| [ ]
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7.1.1.3 The Constant-Time HSQC Experiment Constant-time
evolution periods were originally used in '"H NMR spectroscopy to
produce Fj-decoupled homonuclear NMR spectra (15-17), but subse-
quently have been employed in a number of heteronuclear 3D and 4D
experiments. The constant-time HSQC (CT-HSQC) experiment (18, 19),
illustrated in Fig. 7.1c, differs from the simple HSQC experiment
(Fig. 7.1b) only in the way in which the heteronuclear SQ coherence
evolves during the constant-time period, 7, between the two INEPT
sequences. The sequence fragment constituting the constant-time
evolution period is

t1/2—180°(1, K) — T/2—180°(S)—(T—1t1)/2 [7.17]
and has the propagator

U = exp[—iA (T — 11)/2] exp[—inSy]exp[—iA T/2] exp[—in(ly + K.)]
x exp[—iA't1/2]
=exp[—i2nJik . K. T] exp[—i€ (T — t1)] exp[if2sS:11]
x exp[—in(ly + K + Sy)]. [7.18]

Evolution of the heteronuclear SQ coherence present following the initial
INEPT sequence is given by

—~U2LS,U™" = —exp(iQst1 S.)2L.S, exp(—iQst1S.)
= 2.5, cos(Qst1) + 2L.S sin(Rsty). [7.19]

As shown by [7.18], the heteronuclear scalar coupling interaction,
J1s, 1s active for a total time period (7/2—1,/2)—T/2+t,/2=0; con-
sequently, the S spin coherence remains antiphase with respect to the /
spins. The homonuclear scalar coupling, J;x, is active for the entire
constant-time period, 7, because both spins are affected equally by a
nonselective 180° pulse. Consequently, evolution during the #; period is
not modulated by homonuclear scalar coupling interactions and the F
lineshape does not contain homonuclear multiplet structure. In the
present example, this property is not particularly useful because the
2I.S, operator present during ¢; commutes with the "H homonuclear
scalar coupling Hamiltonian. However, the same property exists for any
homonuclear scalar coupling interaction and will be used to great
advantage in 'H-'3C HSQC spectra of fully '*C-enriched proteins
(Section 7.1.5).

Dephasing of the S spin coherence by magnetic field inhomo-
geneity during the constant-time period is refocused for a time 7-1¢,
by the 180°(S) pulse; consequently, relaxation of the heteronuclear
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single-quantum coherence is proportional to exp(—R,T) exp(— Roinhom?1)»
in which R, is the homogeneous transverse relaxation rate of the SQ
coherence and Ryinhom 1S the inhomogeneous contribution to the total
relaxation rate R = Ro+Roinhom. In the constant-time HSQC experiment,
exp(—R,T)is a multiplicative factor reducing the intensity of the resonance
signals, and exp(—Rjnhom?1) determines the F; linewidth (in practice,
Rinhomfimax < 1 and the F; linewidth is determined principally by the
apodization function employed). Clearly, .« cannot exceed 7, and
constant-time HSQC experiments invariably require compromise between
resolution in F; (large values for 7'to maximize ¢;,,,,) and sensitivity [small
values of T to minimize exp(—R,T)].

7.1.1.4 Comparison of HMQC and HSQC Spectra Selected regions
of the '"H-'>’N  HMQC, HSQC, and constant-time HSQC spectra of

3
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FIGURE 7.2 Comparison of selected regions from 'H—'°N heteronuclear
correlation spectra of '"N-labeled ubiquitin, recorded using the schemes of
Fig. 7.1a—c, respectively. Each spectrum was recorded in approximately the
same total time with identical #; and ¢, acquisition times (348 and 164 ms,
respectively). Each spectrum was processed similarly. No apodization function
was applied in the F; dimension for the spectra shown in panels a and b; a
cosine-bell apodization function was applied in the F; dimension of the spectrum
shown in panel c. NH, correlations are indicated by lines connecting the two
nonequivalent proton resonances.
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a 5.9 Hz
b 2.9 Hz
C 0.9 Hz

| I I
100 200 300

t; (ms)

FiGure 7.3 The ¢, interferograms, and their resulting Fourier transforms, taken
through the amide proton resonance of Ile36 in the same 'H-'°N heteronuclear
correlation spectra as illustrated in Fig. 7.2a—c, respectively. The F linewidth at
half-height is indicated beside each peak. Linewidths were measured by curve
fitting the decay of the ¢, interferograms. For peak c, the indicated linewidth
represents inhomogeneous broadening.

ubiquitin are compared in Fig. 7.2. The multiplet structure and
dispersive contribution to the F; lineshapes associated with the homo-
nuclear J coupling is clearly visible in the HMQC spectrum (Fig. 7.2a).
The F; resolution in the HSQC spectrum (Fig. 7.2b) is clearly superior to
the F) resolution in the HMQC spectrum.

The different relaxation properties of the HMQC and HSQC
experiments are emphasized in Fig. 7.3, which shows the #; interfero-
grams through a selected amide 'H resonance, and their corresponding
Fourier transforms, for the spectra shown in Fig. 7.2. For backbone
amide moieties in proteins, dcsacs)/dis=0.055 (assuming Ao=
—160 ppm for "N and By=11.74 T) and d;s/Zdy ~0.3. In this
calculation, Xdjwas estimated using a typical value of Er,‘kf’ =0.027 A®
for the distances between a backbone hydrogen atom and the other
hydrogen atoms in proteins (20). Therefore, Romg > R»s, and linewidths
are narrower in the F; dimension of an 'H-'""N HSQC spectrum than
in that of an HMQC spectrum. The observed linewidths in spectra
a and b in Fig. 7.3 are consistent with values of 4.9 and 3.0Hz,
respectively, calculated from [7.10] and [7.16] by using t.=4.1 ns.
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The dispersive contribution associated with the homonuclear J coupling
is clearly visible in the HMQC spectrum (Fig. 7.3a). As expected,
the interferogram for the constant-time HSQC experiment (Fig. 7.3c)
exhibits very little decay, and the linewidth in the transformed spectrum
is dominated by the apodization applied during processing. For "H-'*C
methine moieties, dcsqs)/dis=0.002 (assuming Ao =25 ppm for B¢
and By=11.74 T) and djs/Zdy ~ 1.4. Therefore, Rymq ~ Rps, and
linewidth differences in '"H-'>C HSQC and 'H-'>C HMQC spectra
are not as pronounced as for "H-'>N correlations.

7.1.2 ADDITIONAL CONSIDERATIONS IN HETERONUCLEAR
CORRELATION EXPERIMENTS

Aspects of phase cycling, quadrature detection, multiplet structure,
folding or aliasing, and processing schemes that have not been discussed
in detail for the basic HMQC and HSQC experiments are presented in
the following sections.

7.1.2.1 Phase Cycling and Artifact Suppression The minimum phase
cycling required for HMQC and HSQC experiments comprises two steps
necessary for spectral editing or isotope filtration and two steps necessary
for frequency discrimination, or quadrature detection, in the indirectly
detected dimension (Section 4.3.4).

Frequency discrimination normally is obtained by TPPI, States, or
TPPI-States phase cycling (Section 4.3.4.1) of the first 90, (S) pulse in
the HMQC and HSQC experiments (Fig. 7.1). In the HSQC experiments
(Fig. 7.1b—c), the phase of the 180°(S) pulses preceding the #; period
should be phase cycled in concert with the 903 (S) pulse for opti-
mal results (27). The initial #; sampling delay is adjusted to 1/(2SW)) as
described in Section 3.3.2.3 by adjusting #,(0) such that

1(0) = 1/2SW)) — 4og-5) /7 [7.20]

for conventional evolution periods (e.g., Fig. 7.1a-b). For the constant-
time evolution period of Fig. 7.1c, #1(0) = 1/(2SW)).

The isotope filtration phase cycle is critically important for most
heteronuclear experiments, because only signals from 'H spins directly
attached to the heteronucleus of interest ("°’N or '°C) are selected.
Normally, changes in the coherence order of the S spin between ps=0
(corresponding to a product operators containing an S. component)
and pg= =1 (corresponding to product operators containing a S, or S,
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component) are selected in a two-step phase cycle by simultaneously
inverting the phase of a 90°(S) pulse and the receiver. Signals from [
spins that are not scalar coupled to S spins are unaffected by the phase
shift of the 90°(S) pulse and are canceled by inversion of the receiver
phase. Straightforward product operator analysis demonstrates that an
isotope filter can be implemented in the HMQC and HSQC (Fig. 7.1)
by use of a two-step (x, —x) phase cycle on the 903 (S) pulse or the
903,(S) together with an (x, —x) receiver phase cycle. Normally, the
first pulse is chosen for the isotope filter phase cycling because a degree
of axial peak suppression is obtained as well. Time permitting, both
pulses can be cycled independently to give a four-step ‘““‘double-dif-
ference” isotope filter (22).

Additional phase cycling is utilized to eliminate artifacts resulting
from pulse imperfections. The 180°(/) pulse in the middle of the #
evolution period of the HMQC experiment (Fig. 7.1a) typically benefits
from EXORCYCLE phase cycling (Section 4.3.2.3) to suppress
artifacts from imperfect 180° pulses. If a 180° pulse is used simply to
invert a longitudinal operator [e.g., the 180°(/) pulse applied to .S,
in the #; period of HSQC experiments], then artifacts caused by
pulse imperfections are suppressed by inverting the phase of the 180°
pulse in a two-step (x, —x) phase cycle without changing the receiver
phase. Time permitting, CYCLOPS phase cycling (Section 4.3.2.3) can
be applied to the entire pulse sequence to eliminate quadrature
artifacts.

The two-step (x, —x) phase cycle applied to the 180°({) pulse in the #
period of the HSQC experiment provides an important example of
artifact suppression in heteronuclear correlation experiments. If the
pulse has a nominal rotation angle of 7 + ¢, rather than the ideal value of
7, then evolution through the #; period is given by (for simplicity, Qg is
assumed to be zero)

141
—2L.S, 2> —2LS, cos(nisty/2) + Sy sin(Jst1/2)
+(+0)1x
——> —2LS, cos(mJst1/2) cos(mw + &)
+ 21,8, cos(mJist1/2) sin(mw + ¢) + S, sin(wJst1/2)
141
LN 2L.S,{—cos*(wJyst1 /2) cos(r + ¢) + sin*(mwJst1/2)}
+ Sx{l + cos(m + {)} cos(mJsty/2) sin(mwJ st /2)
+ 21,8, cos(82;t1/2) cos(mJst/2) sin(m + ¢)

F 218, sin(211/2) cos(mwJyst1/2) sin(w + &). [7.21]
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The first and last terms of the result in [7.21] are converted to observable
"H magnetization by the reverse INEPT sequence:

21.S,{—cos?(nJst1 /2) cos(m + ¢) + sin*(mJst1/2)}
F 21,8, sin(2t1/2) cos(nJyst1/2) sin(mw + &)
mees —Ix{—cosz(nJlgtl/2) cos(r+¢) + sinz(erIStl/2)}

F 1, sin(211/2) cos(mwJyst1/2) sin(w 4 ¢). [7.22]
This result can be simplified to

— I {—cos*(wJ;st1/2) cos(m + ¢) + sin’(wJist1/2)}
F 1, sin(2t1/2) cos(mJst1/2) sin(mw + ¢)
= —I{1 +cos(¢)}/2 + I, cos(Jist1){1 — cos(¢)}/2
£ 1, sin(2s11/2) cos(rwJyst1/2) sin(Z)
= —I.{1 — £?/4} + I, cos(nJist))¢* /4 £ I, sin(211/2) cos(Jist1/2)¢
[7.23]

by applying standard trigonometric identities. The last line is obtained
by assuming ¢ < 1. The first term represents the desired heteronuclear
correlation resonance peak, with slightly reduced intensity. The second
term represents an in-phase doublet split by the heteronuclear scalar
coupling constant. The third term generates dispersive doublets at
frequencies + 2;/2 and —£2;/2 (i.e., symmetrically positioned with respect
to the main heteronuclear correlation resonance peak), with apparent
splitting equal to J;5/2 and amplitudes ¢/4. For ¢=20° (0.35 radians),
the relative amplitudes of the resonance peaks are 0.97, 0.015, and 0.09.
The third term in [7.23], which represents the largest artifact, is
eliminated by the two-step phase cycle. The second term cannot be
eliminated by phase cycling (or field gradient pulses); however, this term
normally is small if the pulse lengths are measured carefully.

Artifacts associated with 180° pulses can also be eliminated by using
field gradient pulses (Section 4.3.3.2), composite pulses (Section 3.4.3),
and adiabatic pulses (Section 3.4.6). Composite and adiabatic pulses are
beneficial particularly for the 180°(S) pulses during the INEPT
sequences of the HSQC experiment (Fig. 7.1b), because optimal
inversion of the S. operator component (over a typically wide spectral
width) directly improves the sensitivity of the experiment.

7.1.2.2 °C Scalar Coupling and Multiplet Structure The preceding
analyses of heteronuclear correlation experiments have indicated the
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multiplet structure arising due to heteronuclear IS and homonuclear /K
scalar coupling interactions. For proteins enriched in '*C, additional
scalar coupling interactions must be considered.

In most of the other experiments designed for application to
13C-labeled proteins, aliphatic '*C* and '*CO spins are treated theoreti-
cally as different nuclear species because of the large difference
in resonance frequencies (~100ppm). The '*C* or *CO spins can be
decoupled by applying selective 180° pulses or semi-selective decoup-
ling schemes to the '*CO or '*C* spins during 7,. However, rf fields
applied at aliphatic '*C* frequencies can have significant effects at the
carbonyl frequencies (and vice versa) that must be considered in practice.
First, the carbonyl (aliphatic) pulses should minimally excite the
aliphatic (carbonyl) spins, either by adjusting the power and duration
of rectangular pulses as described in Section 3.4.1 or by using selective
pulses (Section 3.4.4). Second, phase errors and frequency shifts caused
by off-resonance effects of carbonyl (aliphatic) rf fields applied during
aliphatic (carbonyl) '*C evolution periods should be compensated in the
pulse sequence whenever possible (Section 3.4.1).

In "H-""N heteronuclear correlation NMR spectroscopy of '°N/'*C
double-labeled proteins, the '*C—'°N scalar coupling interaction must be
decoupled. In most instances, decoupling of '*CO-'°N and aliphatic
13C->N interactions is performed independently by using selective 180°
pulses or semiselective composite pulse decoupling sequences. In 'H-'*C
heteronuclear correlation NMR spectroscopy of °N/!*C double-labeled
proteins, an additional 180°(*°N) pulse is applied in the middle of the '*C
evolution period, or a broadband "N decoupling scheme is applied
throughout 7,, in order to decouple the "N and '*C spins.

These methods clearly will not work in the case of homonuclear
13C-13C couplings between aliphatic '*C spins because all aliphatic '*C
spins will experience the effect of the inversion pulses. Therefore, the F;
lineshapes in "H-">CHSQC and HMQC spectra typically are composed
of "¥C-'3C scalar coupled multiplets. The multiplet structure can be
collapsed by using a constant-time '*C evolution period as described in
Section 7.1.5 or by homonuclear decoupling techniques (23).

7.1.2.3 Folding and Aliasing For a fixed number of ¢ increments, the
digital resolution of the F; dimension of an HSQC (or other) experiment
generally can be increased by reduction of the spectral width to less than
the actual maximum frequency range of the resonances of interest.
However, if the maximum number of #; increments is being utilized in
a constant-time experiment (#;,.x = 1), then the digital resolution cannot
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be improved because reducing the spectral width requires that the
number of ¢, increments be reduced to maintain fipax < 7.

Whenever the spectral width is reduced, resonance signals from
outside the acquired spectral window will be folded or aliased in
the NMR spectrum (Sections 3.2.1, and 4.3.4.3). Data acquired with
the hypercomplex methods (States or TPPI-States) are aliased, in which
resonances upfield (downfield) of the acquired spectral window appear
at the low-(high)-field side of the spectrum. Folding, in which
resonances upfield (downfield) of the acquired spectral window fold
back into the spectrum at the upfield (downfield) edge, occurs for real
acquisition (TPPI). If the initial sampling delay in the aliased dimension
is set to 1/(2SW), then peaks that have been folded or aliased an odd
number of times have opposite phase to those that have not been aliased
or have been aliased an even number of times.

The effect of reducing the '*C spectral width is shown schematically
in Fig. 7.4 for hypercomplex and real acquisition in #;. Clearly, the

States
/TPPI-States

Fa

FIGURE 7.4 A schematic illustration of the effect of halving the F; spectral width
in an "H-"C heteronuclear correlation experiment, for both hypercomplex
(States or TPPI-States) and real (TPPI) acquisition in ¢;.
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empirical relationship between 'H and '*C chemical shifts in proteins
allows extensive aliasing via hypercomplex acquisition in the '*C
dimensions of 2D, 3D, and 4D NMR spectra. The '*C spectral width
can be readily set to as low as 20 ppm without adversely complicating the
interpretation of the spectrum. Each apparent '*C frequency in the final
spectrum corresponds to several '*C chemical shifts, separated by
intervals equal to the acquired '*C spectral width. Identification of the
true '°C chemical shift of a given cross-peak is determined from
the associated aliphatic 'H chemical shift together with knowledge of the
sequential resonance assignments. Aliasing also can be used advanta-
geously in '°N correlation experiments (particularly to alias upfield Arg
>N* resonances). When beginning investigations of a new protein, a trial
spectrum should be recorded with a wide enough spectral width to
encompass the actual resonance positions and enable optimal param-
eters for folding to be determined.

The use of aliasing is illustrated in practice for the "H-'*C HSQC
spectra of ubiquitin in Fig. 7.5. Both experiments were acquired using
a simple HSQC pulse sequence (Fig. 7.1b) and the TPPI-States
hypercomplex method of quadrature detection in ¢;. The improvement
in digital resolution can be seen clearly in the aliased spectrum acquired

F1 (ppm)

2
F2 (ppm)

. - ..-‘
60

2
F2 (ppm)

FiGure 7.5 '"H-'3C HSQC spectra of uniformly '"N/!3C-labeled ubiquitin,
recorded with F; spectral widths of (a) 9090.9 Hz (72.3 ppm) and (b) 3971.4 Hz
(31.6 ppm). Negative cross-peaks in panel b, which correspond to resonances
that have been aliased in the F; dimension, are plotted with a single level only.
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with the reduced F; spectral width, as more of the homonuclear Be-B¢
couplings are resolved in this spectrum.

One of the main advantages of using a narrower '*C spectral width is
that a given digital resolution (set by #1,.x) can be achieved by using
fewer ¢, increments. Consequently, for a fixed total acquisition time,
more transients can be acquired per increment, more extensive phase
cycling can be employed, and data storage requirements are reduced.
For given values of #;,.x and the total acquisition time, reducing the
spectral width and increasing the number of transients per increment do
not affect sensitivity of the NMR experiment, because proportionally
fewer increments are acquired. These features are particularly important
when recording 3D and 4D spectra.

7.1.2.4 Processing Heteronuclear Correlation Experiments HMQC,
HSQC, and other heteronuclear correlation experiments produce line-
shapes that are predominately in-phase and absorptive in both the
F; and F, dimensions. Accordingly, processing these spectra is
relatively straightforward and does not require careful optimization of
fimax and window functions to avoid self-cancellation of antiphase
lineshapes (Section 6.2.1.3). In F, (the acquisition dimension), the
FID will rarely be truncated, and exponential matched filtering or
Lorentzian-to-Gaussian transformation are satisfactory. In the F
dimension, similar window functions are satisfactory if the interfero-
grams are not truncated. More commonly, the interferograms will be
truncated and Kaiser, Hamming, or cosine bell window functions
provide satisfactory apodization (Section 3.3.2.2). Severely truncated
data frequently are extended by linear prediction prior to Fourier
transformation or are analyzed by maximum entropy reconstruction
(Section 3.3.4). Interferograms in constant-time HSQC experiments are
ideal for mirror-image linear prediction (Section 3.3.4.1).

7.1.3 DecouprLED HSQC, SeENsITIVITY-ENHANCED HSQC, AND
TROSY EXPERIMENTS

Pulse sequences for decoupled HSQC, sensitivity-enhanced HSQC,
and TROSY experiments are shown in Fig. 7.6. Each of these pulse
sequences contains a reverse polarization scheme that consists of two
pulse-interrupted free-precession periods appended to each other
(i.e., two INEPT-like sequences separated by mixing pulses).
Additional insights into the design of these experiments are obtained
by considering them as members of a family of related pulse sequences.
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7.1.3.1 The Decoupled HSQC Experiment The basic HSQC
experiment transfers coherence from 7 to S spins in the form of
antiphase SQ coherences. In some experiments, net magnetization
transfer from I to S spins in the form of in-phase SQ coherence is
desirable, either because of the improved linewidth or because of the
requirements of subsequent coherence transfer steps in an extended
pulse sequence (see Section 7.4.3 for an example) (/0). A decoupled
HSQC experiment that achieves net magnetization transfer is
illustrated in Fig. 7.6a. A refocused INEPT sequence (Section
2.7.7.3) is used to transfer [ spin polarization to in-phase S
magnetization (24). The S magnetization evolves during the ¢
evolution period. Continuous 'H decoupling is applied to suppress
evolution under the IS scalar coupling Hamiltonian. A reverse
refocused INEPT sequence transfers S spin magnetization back to [/
spin magnetization for detection. A more elegant implementation of
this experiment, which does not alter the following discussion, is
described by Ottiger and Bax (25). In the modified experiment, the
pair of 180° pulses in the first 27; period are shifted in a
semi-constant-time manner and the pair of 180° pulses in the second
21; period are eliminated. The modified experiment provides increased
resolution and requires fewer 180° pulses.

Evolution through the decoupled HSQC pulse sequence for a scalar
coupled heteronuclear /,,S spin system can be described as follows (for
simplicity, homonuclear scalar coupling to remote 'H spins is ignored):

n

%Zlkxfrfnz[kxvnsxfffgzlkvra %S\ n
> I — > 2I:S,
k=1 k=1

r]—rrZI;m TSy —11 . il
I’le Sln(ziTstfl)COS (27‘[]]5‘[1)

i) nS, cos(Rsty) sin(2wJSs11) cos" ! Q2nJist1)

T n
2 Z 1/()’7771 - Z Iy, TSy —T1
Z n2IkZSy COS(QSll)
k=1

x sin?(27J;571) cos” 2 (2 sT1)

z Iy, e —— i, mS—1 1
DML 2 3 nlcos(Qst)T22r),  [7.24]
k=1

in which 2t = 1/(2J;s) and only observable terms arising from in-phase
S, magnetization have been shown. The coherence transfer function,
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Ficure 7.6 Pulse sequences for (a) decoupled HSQC, (b) sensitivity-enhanced
PEP-HSQC, and (c) TROSY heteronuclear correlation experiments. Thin bars
represent 90° pulses and thick bars represent 180° pulses. Pulses are applied with
x-phase unless the phase is indicated above the bar. The nominal value for
2t=1/(2J;s). Decoupling during #, in panel a is achieved by using WALTZ-16.
Decoupling during 7, in panels a and b is achieved by using GARP-1, WALTZ-
16, or other decoupling sequences. (a) Phase cycling for the decoupled HSQC
experiment is ¢;=x, —x; ¢ =2(x), 2(—x); and receiver=x, —x, —x, X.
Frequency discrimination is obtained by TPPI, States, or TPPI-States phase
cycling of ¢,. (b) Phase cycling for the PEP-HSQC experiment can be performed
in two ways. In the original version, the phase cycling is ¢; = x, —x; ¢ =2(x),
2(=x); p3=2(), 2(—y); pa=x; ¢s=1y; ¢s= —Xx; and receiver = x, —x, —x, x for
the first FID acquired. The second FID is aquired with inversion of ¢,.
Quadrature detection in the F; dimension is performed using the TPPI-States
method applied to ¢;. In the modified version of the experiment, the phase
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L,(1), 1s

[,(t) = sin(J;st) cos™ ! (wJ;st) [7.25]

and is graphed in Fig. 7.7. Complete refocusing cannot be obtained for
1,S spin systems with n > 1 because during the delays, 2t;, coherences
evolve under one active J;g scalar coupling interaction and n — 1 passive
Jis scalar coupling interactions. The relative intensity of the [/ spin
resonance in an IS spin system has a maximum value of 1.0 for 27, =1/
(2J75). The relative intensity of each I spin resonance in an ,S spin
system has a maximum value of 0.50 for 2t; =1/(4J;s) and is nulled for
211 =1/(2J;5). The relative intensity for each [ spin resonance in an /35
spin system has a maximum value equal to approximately 0.45 for
211=1/(5J;s) and is nulled for 2t;=1/(2J;s). If the I spins are
degenerate, as in a methyl moiety, the total signal intensity is obtained
by summing the contributions from each [ spin. The properties of the
coherence transfer function can be used to edit a refocused HSQC
experiment according to the / spin multiplicity. A compromise value of
21, =1/(3J;5) (2.4 ms for 'Jey = 140 Hz) yields I',(27,) =0.87, 0.86, and
0.63 for n=1, 2, and 3.

'H decoupling during ¢, is achieved by the use of a composite pulse
decoupling scheme (WALTZ-16 or DIPSI-2, for instance). Decoupling
must be applied synchronously: the decoupling sequence must begin at
the same position within the decoupling supercycle for each recorded
transient, because evolution of remote 'H spins not scalar coupled to the
S spin must be identical during consecutive transients to obtain effective
isotope filtration (Section 7.1.2.1).

Evolution under the passive scalar coupling interactions during the
delays, 27, generates 2" — 1 antiphase product operators in addition to
the desired in-phase magnetization. For example, in an 1S spin system,

FiGURE 7.6—Continued

cycling is g1 =x, —X; g2=X, X, ¥, y; §3=1, ¥, =X, —=X; p2=0, J, X, X; $5=X, X,
-y, =y; ¢s=—y, —y, —X, —x; and receiver =x, —x, —x, x for the first FID
acquired. The second FID is aquired with inversion of ¢,. For each ¢; increment,
¢ and the receiver are inverted; no other quadrature detection scheme is
required. (c) Four (three) step phase cycling for the TROSY experiment is
dr1=x, y, —x, —y (270°, 30°, 150°); ¢» =y; ¢3=—y; and receiver =x, y, —x, —y
(0°, 240°, 128°) for the first FID acquired. The second FID is acquired with
¢r1=x, ¥, —x, —y (270°, 30°, 150°); ¢ =y; ¢3=—y; and receiver=x, —y, —x, y
(0°, 120°, 240°). Depending on the spectrometer, y and —y phases may need to
be interchanged for the TROSY experiment. Processing for PEP-HSQC and
TROSY experiments are described in the text.
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FiGure 7.7 Plots of the refocused INEPT coherence transfer functions, nl',(7),
for IS spin systems ([7.25]). Results are shown for methine /S (—), methylene
LS (- - -), and methyl I5S (- - -) groups with Jcy coupling constants of 140 Hz.
The dashed vertical line at 2.2 ms indicates the optimal value of 7 to maximize
I',(t) simultaneously for methine, methylene, and methyl carbons.

evolution of —2/.S, during the 2r, delay of the forward refocused
INEPT sequence gives

T —T Z T, TS —T1
21,8,

—211.S, cos(2nJy st1) cos(2nJ,sT1)
+41.1>.S cos(2nJyst1) sin(2ntp,s71)
+20.S, sin(2wJy s71) sin(2nJp,571)

+ S, sin(2nJp, s71) cosmty,sT1). [7.26]

The antiphase terms of the type /,.S,, I5.S,, and I,.1,.S\ present in [7.26]
are not efficiently dephased by a highly rf inhomogeneity-compensated
composite pulse decoupling scheme (as discussed in Section 3.5, terms
such as 41,.1,_S are particularly insensitive to rf inhomogeneity). No net
rotation of the /;. and /». operators is expected for an integral number of
cycles of an ideal composite pulse decoupling scheme applied to the 7



7.1 HETERONUCLEAR CORRELATION NMR SPECTROSCOPY 557

spins (ignoring homonuclear TOCSY transfer); however, the length of
the evolution period, ¢;, generally will not be equivalent to an integral
number of supercycles. If all the pulses of the composite decoupling
sequence are applied along the +x-axis, then the 7 spin operators
experience a net rotation about the x-axis by an angle, «, given by the
sum of the flip angles of the pulses in the applied fraction of the final
supercycle. Transfer of antiphase S magnetization back to the [ spin
magnetization by the reverse INEPT sequence depends upon « and
therefore is a function of ¢;. Subsequent Fourier transformation results
in a pattern resembling 7, noise for the /oS and 73S signals. The 907(/)
pulse immediately following the #; period, depicted as an open bar in
Fig. 7.6a, suppresses this spurious magnetization transfer by converting
the antiphase operators into multiple-quantum operators that are not
refocused into observable 'H magnetization by the reverse INEPT
sequence.

The F; linewidth of a decoupled HSQC spectrum is determined by
the relaxation rate of in-phase SQ coherence:

Ras = RIS(S) + RSSA(S)

= % {4J(0) + J(w; — ws) + 3J(ws) + 6J(w)) + 6J(w; + ws)]
+ dc% {4J(0) + 3J(ws)} [7.27]

in which the individual relaxation rate constants are obtained from
Tables 5.5 and 5.8 (Chapter 5) and other assumptions are identical to
those used in the discussion of the HMQC and HSQC experiments. In
the limit of slow overall tumbling, the relaxation rate constant is
approximated by

T 4
Rys = gc |:d15 + gdCSAi|. [7.28]

For backbone amide moieties in proteins, R,g > Rys, because
decoupling of the 7 and S spins during #; eliminates broadening
due to longitudinal relaxation of /.. Consequently, narrower line-
widths are obtained in decoupled 'H-'°N HSQC spectra, compared
with conventional HSQC spectra. For example, a linewidth of 2.0 Hz
is calculated from [7.28], compared with 3.0 Hz calculated from [7.16],
by using t.=4.1 ns. The Ilinewidth differences in conventional
and decoupled "H-">C HSQC spectra are not as pronounced because
the C-H dipole—dipole contribution to the transverse relaxation
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rate constant is large compared to the H-H dipole—dipole
contribution.

To illustrate an analysis (26) that will prove very useful in analyzing
the sensitivity-enhanced HSQC and TROSY experiments, the following
discussion specializes to an IS spin system. In this case, 27, =27=
1/(2J;s) and the 907(/) pulse, shown as an open bar in Fig. 7.6a,
following the #; period can be eliminated. The propagator for the reverse
polarization transfer scheme is written as

U = exp[—iA# 7] exp[—in(l; + Sy)] exp[—iA 7] exp[—i(F) Ly + Sy)]

x exp[—iA't] exp[—in(ly + Sy)] exp[—iH 1]

= exp[—i(3)2LS:] exp[—i§)(L\ + S.)] exp[—i(5)2L.S.]

— cxpl-i(8)5.] expl-i(8)21:5,] exoli924,5.] exp[i691]

— exol-i)5.] exli9)5,] expl—i(9)5,] expl (81215,
 exp[21,5.] exp[1(9)1,] expl—()1] expl—i()1]

= exp[i(3)Sy] exp|i()S:] exp[—iml*S,] exp[inl,S*]
x exp[i(3)L:] exp[—i(3)L,]. [7.29]

The two z-rotations in the final result introduce only phase shifts
and can be ignored for the present discussion. The 907(/) and 902 (S)
rotations do not affect the experiment if the S spin coherence is purely
in-phase at the end of the ¢, period and if the detected 7 spin coherence
also is in-phase; the composite pulse decoupling sequences applied
during #; and f, ensure these conditions. Consequently, the part
of the propagator responsible for coherence transfer can be written
simply as

U = exp[—inl®S, ] exp[inl,S®]. [7.30]

This propagator corresponds to a selective inversion of coherences
(and populations) between the |wa) and |Ba) eigenstates, followed by
a selective inversion between the |ea) and |af) eigenstates. The effects
of these rotations are depicted in Fig. 7.8a. The propagator causes the
transfers:

I, S IS,
PSS I1-S — IS,

7l 8¢ al®S,
FS™ = ItS™ — 1tSse, [7.31]
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Figure 7.8 Energy level representation for reverse polarization transfers for
(a) decoupled HSQC and TROSY experiments and (b) a PEP-HSQC experi-
ment. Coherences are represented by wavy lines connecting energy eigenstates.
Selective 180° rotations are represented by curved lines and are labeled with the
appropriate rotation operator.

The corresponding transfers for the S+ coherences are found by
interchanging the — and + signs:

A E ey S )

wl,S* IS,
1°St — ISt — I7S“. [7.32]
Only the operators containing an /™ factor are potentially detectable
during #,; thus, including the effects of chemical shift evolution during ¢,
gives

Iﬁsfeiﬂgtl + Iots«l»effﬂgtl N IfSﬁeiQStl + Ifsaefiﬂstl
=17 cos(Rsty) — 21~ S, sin(Qsty). [7.33]

The antiphase term is not detectable during ?#,, because composite
pulse decoupling is utilized. Consequently, in agreement with the
preceding product operator analysis, an in-phase, amplitude-modulated
signal is recorded. On average, one-half of the signal (the anti-
phase term) is not detectable in this experiment, which is typical of
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amplitude-modulation schemes for frequency discrimination during #; of
2D NMR experiments.

7.1.3.2 Sensitivity-Enhanced HSQC In the conventional HSQC
experiment (Fig. 7.1b), heteronuclear SQ coherence evolves under the
influence of the S spin chemical shift Hamiltonian during the ¢,
evolution period to yield two orthogonal terms proportional to 2/.S, and
218, [7.11]. The second term is not refocused by the reverse INEPT
sequence and does not contribute to the final observed magnetization
[7.11] (this is essential if amplitude-modulated, pure-phase spectra are to
be recorded). Therefore, on average, one-half of the initial / spin
polarization does not contribute to the detected signal.

Modification of the HSQC experiment to permit refocusing and
detection of both orthogonal transverse magnetization components
forms the basis of a class of heteronuclear correlation experiments,
developed originally by Rance and co-workers, that can provide
sensitivity improvements by factors of up to /2 relative to the
conventional experiments (20, 27, 28). This technology has been denoted
“preservation of equivalent pathways” (PEP) (29) or “‘coherence order
selective” (COS) (30). The principle of the PEP technique for sensitivity
improvement will be demonstrated for the PEP-HSQC experiment
illustrated in Fig. 7.6b.

The evolution of the density operator for the enhanced PEP-HSQC
sequence proceeds exactly as for the conventional HSQC experiment up
to the end of the ¢, evolution period in Fig. 7.6b. For an [,,S spin system,
the evolution through the remainder of the pulse sequence is given by,
for the operators of interest,

2.8, cos(Rst1) — 215, sin(Rst1)

21735,
22, 218, cos(Qsty) + 21, sin(Qsty)

T—ml,, 1S —1 .
——> —I cos(Qst1) + 61,21, S sin(st1)
3.3,

— I COS(lel) — 51’,,21},SZ Sin(Qsll)

t—nl,, S, —1 .
——— —1. cos(QRst1) — 81 41 sIn(Rst)

T

>
25 1, cos(Qstr) — 81l sin(Qsty), [7.34]
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in which 81’,,:cos”’1(2nJ,5r) for 2t=1/(2J;s) results from evolution
of the MQ coherence due to passive scalar coupling interactions.
The sine-modulated component is stored as multiple-quantum coherence
while the cosine-modulated component is refocused to / spin magnetiza-
tion; subsequently, the cosine-modulated 7 spin coherence is stored as
longitudinal magnetization while the sine-modulated component is
refocused to 7 spin coherence. Refocusing of both orthogonal signal
components following #; is possible only for IS (n=1) spin systems. For
example, evolution through the pulse sequence for an ,S spin system
yields

2[12Sy COS(Qsll) —2I1.S, Sil’l(QSll)

T3S,

—— —2I1,,S: cos(Qst1) + 211,,S, sin(2st1)

t—nl,, 1Sx—1

—— —1I}, cos(Rsty) + 411}71225'}- sin(Qst1)

7. Zs,
2225 1. cos(Qsty) + 41, by, S, sin(Qsty)

t—nl,, nS,—T .
——— —1[}, cos(Qst1) — 4[1}712.,(5}, sin(Qst1)

ZLX
25 —1, cos(Qsty) + 41115, sin(Qsty). [7.35]

The first term on the last line of [7.35] is observable magnetization; in
accordance with [7.34], the second term is unobservable multiple-quan-
tum coherence.

The resultant —/,cos(2st;) and -6, ,/,sin(Qst;) terms in [7.34]
describe orthogonal in-phase 7 spin magnetization components that have
evolved at the frequency of the S spin during #;. The final two terms in
[7.34] represent superposed observable signals with a 90° phase
difference in both dimensions of a 2D spectrum (resulting in
phase-twisted lineshapes). In order to separate the two orthogonal
terms and obtain purely absorptive lineshapes, a second experiment is
performed in which the phase ¢, is inverted. The relevant operator terms
are (again beginning with the operators present at time «, given at the
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end of [7.11]) as follows:

ZIZS}, cos(Rst1) — 218, sin(Rsty)
T, T

2135 :
_ 2IySZ cos(Qst1) + 21},Sx sin(Q2st7)
t—nl,, tS\—1 .
_— ]x COS(QSZI) + 51,;121_\:Sx Sln(QSll)

n, T

2035 :
———— —1I, cos(Qsty) — 51’,121},5': sin(2st1)
t—nl,, S, —7 .

Iz COS(QSZI) - 81,/1Ix SIH(QStl)

g

51—«

25 I, cos(Qsty) — 81l sin(Qsty). [7.36]

Addition of the two data sets [7.34] and [7.36] gives the single observable
term

—01 421, sin(Qst1)emq, [7.37]

while subtraction of the two data sets yields the single observable
term

—21I, cos(Q2st1)e;. [7.38]

The data set represented by [7.37] contains only signals from IS
spin systems, because the extended reverse polarization transfer
sequence implements a spin multiplicity filter. The coefficients of 2 in
[7.37] and [7.38] arise because two acquisitions have been performed;
in practice, each experiment would be recorded with one-half of the total
number of transients desired to maintain the same total acquisition time
as the conventional experiment. The factors ey and €; have been
introduced in [7.37] and [7.38] to account for the different relaxation
rates of the sine-and cosine-modulated components. These factors are
given by

EMQ = CXp(—szMQ‘E) [739]
and
er = exp(—=2Ry 1), [7.40]

in which Romq is transverse relaxation rate constant for heteronuclear
multiple-quantum coherence, and Rj; is the longitudinal relaxation rate
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constant of the 7 spin (28):

Riy= RP(D) + R*(D + RPPA)

= % {J(a)l - a)S) + 3«]((1)]) + 6J(a)[ + CUS)} + dCSA([)J(CUI)
1
+3 Xk: dp{J(0) + 3J(wp) + 6J Q). [7.41]

In the limit of slow overall tumbling, the relaxation rate constant is
approximated by

Tc
Ryy=— . 42
=1 ; dk [7.42]

The data sets described by [7.37] and [7.38] differ in phase by 90° in
both dimensions. The phase difference in the acquisition dimension can
be corrected by applying a 90° zero-order phase correction to the data
set represented by [7.38] after processing in F,. Alternatively, and now
more commonly, the phase correction is performed in the time domain
by swapping the real and imaginary components of the FID and
negating the new imaginary component. The procedure to first add
and subtract the data sets followed by time-domain phase correction of
one of the resulting data sets is called ‘“Rance—Kay’ processing in most
NMR data processing programs.

In the original implementation of the PEP-HSQC experiment, either
real or hypercomplex acquisition in #;, by appropriate phase cycling of
¢y, is used to obtain two phase-sensitive data sets, corresponding to
[7.37] and [7.38]. The data sets are transformed and phased to obtain two
2D heteronuclear correlation spectra with purely absorptive peak shapes
in both dimensions. The final sensitivity-enhanced spectrum is obtained
by adding the two pure-absorption spectra. The random noise in the two
spectra described by [7.37] and [7.38] is uncorrelated (3/) and increases
only by +/2 in the sensitivity-enhanced spectrum. The achievable
sensitivity improvement over a conventional HSQC experiment recorded
in the same total time is

& = V2(e1 + 81.4eMQ)/2, [7.43]

which has a maximum value of +/2 for an IS spin system. The F,
lineshape of the sensitivity-enhanced HSQC experiment is identical to
that of the conventional HSQC experiment because identical spin
operators are present during f;.



564 CHAPTER 7 HETERONUCLEAR NMR EXPERIMENTS

In most current implementations of the PEP approach, the two data
sets obtained from Rance-Kay processing are treated as a hypercomplex
pair for subsequent Fourier transformation in #;. No additional data
acquisitions are utilized for quadrature detection in the indirect
dimension. However, processing the hypercomplex data defined by
[7.37] and [7.38] yields quadrature artifacts in the F; dimension of the
spectrum due to the amplitude differences, ¢; and &, ,emq, between
the two data sets. The PEP method can be modified, by appropriate
phase cycling (see the caption to Fig. 7.6) (32), to equalize the relaxation
differences between the coherence transfer pathways used to refocus the
orthogonal magnetization components. The sine- and cosine-modulated
terms that result from addition and subtraction of the data sets acquired
using the modified phase cycle are given by

—1I sin(Qs11) (g7 + 81.46MQ) [7.44]

—Iy COS(Qsll)(SI + 51’,18MQ), [7.45]

respectively. The two components have identical magnitudes and are
treated as a hypercomplex quadrature pair in the ¢; dimension (following
a 90° zero-order phase correction in the acquisition dimension of the
data described by [7.45]).

Following the same formal discussion presented for the decoupled
HSQC experiment, the evolution of an IS spin system in the
sensitivity-enhanced reverse polarization transfer is considered again.
The propagator for the reverse polarization transfer scheme can be
written as

U = exp|—i(§)1] exp[—iA# 7] exp[—in(l, + S,)] exp[—iA# 1]
X exp[—i(%)(ly + Sy)] exp[—iA 1] exp[—iyr(ly + Sy)] exp[—iH 1]
x exp[~i (DL + S,)]
= exp[i(®)L.] exp[—i(%)2LS:] exp[—iG) I + S,)]
X exp[—i(%)ﬂzSz] exp[—i(%)(lx + Sx)]
= exp[i@)1] exp[ i@, + )] exp[~i@) I + S,)]
x exp|—i(%)21.S«] exp[—i(%)21,S,]
= exp[i(%)Sy] exp[i(%)lz] exp[i(%)Sz]
x exp|—i(%)21.S«] exp[—i(})21,S,]
= exp[i(%)Sy] exp[z’(%)lz] exp[i(%)Sz] exp[—inZQy]. [7.46]
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Again, the two z-rotations introduce only phase shifts and can be
ignored for the present discussion. In contrast to [7.29], in-phase S spin
coherence is not required following f;. The detected I spin coherence
is in-phase because composite pulse decoupling is applied during t.
Thus, the 90° S, rotation does not affect evolution of the detected signal.
Consequently, the propagator can be written simply as

U = exp[—inZQ, ]. [7.47]

This propagator corresponds to a selective inversion of coherences (and
populations) between the |«f) and |B«) eigenstates. The effects of these
rotations are depicted in Fig. 7.8b. The propagator (ignoring any phase
shifts) causes the transfers:

nZQ,
s~ — ir-sP,
ZQ,
19S5~ — —il— S,
[7.48]
nZQ,

st —= —irtst,
7Q,
195t S irtse.

The phase factors i and—i are not obtainable from the pictorial
description of the ZQ, rotation and must instead be determined by
direct calculation of the product operators. The sign inversion for two of
the transfers in [7.48] means that the pulse sequence transfers antiphase
S spin coherence to in-phase I spin coherence. Only the operators
containing an /- factor are potentially detectable during 7,; thus,
including the effects of chemical shift evolution during 7; gives

PSS — [P§=efish [T SPeisN 4 [ 5% — [N [7 49]

In agreement with this product operator analysis, an in-phase, phase-
modulated signal is recorded. On average, the detected signal has twice
the amplitude, compared to the signal recorded in the amplitude-
modulated decoupled HSQC; however, as previously discussed, decon-
voluting the phase-modulated signals results in an increase in the noise
level by +/2 and results in a net sensitivity gain of 2/+/2 = +/2.

The requirement for decoupling during acquisition to ensure that the
detected signal is in-phase can be eliminated by inserting a 902 (S) pulse
immediately prior to acquisition. This additional pulse cancels the effect
of the 90° S, rotation in the last line of [7.46]. In fact, this modified



566 CHAPTER 7 HETERONUCLEAR NMR EXPERIMENTS

sequence element has been utilized in TROSY experiments by Kay and
co-workers (33).

7.1.3.3 TROSY Experiment The basic pulse sequence for the
original '"H-">N TROSY (transverse relaxation optimized spectroscopy)
experiment is shown in Fig. 7.6c. Rather than performing a detailed
product operator analysis of this sequence, the insights obtained in the
analyses of the decoupled HSQC and PEP-HSQC experiments will be
utilized. The initial part of the TROSY experiment is identical to the
HSQC or sensitivity-enhanced HSQC experiments, except that decou-
pling is not applied during the #; period. Consequently, evolution during
t; is described by

—2L.8S, N —2I.S, cos(R2st1) cos(nJysty) + 218, sin(R2st1) cos(nJyst)
+ S, cos(2st1) sin(mJsty) + S, sin(Qst1) sin(wJsty).
[7.50]

The propagator for the reverse polarization transfer scheme can be
written as

U= exp[—i(g)S},)] exp[—iH't] exp[—in(l + S.)] exp[—iH 1]
x exp[—i (B)(Ix + Sx)] exp[—il #7] exp[—in(l, + S.)] exp[—iA 1]
x expli B)I,]
= exp[—i(3)S,] exp[—i
x exp[—i(3)2L-S:] exp[z(g) ]
= exp[—i(3)S,] exp[—i
x exp[i(3)21,S:] e
= exp[i(3)S:] exp|—i )
x exp|i(3)21,S:] exp[l
= exp[i(3)S:] exp[—inI ] exp[ml S] exp[i(3)L]. [7.51]
The two z-rotations introduce only phase shifts and can be ignored for
the present discussion. In contrast to the decoupled HSQC or sensitivity-
enhanced HSQC experiments, no unnecessary 90° rotations are present

in the propagator; therefore, decoupling is not required during ¢, or #,.
Consequently, the propagator can be written simply as

U= exp[—inl“Sy] exp[inlyS“]. [7.52]
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This propagator is exactly that considered previously for the decoupled
HSQC experiment and causes the transfers depicted in Fig. 7.8a and
[7.31]H7.32]. Only the operators containing an I~ factor are potentially
detectable during f,; thus, including the effects of chemical shift
evolution during #; gives

IﬁS*ef(Qerﬂ-hs)tl _|_I(¥SJr€*i(Qs*ﬂJls)tl — I*Sﬁei(QS‘HTJIS)[l _{_I*Sae*i(QS*NJIS)Il .
[7.53]

The transfer from IS™ to I-S* is suppressed either by phase
cycling or by gradient coherence selection (Section 7.1.4.2). Phase cycling
of ¢, selects for the coherence order change of the S spin from pg=0 to
—1, while suppressing the coherence order change from ps=0 to +1. In
principle, this selection could be obtained using a three-step phase cycle;
however, a four-step cycle is normally used for the convenience provided
by 90° phase shifts. Both phase cycles are given in the caption to
Fig. 7.6¢c. The net transfer, including the phase cycle, is

[BS— Qs+t _y [ B pi(Qs+atis)tn [7.54]

The full intensity of the 7S operator is recorded during acquisition
because decoupling is not employed. However, on average, one-half of
the signal is recorded in this experiment compared to the sensitivity-
enhanced HSQC experiment, resulting in a twofold decrease in overall
sensitivity, in the absence of relaxation effects. The resonance correlation
peak has frequency coordinates (Qg+ 7J;s, Q7+ 7J;s), compared with
HSQC spectra, in which the resonance coordinates are (Q2g, £2;).

The final signal in [7.53] is phase modulated in #; and is deconvoluted
by procedures similar to that used for the PEP-HSQC experiment. To
achieve the desired transfer for the second data set required for
Rance—Kay processing, two changes are made to the phase cycle.
First, the the phase cycling of ¢; is reversed to select for the coherence
order change of the S spin from ps=0 to +1, while suppressing the
coherence order change from pg=0 to —1. Second, the phases ¢, and ¢;
are shifted by 180°; this is tantamount to inserting a 1805 pulse on the /
spins immediately after 7; and a 180° pulse on the S spins immediately
prior to acquisition. The propagator in [7.52] is modified to

U = exp[—inS, ] exp[—inl®S,] exp[inl,S*] exp[—inl,]. [7.55]
This propagator results in the desired coherence transfer pathway:

! 1,8° 18, s
rst I pes+ 5 s T rse I - sp [7.56]
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with the final result, including chemical shift evolution,

BSte Qs _y [— B p=iQs+rlis)n [7.57]

Equations [7.54] and [7.57] represent the pair of spectra for Rance—Kay
processing.

The TROSY experiment is unusual in that the S spin natural
abundance magnetization contributes constructively to the signal
(in other heteronuclear experiments, the natural spin polarization of
the S spin usually is destroyed, prior to the first "H 90° pulse, by a 90°
pulse on the S spin followed by a gradient pulse). Prior to the ¢ period,
evolution of the S spin magnetization is described by

S. — S, =—4(ST—85HUI* + P). [7.58]

Referring to [7.50], the component of the density operator arising from
the "H spin polarization, prior to the 7, period, is described by

—2L.S, =4(ST —ST)UY - P). [7.59]

Comparison of [7.58] and [7.59] shows that the desired operator S~ I*
adds constructively from the initial '"H and '°N polarizations.

As in the PEP-HSQC experiment, differential relaxation of
operators present through the reverse polarization transfer affect the
final detected resonance in the TROSY spectrum. Examining the effects
of relaxation is more straightforward in the Cartesian basis. The initial
operator of interest after the ¢, period is Sflﬁ:(E/2—Iz)(Sx—iSy).
Evolution through the reverse polarization transfer, including relaxa-
tion, is given by

(EJ2— L)(Sx—iS)) 3 (E/24 LSy —iS,)

25 1.8, expl—Ros27] + LSy expl—Romq27]
+ il Sy exp[— Ros2t] —il.S, exp[— Ramq27]

7158,

——— —I,S\ exp[— Ros27]+ ISy exp[— Romq27]
- Z'Iny exp[—F252r] —il.S. CXp[—RzMQz‘L’]

2t — _
—> 31 exp[—(Ras+ Ra1)2t]+ 1Sy exp[—2 Romq21]
— il Sy exp[—(Ras + Romq)27] — 41, exp[—(Ramq + Ro1)27]

I Sy

= 31 exp[—(Ras+ Ry1)27] — IS exp[—2Romq27]
+ il,S- exp[—(Ras + Ramq)27] — 41, exp[—(Romq + Rar)21],  [7.60]
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in which
Ry = Y[RPQIS:) + RE(D + REPAS)] + RS (D + RFPA)

= % {4J(0) + J(wr — ws) + 3J(ws) + 3J(w)) + 6J(w; + ws)}

p d
+ 95N ) 1 9N 1410) 4 350

+ % Xk: dp{5J(0) + 9J(w)) + 6J2w)) } [7.61]

is the relaxation rate constant of the 7 spin transverse magnetization.
In the limit of slow tumbling, this rate constant is approximated by

— ¢ 4 5
Rop= 2 i =) 62
u= d15+3dCSA(1)+4 4 di [7.62]

The operators on the final line in [7.60] can be expressed in the spherical
basis as

1~ SP{exp[—(Ras + Ror)27] + exp[—2Romq27] + exp[—(Ras + Romq)21]
+ exp[—(Ramq + Rop)27]}/4 4+ 1~ S“{exp[—(Ras + Ra1)27]
— exp[—2Ramq27] — exp[—(Ras + Ramo)27]
+ exp[—(Ramq + Ra1)21]}/4
~ I7SP(1 — (Ras + Ror + 2Romq) T} + I~ S“{(Ramq — Rap)t).  [7.63]

The last line of this equation is obtained by expanding the exponentials
to first order, assuming that 2tR& « 1, in which §={I, S, MQ}. This
result indicates that when the relaxation rate constants are both large
and different, then the desired “TROSY” resonance with frequency
coordinates (Qg+ 7Js, Q4 7J;s), associated with 7~ S? coherence, has
reduced intensity, while an undesired resonance associated with 7~S¢
coherence appears in the spectrum with frequency coordinates
Qs+ s, Qr—mJis). A similar analysis shows that the spin operator
S™I% present after the ¢, period yields an observable operator,

I7S* — I~ SP{(Ros — Romq)T)s [7.64]

due to differential relaxation. This transfer yields a correlation with
frequency coordinates (Q2g— nJ;s, Q27+ mJ;s). Even in the presence of
differential relaxation, the resonance correlation at (Qg — /5, 27— 7wJ;5)
is efficiently suppressed by the TROSY sequence. Techniques for
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additional suppression of these artifactual peaks have been described
(34, 35).

7.1.3.4 Comparison of Decoupled HSQC, PEP-HSQC, and TROSY
Experiments Selected regions of the 'H-'°N decoupled HSQC,
sensitivity-enhanced PEP-HSQC, and TROSY spectra of ubiquitin are
presented in Fig. 7.9. As predicted by [7.25], the NH, resonances are
suppressed in the decoupled HSQC pulse sequence; a similar product
operator analysis predicts that the NH, resonances are suppressed in the
TROSY spectrum as well. The relative sensitivity of the three
experiments is illustrated by the 1D traces through a selected 'H-'°N
correlation peak.

7.1.3.5 Relaxation Interference and TROSY Spectra of Larger
Proteins TROSY is both a general principle of pulse sequence
design and a particular experiment. The concept behind TROSY is
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FIGURE 7.9 Comparison of selected regions from 'H—'°N heteronuclear
correlation spectra of '’N-labeled ubiquitin, recorded using the schemes of
Fig. 7.6a—c, respectively. Each spectrum was recorded in approximately the
same total time with identical #; and ¢, acquisition times and processed similarly.
NH, correlations are indicated by lines connecting the two nonequivalent
proton resonances. A slice parallel to the F, axis through a selected resonance is
shown in the lower right corner of each spectrum to illustrate the relative
sensitivity of the experiments.
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that certain coherences (usually specific multiplet components, but also
multiple-quantum operators) have smaller transverse relaxation rate
constants than do single-quantum operators representing total spin
magnetization. Of course, recording only the signal from a subset of
multiplet components, rather than the total magnetization, incurs an
initial loss of sensitivity. For example, the TROSY experiment for IS
spin systems, such as 'HN-'°N, has one-half the sensitivity of the
PEP-HSQC experiment if relaxation is neglected. However, if
the selected spin operators have small enough transverse relaxation
rate constants, and if ¢, or free-precession delays are long enough,
then improved resolution and sensitivity can be obtained, particularly
for large macromolecules in which relaxation losses are particu-
larly severe. The application of line narrowing through relaxation
interference was anticipated by Griffey and Redfield (36). The first
TROSY experiment was described by Wiithrich and co-workers and
utilized relaxation interference between CSA and dipole—dipole (DD)
interactions within the amide 'H™-'°N IS spin system. Since the
original description, TROSY concepts have been developed for other
IS spin systems (37), as well as for I,S (CH») (38) and 55S (CHj3) spin
systems (39).

Relaxation interference between DD/CSA interactions is discussed
in Section 5.4.5. The effect of differential relaxation on the 'H-'°N
multiplet components in large proteins at high static magnetic field,
where the DD/CSA relaxation interference is most prominent, is shown
in Fig. 7.10 for the protein calbindin D»g,, with a molecular mass of
30kDa. The figure shows expansions from a series of heterocorrelation
spectra recorded at 800 MHz; in each spectrum, only resonances arising
from a single resolved '"H-'°N amide moiety are shown. In Fig. 7.10a,
an HSQC spectrum in which decoupling was omitted in both #; and #,
evolution periods is shown. The effects of relaxation interference are
manifest in the different intensities of the four multiplet components.
The relaxation rate constants for the spin operators contributing to the
observed cross-peaks are

Ro(I7S%) = Rar+ nuys,
Ry(I"SP) = Ror — nisss

- [7.65]
Ry(I”S7) = Rys + ns s,

Ry(IPS™) = Ras — ns.1ss
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FiGure 7.10 'H-'>N multiplet structure. A resonance is shown for calbindin
Dogi recorded at 800 MHz. (a) HSQC spectrum recorded without decoupling in
t, or ¢, periods to illustrate the differential linewidths of multiplet components.
(b) Conventional HSQC spectrum, in which the multiplet components are
collapsed to a singlet. (¢) TROSY spectrum that selects the narrowest multiplet
component.

in which 5 ;s (nszs) 1s the transverse CSA/DD relaxation interference
rate constant for cross-correlation between the CSA interaction of the
I (S) spin and the DD interaction of the IS spin pair [5.145], and
Ry (Ros) is the averaged relaxation rate constant for single-quantum
coherence of the 7 (S) spin during free precession. In Fig. 7.10b,
a conventional HSQC spectrum is shown. Decoupling in the ¢; and #,
dimensions suppresses relaxation interference and essentially averages
the relaxation rate constants, and consequent intensities, of the multiplet
components. In Fig. 7.10c, the TROSY experiment selects the most
intense multiplet component, resulting from destructive interference
between DD and CSA relaxation during both #; and f, evolution
periods.

An important aspect of TROSY experiments arises from remote
"H-'"H dipole—dipole interactions. The narrow TROSY component
arises from evolution of /S~ during 7, and 7~ S” during #,. Both of these
operators contain 'H spin components and consequently both R»;
and R,s contain contributions from remote 'H-'H dipole—dipole
relaxation. These additional relaxation pathways reduce the line
narrowing achievable in the TROSY experiment. As a result, optimal
use of TROSY techniques commonly necessitates replacement of
remote 'H spins with “H in order to reduce these dipole—dipole
interactions.
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7.1.4 WATER SUPPRESSION AND GRADIENT ENHANCEMENT OF
HETERONUCLEAR CORRELATION SPECTRA

The previous sections have outlined the basic coherence transfer and
relaxation effects that are important for the most widely utilized
two-dimensional heteronuclear correlation experiments. Practical imple-
mentations of these techniques, either as two-dimensional methods
or for incorporation into higher dimensionality NMR experiments,
frequently utilize a number of enhancements to obtain high-quality
water suppression and reduced artifacts, particularly by incorporating
field gradient pulses. Aspects of water-suppression techniques and
gradient coherence selection in heteronuclear correlation spectroscopy
are described in the following sections.

7.1.4.1 Solvent Suppression 'H-'C heteronuclear correlation
spectra of '*C-labeled proteins normally are recorded using proteins
in D,O solution, and presaturation of the residual HDO solvent
resonance usually is satisfactory. The "H-'2C heteronuclear spectra of
13C/"N-labeled proteins in H,O solution can be recorded by using
presaturation of the solvent resonance; however, pulsed field gradient
techniques for solvent suppression are preferable to avoid obscuring
"H*-13C“ correlations. For "H-"°N heteronuclear spectra of '’N- and
13C/"N-labeled proteins acquired in H»O solution, presaturation of the
solvent signal usually is avoided to minimize solvent saturation transfer
to the amide "H spins that reduces signal intensities (40—42).

Although jump-return versions of the HMQC experiment have been
designed, the most effective solvent-suppression schemes for 'H-'°N
heteronuclear NMR spectroscopy incorporate spin lock purge pulses
(43) or field gradient pulses (40, 42, 44) (Section 3.7.3) into the HSQC
experiment. Use of these techniques is facilitated because evolution
under the '"H-'°N scalar coupling Hamiltonian provides an efficient
mechanism for independently manipulating the protein and solvent
resonances. For example, evolution through the initial INEPT sequence
of the HSQC experiment yields

t—nly, 1S —1
I, ——— > 2I.8.,

o [7.66]
W, /5 —w,

in which 7="H" and S="°N are the solute spins, and W designates
the solvent 'H spins. The resulting solute and solvent 'H operators are
orthogonal. In these pulse sequence elements, the phase of the 180° pulse
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on the 'H spins has been changed to +y compared with the sequences of
Fig. 7.1. At this point, a purge pulse applied with x-phase spin-locks
the 2/..S. coherence and dephases the W, coherence. Alternatively,
a 907 pulse applied to the "H spins converts the 2/,.S. coherence into
longitudinal two-spin order, —21.S., without affecting the W, operator.
A subsequent z-axis field gradient or homospoil pulse selectively
dephases the solvent magnetization without affecting the solute
coherence. Finally, if a selective 907 pulse is applied to the solvent
spins prior to the first nonselective 90 pulse, then evolution through the
initial INEPT sequence gives

%I,\frfnlt.,erxfrf%I}.

L —2LS.,

z

7.67
W=t W,—r—5W, 7.67]
W, w..

z z

This pulse sequence fragment is the basis for ‘“‘water flip-back™
techniques, because the solvent magnetization is returned to the z-axis
by the INEPT sequence; similar concepts are used during other portions
of pulse sequences to ensure that the solvent signal remains aligned along
the z-axis during the acquisition period.

Examples of the “fast” HSQC pulse sequence and a water flip-back
TROSY pulse sequence are shown in Fig. 7.11. In both of these
sequences, the water magnetization is transverse during the #; period.
The gradients labeled g2 dephase and rephase the water magnetization
at the beginning and end of the #; period to avoid deleterious effects
of radiation damping. The water magnetization is returned to the
+z-axis by the final 90° pulse applied to the I spins. The final 180° pulse
applied to the 7 spins is part of a WATERGATE element, along with the
flanking field gradient pulses.

Gradient pulses during periods of free precession, such as the
gradient pulses labeled gl or g3 in sequences a and b in Fig. 7.11 or
the gradients g2 in Fig. 7.11b are applied in such manner as to keep
transverse water magnetization dephased as much as possible to mini-
mize deleterious radiation damping. Thus, in the sequences shown, the
first gradient of the gl pair is applied immediately after the preceding
90° pulses and the second gradient of the pair is applied immediately
before the subsequent 90° pulse.

7.1.4.2 Gradient-Enhanced HSQC and TROSY NMR Spectro-
scopy Although pulsed field gradients (PFGs) can be used to generate
frequency-discriminated pure-absorption spectra by gradient coherence
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Ficure 7.11 (a) Fast HSQC and (b) TROSY pulse sequences incorporating
water flip-back solvent-suppression schemes. Thin bars represent 90° pulses
and thick bars represent 180° pulses. The 180° pulse represented as an open
bar is a crafted pulse that leaves the water magnetization unperturbed; 3-9-19,
or soft-hard-soft, pulse schemes commonly used for this pulse are described
in Section 3.7. Pulses are applied with x-phase unless the phase is indicated
above the bar. The nominal value for 27 =1/(2J;5). (a) Decoupling during ¢, is
achieved by using GARP-1, WALTZ-16, or other decoupling sequences. Phase
cycling for the fast HSQC experiment is ¢ = x, —X; ¢ = 2(x), 2(—x); ¢3=4(p),
4(—y); and receiver = x, —x, —Xx, x. (b) Phase cycling for the TROSY experiment
iS¢ =X, y, =X, —y; ¢ =y; ¢3 = —y; and receiver = x, y, —x, —y for the first FID
acquired. The second FID is acquired with ¢ =x, y, —x, —y; ¢p»=y; ¢p3=—y;
and receiver =x, —y, —x, y. The two data sets are stored separately and then
combined as described in the text. Depending on the spectrometer, y and —y
phases may need to be interchanged for the TROSY experiment.
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selection, a signal-to-noise loss of 2" normally is incurred relative
to techniques employing phase cycling (TPPI or hypercomplex
methods) (Section 4.3.4.2). Kay and co-workers showed that pulsed
field gradients can be used for coherence selection in a PEP-HSQC
experiment without sacrificing sensitivity (45). A PFG-PEP-HSQC
experiment is shown in Fig. 7.12a. Coherence selection is obtained
using gradient pulses g3 and g6; the other gradient pulses are used
to suppress artifacts associated with the 180° pulses (Section 4.3.3.2).
The sequence also incorporates water flip-back techniques for
solvent suppression. The evolution of the density operator for the
PFG-PEP-HSQC sequence proceeds exactly as for the conventional
HSQC experiment up to the end of the #; period in Fig. 7.12a. Evolution
through the first spin echo period yields

2.8, cos(Rst1) — 215, sin(Rst1)
SN DS, cos[Sst + $s(2)] — 21, sin[Qst1 + ()]
[7.68]

in which ¢g(z) is the spatially dependent phase acquired by the S spin
coherence during the gradient pulse g3. The PEP reverse INEPT
sequence yields

—2I.S, cos[Qst) + ¢s(2)] — 21.S sin[Qst) + ¢s(2)]
P 1, cos[Qst1 + ds()ler — 1l sin[Rst1 + ¢s(Glemq-  [7.69]

Following the second spin echo period and gradient pulse g¢, the I spin
coherences acquire a spatially dependent phase ¢/z). If the gradient
pulses are adjusted such that ¢g(z) =¢,(z), the resulting observable
magnetization is

{Iy COS(QSll) -1, Sin(QSll)}(é‘] + 81,,,8MQ)/2. [770]

Imbalance between the two coherence transfer pathways is suppressed
by the N/P selection of the second field gradient pulse. To deconvolute
the orthogonal magnetization components, a second acquisition is per-
formed in which the phase of the 90 (S) pulse immediately following the
¢, evolution period is inverted and the sign of gradient g4 is reversed so
that ¢g5(z) =—¢(z). The resulting observable magnetization is given by

{=1, cos(Qst1) — L sin(Qst1)} (67 + 81.0emq) /2- [7.71]

Addition and subtraction of these two data sets yield results equivalent
to [7.44] and [7.45]. The resulting phase-sensitive PFG-PEP-HSQC
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FiGure 7.12 Pulse sequence for the (a) PFG-PEP-HSQC and (b) PFG-TROSY
experiments. Thin bars represent 90° pulses and thick bars represent 180° pulses.
Pulses are applied with x-phase unless the phase is indicated above the bar.
The short thick bar represents a water-selective soft 90° pulse. The nominal
value for 2t=1/(2J;s); delays §; and §, are long enough to encompass the
gradients. Gradient coherence selection is performed using g3 and g6 (black);
other gradients (white) are for artifact suppression. Gradients g3 are applied
as a pair in order to minimize the delay §;. (a) Decoupling during 7, is achieved
by using GARP-1, WALTZ-16, or other decoupling sequences. The phase
cycling for the PFG-PEP-HSQC experiment is ¢;=x, —x; ¢,=2x; and
receiver = x, —x for the first FID acquired. The second FID is acquired with
inversion of ¢, and gradient g6. For each ¢; increment, ¢; and the receiver are
inverted; no other quadrature detection scheme is required. (b) Phase cycling
for the TROSY experiment is ¢ =x, —X; ¢ =y; ¢3=—y; and receiver =x, —x
for the first FID acquired. The second FID is acquired with ¢y =x, —x; ¢po=;
¢3= —y; and receiver = x, —x. The gradient g6 also is inverted for the second
FID. Depending on the spectrometer, y and —y phases may need to be
interchanged for the TROSY experiment. For both PFG-PEP-HSQC and
PFG-TROSY, the two data sets are stored separately and then combined as
described in the text.
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spectrum has the same nominal sensitivity as does the phase-cycled
PEP-HSQC spectrum, or double the sensitivity of a conventional
PFG-HSQC spectrum. The 2'/? sensitivity loss associated with coherence
selection by pulsed field gradients is recovered and the nominal 2'> PEP
sensitivity enhancement is obtained independently in the PFG-PEP-
HSQC experiment. The gradient-enhanced pulse sequence is necessarily
longer than the PEP-HSQC experiment, because the gradient pulses
required for coherence selection are placed within spin echoes in order to
refocus chemical shift evolution. The sensitivity of the PFG-PEP-HSQC
experiment is reduced relative to the PEP-HSQC experiment by a factor
of exp[—281Ras — 282 Rog], in which R,g and R»; are the relaxation rate
constants for the S and 7 spin coherence present during the spin echo
periods (46).

The same considerations can be applied to the TROSY experiment.
A PFG-TROSY experiment is shown in Fig. 7.12b. In addition to
gradient coherence selection, this sequence also incorporates water
flip-back solvent suppression.

7.1.5 THE ConsTANT-TIME 'H-"*C HSQC EXPERIMENT

As noted in Section 7.1.2.2, multiplet structure in the F; dimension
of conventional "H-"*CHSQC or HMQC spectra arises from aliphatic
homonuclear '*C-'3C scalar coupling interactions. The multiplet
structure can be eliminated by using a constant-time '*C evolution
period (18, 19). The constant-time "H-'*C HSQC (CT-HSQC) experi-
ment illustrated in Fig. 7.13 differs from the pulse sequence of Fig. 7.1c
by addition of >N coherent decoupling throughout the constant-time
period T and addition of two carbonyl 180° pulses. Evolution under
the '*CO-"3C scalar coupling Hamiltonian is refocused during the initial
t; fraction of the constant-time evolution period by the 180° pulse
applied to the carbonyl spins, and during the remaining fraction of the
constant-time period, 7 — ¢, by the 180° pulse applied to the aliphatic
carbon spins. The '*C-"3C scalar coupling interaction between the S spin
and n other aliphatic '*C spins, R, with coupling constant Jcc, is active
during the entire period 7. The net evolution of 21.S) coherence during
T is obtained by generalizing [7.19]:

=2L.S, I 218, cos(Rsty) cos"(mJccT) + 218, sin(Qst1) cos” (wJcc T)
+ antiphase terms.
[7.72]
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The antiphase terms (of the form 4/.S\R,. and 81.5,R,.R,., etc.) are not
converted back to observable '"H magnetization by the reverse INEPT
sequence following the constant-time evolution period, and can be
ignored. The '*C magnetization present at the end of the constant-time
evolution period is modulated only by its chemical shift during #;;
therefore, cross-peaks in the 2D correlation spectrum appear as singlets
in the F; dimension.

To achieve effective decoupling of the '*C*~'*CO scalar coupling
interaction, the rectangular 180°(*>C) pulse applied during 7 of Fig. 7.13
has a field strength given by yB; = ©/+/3, where Q is the offset between
the '*CO and aliphatic '°C carrier frequencies, and selective shaped
180°('3CO) pulses are used (Section 7.1.2.2). The second 180°('*CO)

y %
ty
1
H
1 1
! 04 04 | [ 0,
1 1
! Hel @I 4
13¢ :T T 2: 2 > ofl " 7| decouple
-l »
1
X T
13CO I I
15N | decouple |

FIGURE 7.13 Pulse sequences for the '"H-'*C constant-time HSQC experiment.
Thin bars represent 90° pulses and thick bars represent 180° pulses. Pulses are
applied with x-phase unless the phase is indicated above the bar. The nominal
value for 2t =1/(2J;s), T = n/Jce, and n=1 or 2. The first and last 180°(**C)
pulses are best applied as composite pulses of the type 9031807907, or other
broadband inversion pulse, in order to minimize resonance offset and rf
inhomogeneity effects. The '’N decoupling during the constant-time evolution
period is accomplished using a WALTZ-16 or DIPSI-2 decoupling scheme, and
13C decoupling during the 7, 'H data acquisition period is accomplished with a
GARP-1 or other decoupling scheme. The phase cycle is ¢; = x, —x; ¢ =8(x),
8(—x); p3=2(x), 2(y), 2(—x), 2(—); ¢pa=16(y), 16(—y); and receiver = 2(x, —x,
—Xx, X), 2(—x, x, x, —x); if required, this 32-step phase cycle can be reduced by a
factor of two by eliminating cycling of ¢4. Frequency discrimination is obtained
by TPPI, States, or TPPI-States phase cycling of ¢;.
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pulse has no effect on the product operator analysis of the pulse
sequence and serves to refocus aliphatic '*C evolution caused by the
off-resonance effects of the first 180°(**CO) pulse. If the second selective
180°("*CO) pulse were omitted, the resulting spectrum would have a
frequency-dependent phase error in the F; dimension (Section 3.4.1).
The '*C*-'3CO scalar coupling interaction is not active during the 27
INEPT delays, so the aliphatic '*C pulses may be applied at full power
to maximize excitation of the aliphatic spins.
The 180°(**CO) pulses can be applied in an alternative sequence:

(T—1,)/4-180°(3CO) —(T—1,)/4-180°("*C)
(T + 1,)/4-180°("*CO)— (T + 1,)/4. [7.73]

In this case, the '*C* operators of interest are in-phase with respect
to the *C*~'*CO scalar coupling when the 180°(**C) pulse is applied.
Consequently, this pulse can be applied at full power to obtain optimal
inversion of aliphatic 180°('*C) spins.

The uniformity of one-bond aliphatic '>*C—"3C couplings (Jcc ranges
from 32 to 40 Hz) facilitates optimization of the length of 7"to maximize
the cos"(mJccT) factor in [7.72]. The experiment also can provide
information on the number of aliphatic carbons attached to a given
13C nucleus. As can be seen from [7.72], if T=1/Jcc, the sign of the
3C magnetization will be opposite for carbons coupled to an odd,
relative to an even, number of other aliphatic carbons. If, on the other
hand, T = 2/Jcc, all cross-peaks will have the same sign.

The resolution enhancement and spectral editing features of the
CT-HSQC experiment are illustrated in Fig. 7.14, which compares
"H-'3C HSQC spectra of uniformly '>N/'*C-labeled ubiquitin acquired
using the conventional HSQC sequence of Fig. 7.1b with spectra
acquired using the CT-HSQC scheme of Fig. 7.13 and constant-time
evolution periods, 7, of 27 and 54ms. Expansions of the 'H*-'*C*
regions of the spectra are shown in Fig. 7.15. The conventional HSQC
spectrum (Fig. 7.14a) and the CT-HSQC spectrum acquired with
T=54ms (Fig. 7.14c) were recorded with identical digital resolution
in the #; dimension (480 complex 7; data points were acquired with
f1max = 52.8 ms), while the CT-HSQC spectrum acquired using 7’=27 ms
(Fig. 7.14b) was recorded with one-half the digital resolution of the
other two experiments (240 complex ¢; data points were acquired with
f1max = 20.4 ms). Each spectrum was zero-filled to give a final F; digital
resolution of 8.9 Hz.

The resolution obtained using T'=2/Jcc ~ 54 ms is clearly greater
than that obtained using 7= 1/Jcc ~ 27 ms. However, 13C transverse



7.2 HETERONUCLEAR-EDITED NMR SPECTROSCOPY

581

fossrpeaks i
two other/aliph
q of

L plotted with a single
b $pddtrd are shown in

D riod attenuates the
pbteins larger than ubi
for T=27ms. To

Fig. 7.

uf number of ¢, incre
nEs, he number of incre

1 of "]‘“ : bifstant-time evolution
ictical
/Z | Heteronujl dNMR Spectroscopy

HI ents represent the si
 spectroscopy of larg

| l heteronuclear-edit

I

hded directly to the

mplest use
°r proteins
ed NMR
en 'H spins according to th

a b c

g

sy 2

- 5 o

]
-3
_
\z\ / 6 0

14 Comparispn uniformly
heled ubiquitin r experiment
he CT-HSQC e =54ms (c).
8QC spectrd we lelay, #,(0),
’bro, |so that mo p dimension.

are coupled

el only.

pbservable
quitin, this

btain the
ents must
nts in the

cfl by the time available for total

eriods are




BD%O
P8 0 g &
0 {,0 00
9 }ﬁﬁn‘)
. & 9\})00
ge 0
H ]
s 8 xﬁn sl 0
8
8 8
b
) 0
P
i -]
6 5 4 £2 (ppmp 45

A 3D heteronuclear-edited ¢
sequence, usually a NOES)
experiment, and an HSQC
catenated as discussed in S
NOESY experiment consig
NOESY pulse sequence and

7.2.1 3D NOESY-HS

The basic -S (I='H
xperiment is illustrated in
s¢quence is a homonuclear
spin decoupling during the
coypling interaction is achi
the\ midpoint of #; (illustn
decqupling pulse scheme th
preceding time a is equival
expetiment, and the rem
time ¢ is identical to the H
operatpor treatment of the
by catenating the results f{
For example, for two 'H s

sxperiment consists of a homonuclear pulse
Y (Section 6.6.1) or TOCSY (Section 6.5)
(or HMQC) pulse sequence (Section 7.1)
ection 4.5 (47). A 4D heteronuclear-edited
ts of the catenation of a homonuclear
two HSQC (or HMQC) building blocks.

QC SPECTROSCOPY

, and S="C or ""N) NOESY-HSQC
Fig. 7.16 (48-50). Up until time a, the
NOESY experiment (Section 6.6.1) with S
t; evolution period. Decoupling of the J;g
eved by application of a 180°(S) pulse at
ated), or by application of a composite
roughout #;. The 90°(/) pulse immediately
ent to the first 90°(/) pulse in the HSQC
ainder of the pulse sequence following
1SQC experiment (Fig. 7.1b). The product
NOESY-HSQC experiment is obtained
or the NOESY and HSQC experiments.
pins I and K and a heteronuclear é‘ spin




7.2 HETERONUCLEAR-EDITED NMR SPECTROSCOPY 583

that is scalar coupled only to the [ spin, evolution through the pulse
sequence is given by

I I,
_(Ix"‘K\‘)_[l/z_ﬂSx_[l/2__(Ix+K\‘)
L+ K -2 2 L cos(Q1) 1_[ cos(mJ 1)
0

+ K. cos(Q2kty) 1_[ cos(mJ gy ty)
A

Tm

LN Iz{an(rm) cos(;t1) 1_[ cos(mJ 1)
n

+ aig(tm) cos(Rx11) l_[ COS(ﬂJKxfl)}
Py

SUAK) =171 AK), 7S —t—F(L,+K, ), 35«

— 2IZS},{a”(rm) cos(Qt) l_[ cos(mJpyt1)
n

+ aix(tm) cos(Qkty) 1_[ COS(ﬂJlel)}
A

Y[ +K)—12)2
LA R/ 2L.S, cos(QStz){aH(rm) cos(Qt) l_[ cos(mJ 1)
n

+ arx(tn) cos(Qkt) 1_[ COS(ﬂJKﬂl)}
A

JUAK), §S —1—n(L+K). 7S —T

—I, COS(QSQ){aH(fm) cos(82;t1)

X l_[ cos(mJpt1) + amx(tm) cos(Sty) 1:[ cos(nJKAll)},

n

[7.74]

in which 2t=1/2J;5), a;(tm) and a;x(t,) are transfer functions for
dipolar cross-relaxation (Sections 5.1.2 and 5.4.1), homonuclear scalar
coupling interactions of the I and K spins with other 'H spins
are represented by terms containing Jy, and Jx;, and only terms leading
to observable signals are derived. Magnetization originating on the
K spin that is not transferred to the [ spin during the NOESY mixing
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period is suppressed by the HSQC isotope filter. If the K spins were
coupled to S spins, then analogous detectable K, coherence terms would
appear in [7.74]. The complete magnetization transfer pathway can be
abbreviated as follows:

NOE Wis Wis
Ki— L — §— 1. [7.75]
(t1) (t2) (t3)

Coherence transfer steps are indicated above the arrows, and the loca-
tions of the independent ¢, ¢,, and 73 evolution periods are indicated
on the second line.

In order to obtain sufficient digital resolution in the 3D experiment,
a large number of (¢, #;) experiments are required (typically 128 x 32
complex data points are acquired in #; and t,, respectively), therefore
only a limited number of transients can be recorded for every (¢, t)
value if the entire experiment is to be completed in a reasonable time
period. As a consequence, a short phase cycle must be utilized and incor-
poration of pulsed field gradients for artifact suppression is a powerful
approach for reducing the length of the requisite phase cycle (Section
7.2.4.3). Using the eight-step phase cycle illustrated in Fig. 7.16, a 3D
spectrum can be acquired in 3-4 days. A shorter phase cycle can be
obtained by eliminating the axial peak suppression phase cycle, ¢.

1
1
1
bl
S 2 : 2 decouple

FIGURE 7.16 Pulse sequence for the 3D 'H-'>N NOESY-HSQC experiment.
Thin bars represent 90° pulses and thick bars represent 180° pulses. Pulses are
applied with x-phase unless the phase is indicated above the bar. The nominal
value for 2t =1/(2J;5) and 1y, is the mixing time. The phase cycling is ¢; = 2(x),
2(—x); ¢ =4(x), 4(—x); ¢35 = x, —x; and receiver = x, —x, —X, X, —X, X, X, —X.
Quadrature detection in the #; and 7, dimensions is achieved by incrementing
independently the phases ¢; and ¢, respectively, and the receiver phase, in
a TPPI, States, or TPPI-States manner.
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Quadrature detection in the #; and ¢, dimensions is achieved by shift-
ing the phases of ¢; and ¢; independently in a TPPI or TPPI-States
manner.

Processing NOESY-HSQC spectra follows the general methods
outlined in Section 6.6.1.3 for processing NOESY spectra and Section
7.1.2.4 for processing HSQC spectra, apart from the more limited
resolution of the F; and F, dimensions. In the final 3D spectrum, the
Fi("H)-F5("H) projection corresponds to the F;('H)-F>('H) region of
a conventional 2D "H-'H NOESY spectrum, and the Fy(S)-F5('H)
projection corresponds to the F(S)-F»('H) dimensions of a 2D HSQC
(or HMQC) correlation spectrum, as illustrated schematically in
Fig. 7.17.

The NOESY-HSQC pulse sequence illustrated in Fig. 7.16 can be
simplified by replacing the HSQC sequence with the HMQC sequence.
From the previous discussion of the HSQC and HMQC experiments,
such simplification may appear to be undesirable due to the superior
resolution and relaxation properties of the HSQC experiment. However,
the resolution in the heteronuclear dimension of a 3D experiment is
typically limited by the digital resolution, so the detrimental effect of
using the HMQC sequence is not as great in the 3D as in the 2D case.
In addition, the simple HSQC sequence can be replaced with any of the
variant heteronuclear correlation pulse sequences (decoupled HSQC,
constant-time HSQC, PEP-HSQC, TROSY) as desired.

7.2.1.1 3D "H-"N NOESY-HSQC Presaturation of the solvent
resonance normally is avoided in '"H-'"N NOESY-HSQC NMR
spectroscopy of '°N-labeled proteins. Instead, water suppression is
achieved by incorporating spin lock purge pulses or field gradient pulses
into the pulse sequence, as discussed in Section 7.1.4. The use of these
techniques avoids saturation of the "H® spins and allows observation of
important "HN-"H* cross-peaks.

The advantage of not presaturating the water resonance in the
"H-">N NOESY-HSQC experiment is illustrated clearly by Fig. 7.18,
which shows selected regions of F>('°N) slices of a 3D NOESY-HSQC
spectrum of ubiquitin compared with the equivalent regions from a 2D
homonuclear NOESY spectrum. Several "H*~'H™ cross-peaks can be
seen close to the water resonance position in the NOESY-HSQC
spectrum (Fig. 7.18, a and b), but are not observable in the 2D
homonuclear NOESY spectrum acquired using presaturation of the
water resonance (Fig. 7.18c). These cross-peaks would be difficult to
observe if presaturation of the water resonance had been utilized in the
3D NOESY-HSQC experiment.
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FiGURE 7.17 A schematic illustration showing the relationship between a 3D
heteronuclear-edited spectrum and 2D homonuclear and heteronuclear correla-
tion spectra. Cross-peaks representing three different spin systems, with degen-
erate "H® chemical shifts, but differing S spin chemical shifts, are indicated.
The 3D spectrum is represented as a series of F;("H)—F5('HY) slices edited by
the chemical shift of the directly attached S spins along the F, axis.

The phase cycle of ¢, necessary for coherence selection and for
frequency discrimination in F; results in a different state of the water
magnetization for different values of ¢;. When ¢;=x, the water
magnetization is given by — W, at the start of the mixing period. When
¢1 = —x, the state of the water magnetization is W,. When the phase of
¢, is shifted to +y for quadrature detection, the state of the water
magnetization is described by +W,. The extent of radiation damping
during 7., is very different for these different operators; thus, the quality
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projection of the 3D spectrum corresponds to the F;('H)—F>('H™) region
of a conventional 2D 'H-"H NOESY spectrum.

7.2.1.2 3D '"H-C NOESY-HSQC The 'H-">C NOESY-HSQC
experiment, which typically is acquired in D,O solution, provides NOE
correlations between aliphatic 'H spins (and between aliphatic and
aromatic 'H spins). In a '*C-edited NOESY-HSQC spectrum the
Fi("H)-F5('"H) projection corresponds to the F,('H)—Fy('H*Phaticy
region of a conventional 2D 'H-'"H NOESY spectrum acquired in
D-O solution, and the F>('*C)-F5('H) projection corresponds to the 2D
HSQC (or HMQC) correlation spectrum [F;(**C)-F>('H)] (52).

For uniformly '*C-labeled proteins, the NOESY-HSQC experiment
illustrated in Fig. 7.16 is modified to include *CO decoupling during
the #, evolution period by using a selective composite pulse decoup-
ling scheme such as SEDUCE-1 (52). Aliphatic "*C decoupling
during the 'H ¢, evolution period can be accomplished by using
a composite pulse decoupling scheme or, more simply, a composite
180°("*C) pulse.

If the '*C-edited NOESY-HSQC experiment utilizes a conventional
HSQC sequence (Figs. 7.1b and 7.16), then the maximum ¢, acquisition
time must be kept shorter than 1/(2Jcc) in order to avoid sensitivity
losses due to resolution of the Jcc couplings in the F, dimension, unless
homonuclear decoupling is used (23). This constraint usually is not
limiting in a 3D experiment. For example, on an 800-MHz spectrometer,
if 48 complex points are to be acquired in the ¢, dimension with an F,
spectral width of 30-35ppm, then the value of 5. Will range from
8.0 to 6.9 ms, compared with 1/(2Jcc) = 14 ms. Of course, the CT-HSQC
sequence (Fig. 7.13) also can be incorporated into the 'H-'°C
NOESY-HSQC experiment in order to completely eliminate line
broadening due to Jcc scalar coupling (Section 7.1.5).

Assignment of NOE cross-peaks in a 3D 'H-'C NOESY-HSQC
spectrum is greatly aided by the symmetry present in the spectrum. For
two proximal spins, H; and H,, NOE cross-peaks are expected
at [Fi("Hy), Fx("°Cy), F5('"Ho)] and at [Fi('Ha), F>("°Cy), F5('Hy)l. By
searching the 3D spectrum for such symmetry-related peaks, the '*C
chemical shifts associated with both 'H spins involved in the NOE
interaction can therefore be identified. Knowledge of all four chemical
shifts can potentially lead to an unambiguous NOE assignment.
An example in which identification of the symmetry-related peak aids
NOE assignment is included in Fig. 7.19, which shows selected regions
from F;("H)-F5("H) slices of a 3D '"H-'*C NOESY-HSQC spectrum
of ’C-labeled ubiquitin, together with the equivalent region from
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isotropic
mixing

1
1
1
bl
S 2 : 2 decouple

FIGURE 7.20 Pulse sequence for the 3D "H-'"N TOCSY-HSQC experiment.
DIPSI-2rc isotropic mixing is used during 7,,,. Other experimental details are as
given in Fig. 7.16.

correlations that are important for the sequential assignment process,
the '"H-""N TOCSY-HSQC experiment may be used to obtain quali-
tative estimates of 3Jyys coupling constants from the relative inten-
sities of well-resolved "HN-"H? cross-peaks in spectra acquired with
short mixing times (<35ms) (53).

A pulse sequence for an 'H-'>N TOCSY-HSQC experiment is
shown in Fig. 7.20. Following the initial 'H #; evolution period,
a 90°("H) pulse returns the frequency-labeled magnetization to the
+z-axis for the isotropic mixing period. The DIPSI-2rc isotropic mixing
sequence (54) transfers 'H magnetization from aliphatic spins to the
corresponding intraresidue amide "H spins, while minimizing rotating-
frame NOE effects. The 90°('H) pulse following the mixing sequence
rotates the resulting z-magnetization back into the transverse plane, and
is therefore analogous to the first pulse in an HSQC experiment, as
already discussed for the 'H-'’N NOESY-HSQC experiment. The
remainder of the sequence is equivalent to an "H—'"N HSQC experiment.
The complete magnetization transfer pathway is

1 1
i TOCSY; I LIS) S i; I;. [7.76]
(1) () (t3)

Sample Fi('H)-F5('H) planes from a TOCSY-HSQC spectrum of
ubiquitin are compared with the equivalent region of a homonuclear
TOCSY spectrum in Fig. 7.21. An analogous 'H-'*C TOCSY-HSQC
experiment, for use with protein D,O solutions, might also be designed.
However, a significantly more sensitive experiment, which relies
on coherence transfer via the large and uniform '*C-'°C J couplings,
rather than the smaller "H-'"H J couplings, gives the same information.
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9

decouple

Figure 7.22 HSQC-NOESY pulse sequence. Thin bars represent 90° pulses
and thick bars represent 180° pulses. Pulses are applied with x-phase unless the
phase is indicated above the bar. The nominal value for 21 =1/(2J;5) and 7,
is the mixing time. The phase cycling is ¢1 = x, —x; ¢ =x, X, —X, —X; ¢35 =4(x),
4(—x); and receiver=x, —x, —X, X, —X, X, X, —x. Quadrature detection in
the #; and ¢, dimensions is achieved by incrementing independently the phases
¢ and ¢, respectively, and the receiver phase, in a TPPI, States, or TPPI-States
manner.

The coherence transfer pathway is given by
s Urs NOESY/TOCSY
Ii — i —> I,' -

M) (1) (13)

For '"N-labeled proteins, these experiments have two advantages
compared to the "H-">’N NOESY-HSQC and "H-'"N TOCSY-HSQC
experiments (the differences are much less pronounced for 'H-'*C
heteronuclear-edited experiments). First, the 'H-'H planes in
HSQC-NOESY and HSQC-TOCSY experiments have higher digital
resolutions than do the corresponding planes in NOESY-HSQC and
TOCSY-HSQC experiments for a given experimental time, because
the full 'H spectral width is digitized during 75 rather than during ¢,
and the narrower H™ spectral region is digitized in 7, rather than in z5.
Second, narrower F; linewidths result from evolution of heteronuclear
multiple-quantum coherence during 7, rather than of 'H single
quantum coherence (Section 7.1.1). However, the HSQC-NOESY and
HSQC-TOCSY experiments have the disadvantage that a number of
"HN(F))-"H¥(F5) cross-peaks may be obscured by the intense residual
water peak, unless very efficient water suppression can be obtained using
field gradient pulses (Section 3.7.3).

PEP sensitivity enhancement cannot be incorporated into the
HSQC-NOESY experiment because the orthogonal magnetization

[7.77]
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components following ¢, cannot be converted simultaneously to longi-
tudinal magnetization during the NOESY mixing period. In contrast,
PEP sensitivity enhancement can be incorporated independently into the
HSQC and TOCSY portions of the HSQC-TOCSY pulse sequence,
which yields a theoretical sensitivity improvement of 2 compared to the
conventional HSQC-TOCSY or TOCSY-HSQC experiment (56, 57).

7.2.4 HMQC-NOESY-HMQC EXPERIMENTS

Although the 3D heteronuclear-edited NOESY spectra previously
discussed offer a vast improvement in resolution relative to 2D
homonuclear NOESY spectra, the possibility of ambiguity still remains.
One limitation of the 3D heteronuclear-edited NOESY experiments is
that NOE correlations cannot be observed between 'H spins with
degenerate chemical shifts, because these cross-peaks are coincident
with the more intense autocorrelation or “diagonal” peak. Observation
of such NOEs, which occur between both aromatic and aliphatic 'H
spins in 3D 'H-"*C NOESY-HSQC spectra and between amide 'H spins
(particularly in proteins with a high helical content) in 'H-'°N
NOESY-HSQC spectra, is important for both resonance assignment
and protein structure determination. Indeed, NOEs between aliphatic 'H
spins make up the majority of NOEs observed for proteins, and
identification of as many of these NOEs as possible is essential.
Additionally, in an "H-""’N  NOESY-HSQC experiment, ambiguities
related to '"HY chemical shift degeneracy are removed provided that
either the "H™ or >N chemical shifts of a given amide group can be
resolved; however, ambiguities associated with overlap in the aliphatic
"H region remain. Therefore, even if a given amide-aliphatic NOE
cross-peak is fully resolved in the 3D "H—'>N NOESY-HSQC spectrum,
unambiguous assignment on the basis of the aliphatic "H chemical shift
alone may be impossible.

HMQC-NOESY-HMQC NMR spectroscopy provides a solution
to these problems (analogous HSQC-NOESY-HSQC experiments are
discussed in Section 9.1.8) (58). These experiments are derived
conceptually by overlapping HMQC-NOESY and NOESY-HMQC
experiments or by catenating two HMQC experiments and a NOESY
experiment. As the experiment names indicate, a '°N/"°N
HMQC-NOESY-HMQC combines 'H-'">’N HMQC, 'H-'H NOESY,
and 'H-'>"N HMQC sequences; a 13C/lsN HMQC-NOESY-HMQC
combines 'H-'*C HMQC, 'H-'H NOESY, and 'H-'"N HMQC
sequences; and a '*C/'*C HMQC-NOESY-HMQC combines 'H-'*C
HMQC, 'H-'"H NOESY, and "H-'">C HMQC sequences. For the case
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of two 'H spins, I; and I,, covalently bonded to two heteronuclei, S; and
S», the first HMQC experiment correlates spins /; and S;, magnetization
is exchanged between I; and I, during the NOESY mixing period, and
the second HMQC experiment correlates I, and S,. Thus, each NOE
cross-peak can be identified by up to four (two '"H and two hetero-
nuclear) chemical shifts in four independent frequency dimensions in
4D versions of these experiments. In some instances, 3D versions of the
HMQC-NOESY-HMQC experiments that correlate S, S, and I in
the three frequency dimensions are satisfactory, provided that the S;
resonances are well-resolved (see Section 7.2.5).

7.24.1 3D “N/N HMQC-NOESY-HMQC The 3D 'H-""N
HMQC-NOESY-HMQC experiment illustrated in Fig. 7.23 is used to
detect NOEs between amide 'H spins with degenerate chemical shifts.
In this experiment, the heteronuclear chemical shifts are labeled in the
F, and F, dimensions, and the 'H chemical shift is detected in the F;
dimension (59, 60). The initial part of this experiment, between points
a and b, is equivalent to an HMQC sequence (less the ¢, acquisition
period) (Fig. 7.1a), and generates, at time b, transverse 'H" magnetiza-
tion that is modulated by the chemical shift of its attached >N nucleus
as a function of 7, [7.2]. The following 90°('H) pulse regenerates 'H™
z-magnetization, which is transferred by cross-relaxation to proximal 'H
spins during the NOESY mixing time, t,,,. The second HMQC sequence
converts any "H™ magnetization present following t,, into heteronuclear
multiple-quantum coherence for indirect detection of the associated '°N

¢4 ¢2 ¢5

93

nofns+

1
1
1
'
2t 2 : 2t decouple

Ficure 7.23 Pulse sequence for the 3D "H-'>SN . HMQC-NOESY-HMQC
experiment. Experimental details are similar to those given in Fig. 7.16. The
phase cycling is ¢1 =x, —x; ¢ =4(x), 4(—x); $3=2(x), 2(—x); P4 =8(»), 8(—y);
¢s=16(y), 16(—y); and receiver=x, —x, —x, X, —x, X, x, —x. Quadrature
detection in the ¢#; and #, dimensions is achieved by incrementing independently
the phases ¢, and ¢s, respectively, and the receiver phase, in a TPPI, States,
or TPPI-States manner.
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chemical shifts during 7, and direct detection of the '"HY frequencies
during the acquisition period, ;. The delays 2r=1/(2'Jnn). The
magnetization transfer pathway is

IJNH ]JNH NOE 1JNH lJNH
'H' = PN, — 'H} — 'HY = PN;—= HY 773

(1) (1) (t3)

The 32-step phase cycle given in Fig. 7.23 is rather long by 3D
standards, but because the digital resolution in the heteronuclear
dimensions need not be as great as in '"H dimensions, the total acquisi-
tion time can still be limited to ~4 days. Typically, the acquired 3D
matrix comprises 64(z1) x 32(t,) x 512(¢3) complex data points. The first
four steps of the phase cycle select signals that have arisen via 'HN
multiple-quantum coherence, while the third step (the first and second
set of four transients) eliminates artifacts that arise from single-quantum
'"H magnetization present during . The phase cycling of the two
180°("H) pulses simply serves to eliminate artifacts that result from
imperfections in these pulses. If desired, phase cycling of these two pulses
can be eliminated in order to reduce the overall experiment time, or to
increase the digital resolution in the 7, dimension by acquiring more
increments with fewer transients per increment.

7.2.4.2 4D 3C/°N HMQC-NOESY-HMQC The pulse sequence
for the 4D "C/'>N  HMQC-NOESY-HMQC experiment (61) is
illustrated in Fig. 7.24. Conceptually, the experiment simply comprises
a NOESY mixing period between two HMQC sequences; the first
HMQC sequence is tuned to '"H-">C couplings and the second is tuned
to '"H-'N couplings. Magnetization is therefore transferred from
3C-attached aliphatic '"H spins to '’N-attached amide 'H spins via
the following pathway:

Wen

NOE L nn QUSH
'H, = THN 5% BN, =

e 2 M } | 'HY  [7.79]
(t1) (12) (13) (t4)

Between times ¢ and b in Fig. 7.24, the basic pulse sequence is similar
to a 2D '"H-">C HMQC experiment (Section 7.1.1.1), except that the 7,
acquisition time of the 2D experiment has been substituted with an
incremental 7, evolution period for indirect detection of the aliphatic 'H
chemical shifts. The 180°(**C) decoupling pulse applied in the middle
of the 1, evolution period should be applied as a broadband inversion

composite pulse, such as 9071807905, in order to minimize resonance
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FIGURE 7.24 Pulse sequence for the 4D '3C/'">'N  HMQC-NOESY-HMQC
experiment. The nominal values for 27, =1/(2Jcy) and 27, =1/(2Jnn). The
180°(*3C) decoupling pulse in the middle of the 7, evolution period is applied
as a broadband inversion composite pulse, such as 9051807907, in order to
minimize resonance offset effects. Other experimental details are similar to those
given in Fig. 7.16. The phase cycling is ¢;=x; ¢pr=x, —x; ¢3=2(x), 2(—x);
receiver = x, —x, —Xx, x. Quadrature detection in the ¢, 75, and 3 dimensions is
achieved by incrementing independently the phases ¢,, ¢, and ¢, respectively,
and the receiver phase, in a TPPI, States, or TPPI-States manner.

offset effects. The delays 27, = 1/(2'Jcn). The 90°("H) pulse immediately
following the initial '"H-'*C HMQC sequence rotates the transverse 'H
magnetization to the z-axis. During the subsequent NOESY mixing time,
Tm, Magnetization can be transferred to proximal 'H spins via dipolar
couplings. The remainder of the pulse sequence, following time c,
represents an 'H-'">N HMQC sequence, with indirect detection of the
>N chemical shift during #3, and, finally, detection of 'gN during the
acquisition time 7,4. The delays 27, = 1/(2'Jnn). Decoupling of the *CO
spins during #; and 73 can be achieved using a suitable low-power
composite pulse decoupling scheme, such as SEDUCE-1, as indicated
in Fig. 7.24, or by application of selective 180°('*CO) pulses at the
midpoint of the evolution periods. Alternatively, '>CO decoupling may
be omitted all together, because #inax and t3max always are much less
than 1/(2Jceco) and1/(2Jnco), respectively, and therefore evolution of
these couplings do not greatly reduce sensitivity.

In a 4D experiment, every effort must be made to maximize the
digital resolution, but at the same time keep the total acquisition time
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within reasonable bounds. The minimum phase cycling requires two
steps for each heteronuclear filter, therefore the four-step phase cycle
given in Fig. 7.24 is used. The double heteronuclear filtering in this
experiment is very efficient at removing artifacts, including the intense
“diagonal peaks” corresponding to magnetization that has not been
transferred from a '*C-attached 'H spin to an '°N-attached 'H spin
during the NOESY mixing time.

The initial 1, #,, and 3 sampling delays are adjusted to 1/(2SW) as
described in Sections 3.3.2.3 and 7.1.2.1. Alternatively, the initial value
of 1, can be set to zero if a compensatory delay equal in duration to the
180°(*3C) composite pulse is inserted prior to the first 90°('*C) pulse
(61). In this case, the 180°("H) pulse in the middle of #, refocuses the
evolution during the delay and the 180°('*C) composite pulse.

Quadrature detection in the #;, t,, and 73 dimensions is achieved by
shifting the phases of ¢;, ¢, and ¢; independently in a TPPI-States
manner. A typical acquisition comprises 8—-16(z;) x 64(t,) x 8-16(t3) X
128-256(t4) complex data points. Processing of four-dimensional NMR
experiments is discussed in Section 7.2.4.4.

Pulsed field gradients may be applied with particular advantage in
the 4D "C/">N  HMQC-NOESY-HSQC experiment to suppress
artifacts, eliminate the H,O signal, and select for the coherence transfer
pathway involving >N magnetization (62). Gradient coherence selection
is coupled with the PEP sensitivity improvement technology discussed
earlier (Section 7.1.4.2) to decrease the number of phase cycle steps by
a factor of two relative to the nongradient experiment. The shorter phase
cycle allows spectra to be recorded with increased resolution for a given
total acquisition time.

7.2.4.3 4D 3C/C HMQC-NOESY-HMQC The pulse sequence
for the 4D "C/"*C HMQC-NOESY-HMQC experiment (63, 64)
illustrated in Fig. 7.25 consists of a NOESY mixing period between
two '"H-'*C HMQC sequences. The delays 27 =1/(2'Jcy). Magnetiza-
tion is transferred via the following pathway:

"en

Yen NOE Yecn Yen
1H1‘ —> lH

Bc, = H, — ,— BC— 'H; [7.80]

(t1) (12) | (13) (ta)

Suppression of undesired coherence transfer pathways is more diffi-
cult in the 4D 3C/"3C HMQC-NOESY-HMQC experiment than in the
in the >C/">"N HMQC-NOESY-HMQC experiment (63). In particular,
artifact peaks observed along the pseudo-diagonal with F>('H) = Fy('H)
and F;("*C) # F5("*C) would otherwise render identification of genuine
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FIGURE 7.25 Pulse sequence for the 4D '3C/'*C HMQC-NOESY-HMQC
experiment. The 180°("*C) decoupling pulse in the middle of the 7, evolution
period is applied as a broadband inversion composite pulse, such as 9051805907,
in order to minimize resonance offset effects. Gradients are used for artifact
suppression (Section 3.6). Other experimental details are similar to those given
in Fig. 7.16. The phase cycling is ¢;=x; ¢pr=x, —Xx; ¢3=2(x), 2(—x);
receiver = x, —x, —x, x. Quadrature detection in the ¢, #,, and #; dimensions
is achieved by incrementing independently the phases ¢,, ¢, and ¢, respectively,
and the receiver phase, in a TPPI, States, or TPPI-States manner.

NOEs between 'H spins with degenerate chemical shifts extremely
difficult, if not impossible, in the 4D °C/'*C HMQC-NOESY-HMQC
experiment.

The pulse sequence shown in Fig. 7.25 incorporates field gradient
pulses designed to eliminate spurious magnetization transfer pathways
without requiring lengthy pulse phase cycles (64). The gradient pulses
are used only for artifact suppression and are positioned within existing
delays in the pulse sequence; consequently, sensitivity of the experi-
ment is not compromised by the use of gradient pulses. The gradient
g2 climinates any transverse coherences present during 7, and the
90°("*C)—g3 sequence element eliminates any heteronuclear two-spin
order (21.S.). Unlike the 4D *C/'°N HMQC-NOESY-HSQC experi-
ment (62), the PEP sensitivity improvement scheme (Section 7.1.3.2)
does not compensate completely for the sensitivity loss associated with
coherence selection by pulsed field gradients because, in addition to
CH groups, CH, and CH; moieties must be detected (i.e., '*C spins
with n > 1 attached 'H spins) (30).
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The four steps of the phase cycle correspond to independent cycling
of the 90°(**C) pulses at the beginning of the HMQC periods, in
a fashion identical to that of the '*C/">"N HMQC-NOESY-HMQC
experiment already discussed; phase cycling of these pulses provides
isotope filtration and eliminates axial peaks in the F| and F5 dimensions.
The phase cycle can be shortened to two steps by eliminating phase
cycling of the second 90°(**C) pulse. In this case, no isotope filtering
is used after the NOESY mixing period; therefore, axial peaks occur at
the edges of the spectrum in the F3 dimension.

The initial #;, 1, and t;3 sampling delays are adjusted to 1/(2SW)
as described in Sections 3.3.2.3 and 7.1.2.1. Alternatively, the initial
value of ¢, can be set to zero if a compensatory delay equal in duration
to the 180°('*C) pulse is inserted prior to the first 90°(**C) pulse (61).
In this case, the 180°("H) pulse in the middle of 7, refocuses the evolution
during the delay and the 180°('*C) pulse. Quadrature detection in the 7;,
t,, and t3 dimensions is achieved by shifting the phases of ¢, ¢,, and
¢5 independently in a TPPI-States manner. A typical acquisition is
limited to 16(#;) x 64(t,) x 16(t3) x 128-256(z4) complex data points,
resulting in an acquisition time of 3.5 days using the two-step phase
cycle. Processing of four-dimensional NMR experiments is discussed in
Section 7.2.4.4.

7.2.4.4 Processing 4D HMQC-NOESY-HMQC Spectra The ac-
quired digital resolution in the indirectly detected dimensions of
a 4D HMQC-NOESY-HMQC spectrum is necessarily low in order
to keep the overall measuring time within reasonable limits (less than
7-8 days). In particular, the heteronuclear dimensions are limited to
only 816 complex points (or slightly more if gradient-enhanced pulse
sequences are used). Resolution enhancement of the severely truncated
heteronuclear signals (z; and #3) by either linear prediction or maximum
entropy reconstruction (Section 3.3.4) is essential.

In maximum-entropy reconstruction, the time-domain data for the
"H dimensions, 7, and 1, are completely processed first, including
apodization, zero-filling, Fourier transformation, and phasing. The
imaginary parts of F, and Fj are discarded following these initial steps.
The heteronuclear (¢;, t3) planes [for each (., t4) pair] are processed by
using a two-dimensional maximum-entropy algorithm to directly yield
the final 4D spectrum (Section 3.3.4.2).

Analogously to maximum-entropy processing, a two-dimensional
linear prediction algorithm ideally would be used to increase the
resolution in the (¢, #3) planes (65). However, as pointed out by Zhu
and Bax, 2D linear prediction requires enormous amounts of computing
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TasBLE 7.1

Summary of Steps Used in Processing 4D '*C/!'°N and '*C/'*C-Edited NOESY
Data Sets”

Step Computation performed

1 Fourier transform in #3('*C or '*N) dimension

2 Apodization, zero-filling, Fourier transformation, and phasing
in ;("H) and 7,(*H) dimensions

3 Linear prediction of 7,(**C) time-domain data

4 Apodization, zero-filling, Fourier transformation, and phasing

in #;(**C) dimension
Inverse Fourier transformation in 3("*C or '’N) dimension
Linear prediction of #3('*C or '*N) time-domain data
7 Apodization, zero-filling, Fourier transformation, and phasing
in 13("*C or '’N) dimension

N

“Adapted from Clore et al. (63).

time and is therefore (presently at least) impractical for 4D data sets.
Instead, one-dimensional linear prediction routines are used to extend
the time-domain data independently in both the ¢, and ;3 dimensions
(63, 66) by using the protocol presented in Table 7.1.

A data set containing 8(z;) x 64(2,) x 8(#3) x 128(z4) complex data
points typically is processed by the maximum-entropy reconstruction
or linear prediction protocols to give a final spectrum comprising
32 x 128 x 32 x 256 real data points.

7.2.5 RELATIVE MERITS OF 3D AND 4D
HEeTERONUCLEAR-EDITED NOESY SPECTROSCOPY

The number of cross-peaks observable in these 3D and 4D
heteronuclear-edited NOESY spectra is the same as is present in the
2D homonuclear NOESY spectra. Each '"H-'"H NOE cross-peak in a 2D
NOESY spectrum is separated into a third dimension by the chemical
shift of the heteronucleus attached to one 'H spin and, for 4D spectros-
copy, into a fourth dimension by the chemical shift of the heteronucleus
directly attached to the other 'H spin. Therefore, the increased resolu-
tion associated with the extension to three or four dimensions is not
accompanied by any increase in the complexity of the spectrum (unlike
homonuclear 3D NMR spectroscopy; Section 6.7). In addition, the
sensitivity of the 3D and 4D NOESY experiments is relatively high, even
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for larger proteins, because the through-bond coherence transfer steps
are highly efficient (the heteronuclear couplings involved, 'Jcy and
!JnH, are significantly larger than the linewidths).

Generally, equivalent information can be obtained from a set of
complementary three-dimensional NMR experiments or a single four-
dimensional experiment. For example, the information content of the
two 3D 'H-">N NOESY-HSQC and 3D '*C/">°N HMQC-NOESY-
HMQC experiments theoretically is equivalent to that of a single 4D
B3C/N-edited HMQC-NOESY-HMQC experiment. However, no
direct correlation can made between the aliphatic 'H and '>C chemical
shifts using the two 3D experiments, so the possibility of ambiguity
remains, particularly as the two 3D experiments would be acquired at
different times (with possible slight variations in conditions). On the
other hand, the two three-dimensional NMR experiments can be
acquired with much greater resolutions in the indirect dimensions than
can the four-dimensional experiment, which facilitates more accurate
determination of resonance frequencies. Assuming complete 'H, '°N,
and ’C assignments are available, the 4D '*C/'°N-edited HMQC-
NOESY-HMQC and 4D "*C/"C-edited HMQC-NOESY-HMQC
experiments allow assignment of virtually all observable NOEs, because
they eliminate most of the problems associated with resonance overlap.

73 BC-'*C Correlations: The HCCH-COSY and
HCCH-TOCSY Experiments

The HCCH-COSY (67-69) (‘H-"*C-">C-"H correlation spectros-
copy) and HCCH-TOCSY (70, 71) (‘"H-"*C-"*C-'H total correlation
spectroscopy) experiments are used in the assignment of aliphatic 'H
and '’C resonances of '*C-labeled proteins. These experiments allow
dispersion of the 2D "H-'H COSY or TOCSY spectra into a third (or
fourth) '*C frequency dimension by utilizing three magnetization
transfer steps: first from an 'H to its directly attached '*C nucleus via
the 'Jey coupling (~140Hz), then from the '*C to neighboring '*C
nuclei via the 'Jec couplings (3240 Hz), and, finally, from "*C back to
the directly attached 'H spins via the 'Jcy coupling. For larger proteins
the three-step magnetization transfer is significantly more efficient than
is transferring '"H magnetization in a single step using the unresolved
"H-'H J couplings. In the HCCH-COSY experiment, '*C magnetization
transfer is achieved by using a 90° '*C COSY mixing pulse (in analogous
fashion to the 90° "H COSY mixing pulse in the 'H-'H COSY
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experiment discussed in Section 6.2.1.1), so that magnetization is
transferred only from a "*C nucleus to its directly bound neighbors; in
the HCCH-TOCSY experiment, transfer is achieved by isotropic mixing
of the '3C spins, resulting in both direct and multiple-relayed
magnetization transfers along the carbon side chain.

The amino acid spin system considered in the following sections
consists of K (noncarbonyl) carbon spins, C* for k=1,..., K, and
a carbonyl spin, C’. Carbon spin C' has M directly bonded ' H spins, H!
for m=1to M, and carbon spin C* has N* directly bonded 'H spins, H"
forn=1 to Nk The 'H and *C Larmor frequencies are ;¢ and Qck
respectively. The one-bond 'H-'*C scalar coupling constants are
designated as Jcy. The '*C—">C scalar coupling constants are designated
as Jeicr, and Jorcp; these interactions can be one bond or multiple bond,
depending on the context. Homonuclear '"H-'H scalar coupling
interactions are unresolved in larger proteins and are not considered
explicitly. For simplicity, the '’N—-'3C* scalar coupling Hamiltonian is
not considered. If desired, '°N decoupling can be achieved by applying
a composite pulse decoupling sequence during '*C evolution periods.
The free-precession Hamiltonian for the C' spin is given by

M K
H1=QciCl+ Y 2nJenH,,.Ct+ ) 2mJacCLCE + 2mJ 1o ChCL.

m=1 k=2
[7.81]

A similar Hamiltonian can be written for any other C*. The net evolu-
tion through the HCCH—COSY and HCCH-TOCSY experiments is
summarized as

JCH JCC JCH
Z c! ct Z [7.82]
(l 1) (2) (13)

Carbon nuclei C' and C* (k=2) are directly covalently bonded in the
HCCH-COSY experiment (this restriction does not apply to
the HCCH-TOCSY experiment). As a concrete example, if C' is the
B3 spin, and C? is the 3C? spin of isoleucine, then K=5, M =1,
N>=1, C?is the *C"! spin, C*is the '*C”? spin, C° is the '*C? spin, Joio
is a one-bond scalar coupling constant, Joi« for k£ > 2 are (negligible)
two- or three-bond scalar coupling constants, Joc and Jeoes are
one-bond scalar coupling constants, Jcsis a (negligible) two-bond
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scalar coupling constant, Jqicg is a one-bond scalar coupling constant,
and J2cg 1s a (negligible) two-bond scalar coupling constant.

7.3.1 HCCH-COSY

Figure 7.26a illustrates a simple HCCH-COSY pulse sequence
(67-69). The basic principles behind this, and other, HCCH-type

a Vi b 03 0 0
1 1 13
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FiGUure 7.26 Pulse sequences for the 3D HCCH-COSY (a) and constant-time
HCCH-COSY (b) experiments. Thin and thick rectangular bars represent 90°
and 180° pulses, respectively. Rounded bars represent selective 180° pulses
applied to '*CO spins. Pulses are applied with x-phase unless the phase is
indicated above the bar. Values for delays are discussed in the text. The phase
cycling for both experiments is V| =x; W, =x; ¢ = 8(x), 8(—x); ¢, =4(x), 4(»),
4(—X), 4(_y)7 ¢3:y9 -y ¢4:2(.X), 20})’ 2(—X), 2(_)}), ¢5:4(.X), 4(—X),
¢ =2(x), 2(—x); and receiver =x, —x, —x, x, 2(—x, X, X, —X), X, —X, —X, X.
Quadrature detection in the #; and 7z, dimensions is achieved by incrementing
independently the phases ¥, and W,, respectively, and the receiver phase, in a
TPPI-States manner.
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experiments are described here using the product operator formalism.
Several shortcomings of this particular pulse sequence are alleviated in
a constant-time version of the experiment (Fig. 7.26b).

The experiment begins at time « in Fig. 7.26a with longitudinal
magnetization of the H! _ spins. At the end of the "H evolution period,
t1, this magnetization is transferred to the attached carbon via an
INEPT sequence. The 180°('*C) decoupling pulse in the middle of 7,
ensures that the 'H spins effectively are decoupled from '*C spins
during this evolution period. A composite pulse (907-1807-907) is used
to minimize resonance offset and rf inhomogeneity effects. For
27 = 1/(2Jcn) the magnetization at time b is given by

M
op =Y 2H,_C) cos(Quty). [7.83]
m=1

Between points b and ¢, only the Hamiltonian for the C' spin need
be considered because o, commutes with the Hamiltonian for spin C>.
The propagator for the pulse sequence is given by

=1
x exp(—i#18) exp(—inC.) exp(—iH 112/2)

M K
= exp (—i Z 47rJCH5HanC§> exp (—i Z 2ndcion (28 + lz)C;Ci‘)

m=1 k=2

m=1

K M
U = exp(—iA#'18) exp (—in Z C’i) exp(—iH'1t2/2) exp(—in ZH}M)

K M
x exp(i2city) exp (—z’yr Cff) exp <—in ZH,IM) exp(—inC,),
k=1 m=1

[7.84]

in which the last line is obtained by applying [2.121]. The positioning
of the 'H and "*C 180° pulses between points » and ¢ results in proton
decoupling during ,. The '*C* spins are decoupled from 'CO spins
during the entire 7, + 28 delay. The 180°('*C) pulse refocuses chemical
shift evolution during the two & delays. The magnetization at time ¢
is described by

o, = {_c; cos i (i + 28)] — 2C1C2 sinfrl i (12 + 25)]}
x coS(Q2pnty) cos(Rei 1) (22 + 28) MT 34(26), [7.85]
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in which T,,(¢) is given by [7.25] (for J;s=Jcn), and

K
(1) = [ | cos(mlescr) [7.86]
k=3

encapsulates the effect of passive '*C—'">C couplings to spin V. Only
terms that result in observable magnetization have been included in
[7.86]. The 90°('*C) pulse following time point ¢ transfers the antiphase
C' magnetization into antiphase C> magnetization in a COSY-like
manner, giving, at time d,

o4 = {—C}Y cos[Jcic2(t2 + 28)] + 2CLC; sin[m/ i 212 + 25)]}

x €08(Qnt1) cos(Qei )T (2 + 28)MT p,(26). [7.87]

During the subsequent time interval, 2A + 2§, between points d
and e, the propagator is

M N
U=exp(—i[#| + H#>]0) exp(—in ZH,IM) exp (—in ZH%X)
n=1

m=1

K
x exp(—i[#| + H#2]A)exp (-m c{i) exp(—i[ 1 + A5)[8 + A))
k=1

m=1 n=1

M Na
=exp (—i > 4mJcusH,,. Cj) exp (—i > 4ricusH,, Cﬁ)

K K
X exp (—i > 4rnJci(+A)C) cﬁf) exp (—i Y Anieo(s+ A)cgcﬁ)

k=3 k=3

x exp(—idnJeic2(8+ A)CLCY)

K M N>
X exp (_m > c{@) exp (-m > H,l,m) exp (-m ZHﬁx) . [7.88]
m=1 n=1

k=1
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The magnetization at time e is described by

M
oo =1{—Y 2H),_C} cosl/cic=(tz + 28)]

mz >~y
m=1

X COS[27TJC1@(3 + A)]H1(25 + ZA)FM(ZS)

N,
— Y 2H;.C; sin[nJcica(tz + 20)]
n=1

x sin[2mJ 1 2(8 + A)T2(28 4+ 2A)T w,(25)

X €coS(2gnt1) cos(Rei 1)1 (22 + 28) MT 3,(26). [7.89]

The remainder of the experiment is a reverse INEPT sequence.
At the start of the detection period, f, the magnetization is described by

M
op=1{ > 2H, cos[tJcic:(t +26)]
m=1
x cos[27J 12 (8 4 A)TT1(28 4 2A) 3(25)

N,
+ 3 2H; sin[r oty + 28)]

n=1
x sin[27J c12(8 + A)TT2(28 4+ 2A)T w,(26)

X cos(Qgity) cos(Qe 1)1 (12 + 28) M T y(26). [7.90]

For carbons with at least one passive coupling partner, '*C-'*C
coherence transfer is optimized by setting 2A + 28 = 1/(4'Jcc). To
maximize both TI'y/(28) and TI'y,(28) simultaneously for methine,
methylene, and methyl carbons, 25~2.2ms (Fig. 7.7). The first term
in [7.90] represents the autocorrelation or ‘“‘diagonal peak™ and the
second term represents the cross-peak resulting from coherence transfer
from the H! protons to the H2 protons by the pathway [7.82].

The principal disadvantage to this pulse sequence is that the efficiency
of '3C-"3C magnetization transfer between J-coupled carbons depends
on t, via sin[wJcic2(tr + 26)]I1(f2 4+ 26). This has three consequences:
(i) magnetization transfer is not maximal, (i) the lineshape in the '*C
dimension (F,) is not purely absorptive because the term 2w/ 28 = 0.24
radians (14°) represents a phase shift, and (iii) the lineshape in F5 is
a multiplet with the active Joi» coupling antiphase and passive Jq2cx



7.3 THE HCCH-COSY anD HCCH-TOCSY EXPERIMENTS 607

couplings in-phase. The antiphase, partially dispersive, character of the
lineshape reduces sensitivity and resolution of the spectrum.

7.3.2 ConsTANT-TIME HCCH-COSY

The *C-'3C magnetization transfer can be optimized independently
of t,, and the multiplet structure in the F, dimension can be collapsed,
by wusing the constant-time HCCH-COSY experiment shown in
Fig. 7.26b (69). The same spin system is considered.

The modified '"H evolution period and INEPT sequence between
time points ¢ and b in the constant-time HCCH-COSY pulse sequence
reduce the number of 180°(**C) pulses from two to one; reducing the
number of 180°(**C) pulses reduces artifacts from pulse imperfections
(72). Ignoring artifacts and relaxation, the magnetization at time b
is identical to the magnetization present at time b of the original
HCCH-COSY experiment [7.83]. This modification also could be
incorporated into the original pulse sequence (Fig. 7.26a).

Between points b and ¢, the propagator for the pulse sequence is
given by

M
U =exp(—i# (T — 12)/4) exp (‘iﬂ Z Hllnx)
m=1
x exp(—inC’) exp(—iA \(T — 12)/4)

K
X exXp (—iJT Z C’i) exp(—iA'1(t2/4 + A)) exp(—inC.) exp(—iH'18,)
k=1
X exp (—in Z H,lnx> exp(—iA1(t2/4 + 61))
m=1

M K
=exp (—i > 4micus,H,, C;) exp (—i > 2mea TCL cff)
k=2

m=1 =

K
x exp(iQ2city) exp (—iyr C’i) [7.91]
k=1

for A=T/4=38,+ 6, and 28, =2.2 ms. Evolution due to 13C-13C scalar
coupling interactions occurs during the entire constant-time evolution
period, while C' chemical shift evolution proceeds during 7, only. The
selective 180°(CO) pulses remove the effects of one-bond '*C-'*CO
scalar coupling interaction (selective pulses also can be applied
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simultaneously to the aromatic '*C spins to remove the effects of scalar
coupling between the '>C# and '*C” spins of aromatic residues). The
duration of the selective pulses must be minimized in order to maximize
the attainable resolution, for a given value of 7. The magnetization
present at time c is described by

0. = {ClY cos(mJci2T) + 2Cj,C§ sin(nJclcv_T)}
x €cos(gnty) cos(Qei )T (T)MT 3,(25,). [7.92]

Magnetization transfer through the remainder of the sequence is
essentially the same as for the non-constant-time version of the experi-
ment. At the start of the final acquisition period, f, the magnetization
is described by

M
oy = {— Y H,, cos’(mcie TIL(TIT4(285)
m=1

N,
— >, sin’ (i ()T n(282)
n=1

x cos(Q11) cos(Qer )T (T)MT 1(265). [7.93]

Magnetization transfer between scalar-coupled carbons is indepen-
dent of ¢, and can be optimized by setting the duration of 7. The
maximum 7, acquisition time, and therefore digital resolution, is limited
to be less than 7, while values of T significantly longer than 1/(4J¢¢)
reduce sensitivity due to the passive carbon couplings. In practice,
a value of T~ 7.8 ms gives close to optimal transfer and sufficient digital
resolution in the '*C dimension (if the spectral width is chosen to give
appropriate aliasing of resonances in this dimension; Section 7.1.2.3).
At the same time, purely absorptive, singlet Lorenztian lineshapes are
obtained in the F>, dimension.

Figure 7.27 shows an example F,("H)-F5('H) slice from a constant-
time HCCH-COSY spectrum of '*C-labeled ubiquitin. The F, spectral
width is only ~32ppm; therefore, aliasing has occurred and the dis-
played slice corresponds to two '*C chemical shifts (30.2 and 62.3 ppm).
Those resonances that have been aliased in the F»('*C) dimension have
phase opposite to the phase of those that have not been aliased.

7.3.3 HCCH-TOCSY

The HCCH-TOCSY experiment (70, 71) is similar to the HCCH—
COSY experiment, except that the 90°('*C) mixing pulse is replaced
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FIGURE 7.27 A selected F;("H)-F3('H) slice from a constant-time HCCH-
COSY spectrum of '*C-labeled ubiquitin in D,O solution, acquired using the
pulse sequence illustrated in Fig. 7.26b. Negative cross-peaks, which corre-
spond to resonances that have been aliased in the F»('*C) dimension, are
plotted with a single level only; these peaks have F»('*C) chemical shifts of
62.3ppm. The labels indicate the assignment in the Fy('H) and F»(*’C)
dimensions.

by an isotropic mixing scheme that results in both direct and relayed
magnetization transfer along the carbon side chain. The HCCH-
TOCSY pulse sequence illustrated in Fig. 7.28 combines features from
the twvo HCCH-COSY pulse sequences (a and b, Fig. 7.26). A version of
the HCCH-TOCSY experiment incorporating field gradient pulses for
artifact and solvent suppression has been described (73).

Up to time b, the HCCH-TOCSY sequence is equivalent to that in
Fig. 7.26b, and the magnetization present at time b is described by [7.83].
The following sequence, up to time c, is equivalent to that in Fig. 7.26a,
and the relevant magnetization present at time c is given by [7.85]. The
short (~2ms) spin lock (SL) “trim-pulse” applied along the x-axis
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FiGure 7.28 Pulse sequence for the HCCH-TOCSY experiment. Thin and thick
rectangular bars represent 90° and 180° pulses, respectively. Rounded bars
represent selective 180° pulses applied to >CO spins. Pulses are applied with
x-phase unless the phase is indicated above the bar. Values for delays are
discussed in the text. The phase cycling for this experiment is ¥ =x; W, =Xx;
¢1 = 8(.X), 8(—X), ¢2 :4(X), 40/)’ 4(—.X), 4(_)/), ¢3 =), =V ¢4:2(X), Z(y)’ 2(—)(,'),
2(—y); ¢s=4(x), 4(—x); and receiver=x, —x, —X, X, 2(—X, X, X, —X), X, —X,
—Xx, x. Quadrature detection in the f7; and ¢, dimensions is achieved by
incrementing independently the phases W, and W,, respectively, and the receiver
phase, in a TPPI-States manner.

following time ¢ defocuses the 2C!C* antiphase coherence that is not
parallel to the effective field. The subsequent isotropic mixing sequence
(Section 4.2.1.2) transfers the in-phase C! magnetization to its neighbors
within the carbon spin system, via the '*C—'C scalar coupling inter-
actions. The remainder of the experiment comprises a refocused reverse
INEPT sequence that transfers the in-phase '*C magnetization back
to the attached protons for detection. The final magnetization prior to
acquisition is given by

M K N
og=1Y _ H, QO y(Q28)an(tn) + Y > He TH(28)0n(28)a1(tm)
m=1

k=2 n=l1
x cos(Q2pt1) cos(Reity) cos[nS i c2(ta + 268)] cos(2mS i 28)
x TTi(ty + 28) MT 34(26),
[7.94]

in which aq1(t,,) and a;.(t,) are the isotropic mixing coefficients and z,
is the mixing time.

An efficient broadband isotropic mixing scheme, such as DIPSI
or FLOPSY sequences (74-77), must be used for the HCCH-TOCSY
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experiment, because the '*C chemical shifts are dispersed over a wide
frequency range; use of FLOPSY requires addition of a z-filter to the
pulse sequence (78). The rate of coherence transfer from one carbon to
its neighbor depends on the magnitude of the effective scalar coupling
during the mixing time. For coupled '*C spins with significantly dif-
ferent chemical shifts (e.g., Thr 13Cﬂ and 13C,,; Ala C, and 13Cﬁ), the
magnitude of the effective coupling can be reduced substantially and
the rate of '*C magnetization transfer during the isotropic mixing period
is reduced correspondingly.

To determine the optimum '*C isotropic mixing time to be used in
an HCCH-TOCSY experiment, rates of the carbon—carbon magnetiza-
tion transfer must be known for the amino acid spin systems of interest.
Calculations for the DIPSI-3 sequence (77, 79) indicate that an
isotropic mixing time of 20-35ms is optimal for the observation of
BC relayed connectivities. Figure 7.29 shows the calculated net
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FiGure 7.29 Isotropic mixing for Bc spins in isoleucine. Transfer functions for
ideal isotropic mixing under the strong coupling Hamiltonian are shown for
magnetization transfer for magnetization originating on the (a) '*C*, (b) *C?,
(c) BC”%, and (d) '*C”! spins. The curves for the destination spins are (—) C?,
(---)C", (---) C" and (- - - ) C°. The one-bond scalar coupling constants were
assumed to be 35 Hz. Relaxation and resonance offset effects have been
neglected.
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intraresidue '*C—"*C magnetization transfer for an isoleucine amino acid
spin system as a function of the mixing time during an ideal isotropic
sequence.

Selected regions from an HCCH-TOCSY spectrum of '*C-labeled
ubiquitin, illustrating the assignment of the side chain resonances of
Ile23, are shown in Fig. 7.30. Cross-peaks corresponding to *C*, '*C”?,
and "*C? in the F, dimension have been aliased, and have phase opposite
to the cross-peaks corresponding to '*C? and '*C”'. The low intensity of
the '"H*-'"H”' and "H”>-'H”! correlations in this 22.5-ms mixing time
HCCH-TOCSY spectrum is to be expected from Fig. 7.29.
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FIGURE 7.30 Selected regions from F»('*C) slices of a 22.5-ms mixing-time
3D HCCH-TOCSY spectrum of '*C-labeled ubiquitin, showing correlations
originating from the 'H*, 'H”, '"H”!, '"H”?, and "H® of Ile23. Isotropic mixing
was achieved using a DIPSI-2 sequence with a 7.7-kHz rf field strength.
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74 3D Triple-Resonance Experiments

Three- and four-dimensional heteronuclear triple-resonance experi-
ments correlate backbone 'HY, N, 'H% '3C* and '>CO (and side
chain "H” and '*C?) spins using one-bond and two-bond scalar coupling
interactions. These experiments constitute an alternative to the classical
sequential resonance assignment strategy based on observation of
characteristic short-range NOEs (Chapter 10). A large number
of triple-resonance pulse schemes (7) have been published since the
original description of this approach in application to calmodulin
(16.7kDa), by Bax and co-workers in 1990 (80, 81). Using these
methods, assignments of '*C/'*N-labeled proteins up to ~30kDa can be
achieved routinely. Using extensions of these techniques for
2H/'3C/"*N-labeled proteins (Section 9.1), backbone, *C”, and side
chain methyl (Ile, Leu, Val) assignments have been achieved for malate
synthase G (81.4kDa) (82, 83).

The nomenclature established for triple-resonance experiments is
more or less systematic. The spins that are frequency labeled during
the indirect evolution periods or the acquisition period are listed using
HN, N, HA, CA, CO, HB, and CB to represent the '"HY, °N, 'H*, 13C*,
3CO, 'H”, and "*C” spins. Spins through which coherence is trans-
ferred, but not frequency labeled, are given in parentheses. For
example, a triple-resonance experiment utilizing the following coherence
transfers,

'HY - PN - "CO - "C* - PCO — "N — 'HN,
(t) () (t3)

might be called an (HN)N(CO)CA(CO)(N)HN experiment. However,
this unwieldy moniker can be shortened using the following conventions.
First, the experiment is a so-called out-and-back pulse sequence in
which the initially excited proton spin and the detected proton spin
are identical. Omitting the back-transfer steps from the name yields
the shorter form, HNN(CO)CA, without introducing ambiguity,
because the '*C* usually is not the detected spin and the presence of a
back-transfer pathway to the 'H™ spin thereby is implied. Second, the
designation of the "H™ spin is redundant, because the transfer from
'"HN < N is the only available step. Thus, "H™ can be abbreviated
as H without confusion to yield the final name HN(CO)CA for this
experiment. This abbreviated name describes equally well an experiment

[7.95]
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that rearranges the labeling periods as
'HN - BN - Bco - Bc* - B3CcOo — PN — 'HN.
(t1) (t2) (73)

The order in which the frequency labeling is performed is easily deter-
mined from the pulse sequence. A four-dimensional version of this
experiment that includes a CO evolution period would be designated
HNCOCA.

Table 7.2 summarizes the correlations that are observed, and the
scalar couplings utilized for coherence transfer, in several useful
triple-resonance experiments. These experiments offer alternative ways
of establishing sequential backbone connectivities, and at least two and
often more independent pathways can be found to support a given
sequential assignment, without any knowledge of the spin system type.
Knowledge of some of the spin systems involved is required to “‘align”
the assignments with the protein amino acid sequence; this informa-
tion is obtained from the HCCH-COSY and HCCH-TOCSY experi-
ments (Section 7.3), from an 'H-"’N TOCSY-HSQC experiment
(Section 7.2.2), or from knowledge of '*C* and '*C? chemical shifts.
Assignment strategies using triple resonance experiments are
summarized in Chapter 10.

The experiments listed in Table 7.2 are discussed in more detail
herein to demonstrate the basic principles of triple-resonance NMR
spectroscopy. The set of experiments presented is certainly not complete,
and new and improved triple-resonance pulse sequences, based on the
principles described herein, continue to be published. In the following
discussion, the nuclear spins of the ith amino acid residue are designated
HY for the amide 'H spin, N; for the amide "°N spin, HS and C¥ for
aliphatic "H and '°C spins (k=a, 8, etc.), and C; for the carbonyl B¢
spin. One-bond scalar coupling constants are designated Jcy, Jnu, Jocen
(xk, n=a, B, v, etc.), Jceco, and Jnco (interresidue N-13CO scalar
coupling). Intraresidue and interresidue '*C®-'°N scalar coupling
constants are designated 'Jcen and 2Jcey, respectively. Aspects of data
acquisition and processing common to all triple-resonance NMR
experiments are discussed in Section 7.4.6.

[7.96]

7.4.1 A ProtorYPE TRIPLE-RESONANCE EXPERIMENT: HNCA

The HNCA experiment correlates the amide 'H™ and '°N chemical
shifts with the intraresidue '*C* shift, by making use of the relatively
small one-bond '>N-'°C* scalar coupling (7-11 Hz) to establish
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correlations between the >N and '*C* spins (81, 84). In addition, this
experiment also provides sequential connectivities by transferring
coherence from the '°N spins to the '*C of the preceding residue via
the interresidue two-bond "N—'3C* scalar coupling, which can be as
large as 9 Hz. The HNCA experiment utilizes ““out-and-back’ coherence
transfer, in which the "H™ magnetization excited initially in the pulse
sequence also is detected during 73. A simple HNCA pulse sequence
(81) is illustrated in Fig. 7.31a. Analysis of this pulse sequence using
the product operator formalism reveals the basic principles of triple-
resonance NMR spectroscopy. Figure 7.31 also includes more sophis-
ticated versions of the same experiment that overcome several
shortcomings of the original. The more advanced pulse sequences
utilize many of the concepts introduced elsewhere in this text and
serve to illustrate the iterative process by which NMR experiments are
refined.

7.4.1.1 A Simple HNCA Experiment The design of the HNCA
pulse sequence shown in Fig. 7.31a is particularly straightforward
and evolution through the sequence can be evaluated by inspection.
Magnetization originating on amide "H™ spins is transferred to the
directly attached '°N spins via an INEPT sequence. For 27 = 1/(2/xn),
the resulting antiphase '°N magnetization at time « in Fig. 7.31a is
represented by

0y = —2HYNj,. [7.97]

The >N chemical shift evolution proceeds during the subsequent
t; evolution period. Evolution due to scalar coupling interactions
between the "N spin and 'HY, '>C% and '"*CO spins is eliminated
by 180° refocusing pulses applied in the middle of the #; period. The
magnetization present at time b is described by

op = —2HYN;, cos(Q,11). [7.98]

Omitting the 180°('*CO) pulse from the experiment introduces an
additional cos(w/ncof1) factor in [7.98]; fortunately, this does not
greatly attenuate the signal because the maximum acquisition time in
the ">N dimension (¢;max) i typically chosen to be less than 1/(2Jnco)-
Indeed, the original description of this experiment did not include '*CO
decoupling in #; (81).

Following 7, evolution, the '"’N magnetization becomes antiphase
with respect to the coupled '*C* spins during the delay 8. Evolution
due to '"H-"’N couplings also proceeds during this delay; therefore,
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Figure 7.31 Pulse sequences for the HNCA experiment. Thin and thick
rectangular bars represent 90° and 180° pulses, respectively. Pulses are applied
with x-phase unless the phase is indicated above the bar. Short, wide rectangles
are selective soft pulses applied at the frequency of the water resonance. Field
gradient pulses shown as open bars are used for artifact and water suppression;
field gradient pulses shown as filled bars are used for coherence selection. Values
for delays are discussed in the text. (a) A non-constant-time HNCA experiment,
with phase cycling ¢ =x, —x; ¢ =4(x), 4(»), 4—x), 4(—y); ¢3=2(x), 2(—x);
and receiver=x, —x, —x, x, —X, X, X, —x. (b) A constant-time HNCA
experiment with phase cycling ¢, =x, —x; ¢,=4(x), 4(»), 4(—x), 4(—y);
¢3=2(x), 2(—x); and receiver=x, —x, —X, X, —X, X, X, —X. (c) An 'H-
decoupled constant-time HNCA experiment with phase cycling ¢ =x, —x;
$r=4(x), 4(»), —x), 4(=y); ¢3=2(x), 2(—x); and receiver = x, —x, —Xx, X, —X,
x, X, —x. In sequences a—c, quadrature detection in the #; and ¢, dimensions is
achieved by incrementing independently the phases ¢, and ¢, respectively, and
the receiver phase, in a TPPI-States manner. (d) A PFG-PEP-HNCA
experiment with phase cycling ¢; =x, —Xx; ¢ =2(x), 2(—x); ¢3=4(x), 4(—x);
¢4 = x plus the correction for off-resonance phase shift caused by the 180°('*CO)
pulse during #,; ¢s=x; and receiver =x, —x, —Xx, x for the first FID acquired.
The phase ¢s=—x and the gradient g2 is inverted for the second FID. The 90°
pulses flanking decoupling periods are applied with the same field strength as the
decoupling sequence. The delay &, is longer than g5. The data are acquired and
processed as described for the PFG-PEP-HSQC experiment (Section 7.1.4.2).
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FIGURE 7.31—Continued

(e) A PFG-TROSY-HNCA experiment with phase cycling ¢; = x, —x; ¢ =2(x),
2(—x); 3 =4(x), 4(—x); ¢s=y; ¢ps= —y; and receiver = x, —x, —x, x for the first
FID acquired. The second FID is acquired with ¢ = x, —x; ¢s=y; ¢ps= —y; and
receiver = x, —x. The gradient g3 also is inverted for the second FID. Depending
on the spectrometer, y and —y phases may need to be interchanged. The 180°
pulse represented as an open bar leaves the water magnetization unperturbed;
3-9-19, or soft-hard-soft, pulse schemes commonly used for this pulse are
described in Section 3.7. The delays A = T/2 — 1, ¢ is longer than g6, and
{=1+¢/2. The data are acquired and processed as described for the
PFG-TROSY experiment (Section 7.1.4.2).
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the duration of § is restricted to be an integral multiple of 1/J/nyy, so that
the "N magnetization is antiphase with respect to its coupled proton at
the end of the delay. Scalar coupling evolution involving the '*CO spins
is refocused by the 180°('*CO) pulse in the middle of the 7, evolution
period. Ignoring evolution of the '*CO scalar coupling interactions,
the relevant components of the density operator present at time ¢ are
given by

o = {4H§N,»XC‘;F1(8) + 4Hf:_’NixC‘(*i_1)zF2(8)} cos(Qy,11) cos(Inud),
[7.99]

in which T'(¢#) and T'»(¢#) are coherence transfer functions for intra-
and interresidue scalar connectivities between the "N and '*C“ spins,
respectively:

['1(7) = sin(wUcent) cos(micant),
1) ( 1CN) .(ZCN) [7.100]
2 (#) = cos(mw Jcant) sin(wcant).

As shown in Fig. 7.32, these functions have two relatively broad maxima
centered around 28 and 35 ms for «-helical and B-sheet structures,
respectively (85). As shown in Fig. 7.33, the total amplitudes of the
operators in [7.99], I';(8) cos(rtJnud) and I'»(8) cos(mJnynd), have maxima
for 8§ equal to ~22ms and ~33ms. The positions of these maxima
correspond to 2/Jyy and 3/Jny, respectively, and are not significantly
affected by the small variations of the '*C*~'>N coupling constants with
local secondary structure. In order to minimize relaxation losses, the
value of § is set to ~22ms, for which cos(wJnud) ~ 1.

The 90° pulses applied to both 'H and '*C* spins immediately
following point ¢ create multiple-quantum three-spin 'HN-!'N-13C*
coherence represented by

04 = [AHYNCIT1(0) + 4HYNCEy, T2(0)| cos(@u 1) cos(rnnd).
[7.101]

During the subsequent 7, evolution period, both "H and '°N chemical
shifts are refocused by the 180° pulses applied to these spins; effectively,
the three-spin coherence evolution depends only on the '*C* chemical
shift. The three-spin coherence does not evolve under the influence of the
active scalar couplings between the spins (Section 2.7.5). Application of
the 180°('*CO) pulse at the midpoint of the ¢, evolution period, however,
ensures that evolution due to '*CO scalar coupling is refocused; the
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Ficure 7.32 Plots of the HNCA coherence transfer functions, 'y (¢), for (—)
k=1 or (- - -) k=2 [7.100]. Thin and thick lines represent the results for
a-helical and B-sheet conformations, respectively. Nominal values of 'Jeen
and 2Jcen for an a-helical conformation are assumed to be 9.6 and 6.4 Hz,
respectively, and in a B-sheet conformation are assumed to be 10.9 and 8.3 Hz,
respectively (85).

small F, phase errors resulting from the off-resonance effects of the
180°('3CO) pulse are readily corrected when processing the data (Section
3.4.1). The scalar coupling interactions between '*C* and *C” spins do,
however, remain active during the ¢, evolution period. At the end of the
t, period, e, the magnetization is described by

0 = {#HYN..C, cos(Qy )T1(8) + 4HINCi_y, cos(Qcr, )T2(8)]

x cos(2n,11) cos(mJcacsts) cOS(TINHO).
[7.102]

Alternatively, the antiphase '’N magnetization present at time ¢ can
be transferred into antiphase '*C* magnetization by application of 90°
pulses to the "N and 'C* spins, rather than to the "H and '*C* spins
as described. This alternative method, which is illustrated in the next
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FiGure 7.33 Plots of the HNCA coherence transfer functions, I'x(8) cos(zJ/nud)
for (—) k=1 or (- - -) k=2. The plots were calculated for 'Je«n and 2Jce,
coupling constants of 10 and 7 Hz, respectively, and a Jyg coupling constant
of 91 Hz.

section for a constant-time version of the HNCA experiment, might be
thought to offer a distinct advantage because the signal decay in the ¢,
dimension is determined by the transverse relaxation rate of single-
quantum '*C® coherence rather than the three-spin 'HN-""N-'3C*
multiple-quantum coherence. However, as discussed by Grzesiek and
Bax (84), the '>C* spins remain coupled to the '*C” spins during the 7,
evolution period [7.102], and the acquisition time in the #, dimension
is therefore kept shorter than 1/(2J«c#), about 8-10 ms in practice. Over
this time period, the difference in the intrinsic relaxation rates of
transverse |°C* magnetization and three-spin '"HN-">N-'3C* coherence
is of little consequence, and the two methods of transferring coherence
from "N to '’C* are equivalent.

The magnetization present following the ¢, evolution period [7.102]
is transferred back to observable 'HY magnetization by the pathway
reverse of that described previously, with the exception that the #
evolution period is omitted. The 90° pulses immediately following point
e convert the three-spin 'H™—'"N—'*C* coherence back into antiphase
>N magnetization, which rephases with respect to its coupled '*C* spin
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during the delay 8. The >N remains antiphase with respect to its coupled
amide 'H because, as already discussed, the duration of § is set to be
an integral multiple of 1/Jnu. The final series of pulses represent
a reverse INEPT sequence and result in observable 'H" magnetization
described by

— gV 2 2
o = H{cos(@cr12)I3(9) + cos(Qcy, 2)T3(0) 7103

x cos(Qnt1) cos(mJacstz) cos(mINuS).

A representative F>('*C*)—F;("H") slice from an HNCA spectrum of
SN/ C-labeled ubiquitin is shown in Fig. 7.34. The observed 'HN-'3C*
correlations are labeled according to the *C* resonance; in this example,
the stronger correlations correspond to the intraresidue connectivities
while the weaker correlations correspond to sequential interresidue
connectivities. Empirically, average values of 'Jcen > 2Jcen; however,
the ranges of intra- and interresidue scalar coupling constants observed
in proteins overlap, and intensities of the resonance peaks can be
affected by differences in relaxation rates. Consequently, identification
of the intra- and interresidue connectivities on the basis of resonance
intensities in the HNCA experiment is not infallible.
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FIGURE 7.34 A selected Fo('*C%)—F5('"HN) slice, at an F;('*N) chemical shift of
121.6 ppm, from an HNCA spectrum of '>N/"*C-labeled ubiquitin.
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74.1.2 The CT-HNCA Experiment The modified version of the
HNCA experiment illustrated in Fig. 7.31b includes a ‘“‘constant-time”
period during which evolution of the '’N chemical shift and evolution of
the '"N-'?C“ scalar coupling interaction occur simultaneously. In the
original HNCA experiment (Fig. 7.31a), the "N chemical shift, and
IN-13C* scalar coupling evolution periods are independent. The main
advantage of the constant-time evolution scheme, as discussed in detail
here, is a reduction in relaxation losses and a concomitant improvement
in sensitivity.

During the first part of the CT-HNCA experiment, magnetization
originating on amide '"H spins is transferred to their directly attached
SN spins via an INEPT sequence, in a fashion identical to that of the
original experiment discussed previously. The magnetization present at
time a in Fig. 7.31b is therefore represented by [7.97].

Between points a and b, the pulse sequence is similar to the
constant-time periods used in the constant-time HSQC (Section 7.1.1.3)
and constant-time "H-"*C HSQC (Section 7.1.5) experiments. By similar
reasoning, evolution due to the '"N-'>C“ scalar coupling interaction
("Jcen,2Jcen) occurs during the entire constant-time evolution period,
T, while >N chemical shift evolution proceeds only during #,. The '°N
spins are effectively decoupled from both the 'H and '*CO spins by
the application of 180° pulses to these nuclei; consequently, the >N
magnetization remains antiphase with respect to its coupled 'H spin.
The magnetization at time b is described by

oy = {4H§\Z’N,»xC‘l?i_F1(T) +4H§NixC‘();71)zF2(T)} cos(Qw,11),  [7.104]

in which T'|(7) and T'x(7) are the coherence transfer functions [7.100].
If relaxation during T is ignored, then intraresidue coherence transfer is
optimized by selecting 7 to maximize I'(7) (Fig. 7.32). The amplitude of
the signal is further reduced, however, by a factor of exp(—RT), in which
R is the average relaxation rate constant for the HYN; C% operator.
In practice, T is typically chosen to be between 22 and 28 ms.

The magnetization present at the end of the constant-time delay,
T, is transferred by the simultaneous >N and '*C* 90° pulses into
antiphase '*C* magnetization at time c,

o, = {4H§§N,-ch,r1(T) n 4H§§N,-ch;_1)yr2(T)} cos(Q,t1).  [7.105]
The three 180° pulses applied at the midpoint of the ¢, evolution period

serve to refocus 'H, >N, and '*CO scalar coupling evolution. The '*C*
and "3C”? spins are scalar coupled during 1,; thus, the acquisition time



626 CHAPTER 7 HETERONUCLEAR NMR EXPERIMENTS

in the 7, dimension should be shorter than 1/(2Jc«cs), or about 8-10 ms
in practice. At the end of the 7, evolution period, point d, the relevant
operators are

o= {4H{.§N,-zc;; Cos(Qer )T (T) + 4HYN CY,_ ), cos(Qc tz)Fz(T)}
x cos(Q2w,11) cos(mJcacsts). [7.106]

This magnetization is then transferred back into observable amide
"H magnetization by the pathway reverse of that described previously.
At the beginning of the acquisition period, the observable magnetization
is described by

O = Hﬁ{cos(ch 0)(T) + cos(Qcr | tz)Fg(T)} cos(Qw,11) cos(TJ cecstr).
[7.107]

For T'=3, this expression is identical to that previously derived, [7.103],
for the original non-constant-time version of the HNCA experiment.
As already mentioned, however, the advantage of the constant-time
evolution scheme is found when relaxation effects are considered. In the
original HNCA experiment (Fig. 7.31a), signal decays as ¢, increases;
in the CT-HNCA experiment (Fig. 7.31b), signal does not decay as f,
increases. For T'=4, the gain in sensitivity that can be obtained from
using the constant-time evolution scheme is approximately

1 max . 1 maXEQN
fotl max eXp(_t]E2N) dtl 1 — eXp(—tl maxRZN) D

[7.108]

in which R,y is the transverse relaxation rate of the antiphase SN
magnetization (2HYN;,) present during the 7, evolution period of the
non-constant-time experiment [7.16], and #;,,, is the maximum duration
of the #; evolution period. As with any constant-time evolution scheme,
f1max 18 limited to be less than (or equal to) the constant-time period, 7.
For ubiquitin, Roy~ 9.9 s ' (calculated as described in Section 7.1.1.2
for .= 4.1 ns), and for ., =18.6 ms, [7.108] predicts a sensitivity
gain of 10% in the constant-time experiment. Larger gains would be
expected for larger proteins with larger relaxation rate constants.

7.4.1.3 The Decoupled CT-HNCA Experiment The sensitivity of
the above CT-HNCA experiment (and related pulse sequences) can be
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further increased by the introduction of synchronous broadband 'H
decoupling (84, 86), as illustrated in Fig. 7.31c. The magnetization
present at time « in Fig. 7.31c is represented by [7.97]. At the end of
the first delay, 8, =1/(2Jnn), the "N magnetization is refocused to be
in-phase with respect to its attached proton. Application of synchronous
broadband 'H decoupling (WALTZ-16 or DIPSI-2, for instance)
prevents the creation of any '°N or '*C quantum states that are anti-
phase with respect to the attached 'H spin. Contributions to the '*N and
13C linewidths from 'H longitudinal relaxation are therefore eliminated,
because both N and '>C transverse magnetization remains in-phase
(Section 7.1.3.1). The resulting decrease in the apparent R,y and R,¢
relaxation rate constants reduces the signal loss caused by >N and '*C
transverse relaxation during delays between the two 'H-'°N INEPT
sequences. The magnetization at time c is therefore described by

00 = {=2NLCoT(T) — 2N C_ ) To(T)) cos(Q11)- [7.109]

This expression can be compared directly with [7.101] and [7.105] from
the HNCA and CT-HNCA experiments, respectively, which contain
multiple- qudntum (4H)N;C3) or antiphase (4HYN;.C;) states with

respect to 'H spins. At the end of the #, evolution period, point d, the
relevant operators are

o4 = {—2NiZC3, COS(QQ_XIQ)F](T) 2N, Ca 1)y COS(QCa lz)Fz(T)}
x cos(Ry,11) cos(wJcacstr). [7.110]

This magnetization is then transferred back into observable amide 'H
magnetization by the reverse pathway. The magnetization prior to
acquisition, point e, is described by [7.107].

7.4.1.4 The Gradient-Enhanced HNCA Experiment The HNCA and
many other triple resonance experiments include an indirect evolution
period for amide '°N spins and detect amide proton spins during the
acquisition period. These experiments are particularly easy to modify
for coherence selection using pulsed field gradients and PEP sensitivity
enhancement (Section 7.1.4.2). A pulse sequence for a decoupled
PFG-PEP-HNCA experiment is shown in Fig. 7.31d (a nongradient
PEP-HNCA could be designed as well). This experiment is very similar
to the experiment shown in Fig. 7.31c, with the following exceptions:
(i) "N frequency labeling is performed during the second period, T,
rather than during the first; (i) the reverse INEPT sequence of Fig. 7.31c
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is replaced by a PEP reverse INEPT sequence; (iii) field gradient pulses
are used for coherence selection and quadrature detection in the "N
evolution period; (iv) pulsed field gradient pulses are used to suppress
artifacts associated with 180° pulses; (v) water flip-back solvent
suppression is incorporated; and (vi) the off-resonance phase shift
caused by the 180°(**CO) pulse during 1, is corrected by adjusting the
phase ¢4. The 90° pulse prior the 'H decoupling sequence rotates the
water magnetization from the +z-axis to the +x-axis so that the water
magnetization is spin-locked by the decoupling rf field. The 902 pulse
returns the water magnetization to the +:z-axis at the end of the
decoupling period. Acquisition and processing of the PFG-PEP-HNCA
experiment are performed as described for the PFG-PEP-HSQC
experiment (Section 7.1.4.2).

7.4.1.5 The Gradient-Enhanced TROSY-HNCA Experiment A
PFG-TROSY-HNCA experiment is shown in Fig. 7.31e (a nongradient
TROSY-HNCA could be designed as well). This experiment is derived
from the PFG-PEP-HNCA by omitting the "H decoupling field and
replacing the PEP reverse polarization transfer scheme with the TROSY
pulse sequence element. Decoupling of the 'H-'C* scalar coupling
interaction during 7, is performed with 180°("H) pulses applied at #,/4
and 317,/4; the net 0° rotation avoids interconversion of the "H 1% and 7#
spin operators, which would destroy the TROSY effect. For *H-labeled
proteins, the 'H decoupling pulses can be omitted, and composite pulse
decoupling applied to the “H spins during 7, when the '*C* magnetiza-
tion is transverse. The sequence incorporates two enhancements com-
pared to the PFG-PEP-HNCA and the originally proposed TROSY-
HNCA (87, 88). First, the TROSY element begins with a 90°('H) pulse,
but no "°N pulse. Consequently, the refocusing period for the "N-'*C*
scalar coupling interaction can be extended into the first 2t period of
the TROSY element by adding a 180°('*C®) pulse. This shortens the
overall length of the pulse sequence by 27, with consequent reduction
in relaxation losses. Second, the TROSY element ends with a 90°('°N)
pulse, but no 'H pulse. Consequently, the refocusing gradient g6 can
be accommodated by shifting the final 180°('H) pulse as shown in
Fig. 7.31e, rather than by incorporating an additional spin echo element
as in Fig. 7.31d. This change reduces the number of 180° pulses. More
importantly, the final 180° pulse is crafted to leave the water magneti-
zation unperturbed (Section 3.7.3) so that the water magnetization is
never inverted during the reverse polarization transfer. Acquisition and
processing of the PFG-TROSY-HNCA experiment is performed as
described for the PFG-TROSY experiment (Section 7.1.4.2).



7.4.2 A CoMPLEMENTARY APPROACH: THE HN(CO)CA
EXPERIMENT

The HN(CO)CA experiment provides sequential correlations
between the amide 'H and '°N chemical shifts of one amino acid residue
and the 'C* chemical shift of the preceding residue by transferring
coherence via the intervening '>CO spin (84, 89). The same sequential
information is obtained from the HNCA experiment (Section 7.4.1);
however, the HNCA experiment does not always distinguish intraresidue
and interresidue connectivities because the 'Jeen and 2Jcen coupling
constants can be of comparable magnitude or the intraresidue and
interresidue '*C* chemical shifts may be coincidentally degenerate.
The HN(CO)CA experiment circumvents these problems by providing
sequential correlations exclusively. In addition, the sensitivity of the
HN(CO)CA experiment is greater than that of the HNCA for larger
proteins, because the relay of magnetization via the one-bond Jyco and
Jeeco scalar coupling interactions is more efficient compared to transfer
via the relatively small 2Jcey scalar coupling interaction.

The salient features of the CT-HN(CO)CA experiment illustrated
in Fig. 7.35 are discussed here. Following the initial INEPT-type
transfer of magnetization from the amide "H™ spins to their directly
attached '°N spins, the magnetization present at time « in Fig. 7.35 is
represented by

g = —2H;.N [7.111]
for 21= 1/(2JNH)

During the subsequent constant-time evolution period, 2§, =
2(8, + 83), the propagator is

U= exp(—i %Czi_l)x) exp(—i%Ny) exp[—iA (8; — 11/2)] exp(—inC{i-1)x)
x exp(—inN;y) exp[—iAH 5] exp(—iyr ZH,‘;) exp[—iH §3]
X exp(—in Z C,‘fx) exp[—iH't) /2]

= exp(—i%CZi_l)x> exp(—iZNy) exp —idm
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FiGure 7.35 Pulse sequence for a constant-time HN(CO)CA experiment. Values
of delays are described in the text. Other experimental details are similar to those
given in Fig. 7.31. The phase cycle is ¢ =x, —x; ¢» =4(x), 4(y), 4(—Xx), 4(—);
¢3=2(x), 2(—x); and receiver=x, —x, —X, X, —X, X, X, —x. Quadrature
detection in the #; and 7, dimensions is achieved by incrementing independently
the phases ¢, and ¢, respectively, and the receiver phase, in a TPPI-States
manner.

»
o,

in which exp(—in ZH,;,) represents a nonselective proton 180° pulse
and exp(—ir ). Cf) represents a nonselective carbon 180° pulse (with
summations over k and « implied), only chemical shift and scalar
coupling interactions affecting the '°N spin have been included in the
Hamiltonian, and the last line is obtained by using [2.121]. Evolution
due to "H-"°N coupling occurs only during 285, while evolution due to
BN-CO coupling occurs during the entire period, 28;,. For
283=1/(2Jnn), the antiphase >N operator is refocused to become
in-phase with respect to the amide 'HY spin at the end of the
constant-time period. Chemical shift evolution of the "N coherence
occurs only during ;. The duration of the constant-time evolution
period, 28, can be adjusted from 1/(3/nco) to 1/(2Jnco), independently
of the "H-'>N coupling evolution period, 283, as required to minimize
relaxation losses. Typically, 28; ~ 22ms [1/(3/nco)]- The magnetization
present at time b is described by

op = 2NinEi—1): COS(QN‘.ll) Sin(2ﬂJNco51) Sil’l(27TJNH83). [71 13]

The pair of simultaneous 90° pulses transfer [7.113] into antiphase
carbonyl magnetization, given at time c,

o, = _2NfZCEi—1)y COS(QN[I]) Sin(ZHJNco(S]) Sil’l(ZJTJNH83). [7114]
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The product operator in [7.114] is in-phase with respect to the amide
"HN spin. If this '*CO magnetization were antiphase, then its transverse
relaxation rate (and the relaxation rates of the product operators
during ;) would be increased due to contributions from proton
longitudinal relaxation, and the signal observed would be corre-
spondingly decreased. This would be the case if the amide "H™ spins
were decoupled during the constant-time evolution period, as in the
CT-HNCA experiment [7.104].

During the subsequent 8,~#,—84 period, the '*CO spin is correlated
with its attached '>C* spin in an HMQC-like manner. Ignoring
evolution due to couplings between '*C* and '°N, which are relatively
small in magnitude, and between '*CO and 'H spins, which are not
refocused by the 180° pulses at the midpoint of #,, the coherence present
at time d is

o4 = —2N,»ZCE,._1)}, cos(Q;t1) cos(Qce  12) cos(m/cucst)
X Sinz(JTJCﬂC()&;) Sin(zﬂJNco(S]) sin(ZnJNH83). [71 15]

The delay 8, is set from 1/(3Jceco) to 1/(2Jceco). The *C* and *C?
spins remain coupled during #,; therefore, in order to avoid sensitivity
losses due to resolved J«cs scalar couplings in the F> dimension, the 7,
acquisition time must be shorter than 1/(2Jcacs), or about 8-10ms
in practice. The off-resonance effect of the 180°('*CO) pulse in the
middle of the #, evolution period results in a small frequency-dependent
phase shift in this dimension, which can be corrected approximately
during data processing (Section 3.4.1). Magnetization is transferred
back along the same pathway to yield the observable magnetization
at time e:

O, = Hf;[ cos(S2y,11) cos(Qce 1) cos(d, ,12)
x sin?(mJcecods) sin’(2nIncod)) sin*(2r/nuds).  [7.116]

As in the HNCA experiment, the sensitivity of the HN(CO)CA
experiment can be improved by the use of synchronous broad-
band proton decoupling after the antiphase term at time a [7.111]
has been allowed to refocus and by incorporating PEP sensitivity
enhancement.

A representative F2(13C“)7F3(1HN) slice from an HN(CO)CA
spectrum of '"N/'*C-labeled ubiquitin is shown in Fig. 7.36. This slice
was taken at the same F;('°N) chemical shift as for the F>('*C*)-F5('HY)
slice from the HNCA spectrum of ubiquitin shown in Fig. 7.34. By
comparison of these spectra, the interresidue correlations in the HNCA
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FIGURE 7.36 A selected F>('*C%)—F5('HN) slice, at an Fy(*>N) chemical shift of
121.6 ppm, from an HN(CO)CA spectrum of '>N/'*C-labeled ubiquitin. This
slice may be compared directly with the equivalent region from the HNCA
spectrum of ubiquitin illustrated in Fig. 7.34.

spectrum can be unambiguously distinguished from the intraresidue
correlations, because only the interresidue connectivities are observed
in the HN(CO)CA experiment.

7.4.3 A STRAIGHT-THROUGH TRIPLE-RESONANCE
ExpErRIMENT: H(CA)NH

The H(CA)NH experiment (72) correlates 'H* chemical shifts with
intraresidue amide 'H and "N chemical shifts, by making use of the
one-bond '"N-"°C* J coupling (7-11 Hz). This experiment also provides
sequential connectivities by transferring coherence from the '*C*
spins to the '>N of the following residue via the interresidue two-bond
BN-13C* J coupling (4-9Hz). The H(CA)NH experiment differs
fundamentally from the HNCA experiment because one-way “‘straight-
through™ or “out-and-stay” transfer of magnetization from 'H* to >N
spins is obtained via successive through-bond transfer between the
directly coupled 'H*-'*C* PC*-'°N, and ""N-'HM pairs. At each
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transfer step, net magnetization transfer (rather than coherence transfer
to antiphase spin states) must be obtained using refocused INEPT
sequences. A product operator description of the H({CA)NH experiment
illustrated in Fig. 7.37 is given in the following discussion.

Beginning with longitudinal 'H* magnetization at point a (o, = HY),
transverse 'H® magnetization is frequency labeled during 7, and
transferred in an INEPT-like manner to its directly attached '*C%, to
yield at point b

op = 2HZC‘;;, COS(QH"_Xll) [7.117]

for 2t1=1/2Jcu) (~3.5ms). The identical concatenated #; evolution
period and INEPT magnetization transfer scheme were used in the
CT-HCCH-COSY experiment (Fig. 7.26b).

Following the simultaneous 90° 'H and '>C* pulses, the antiphase
13C® magnetization, [7.117], is refocused with respect to the "H* spins
during the period 28,, while dephasing due to '"N—'>C* one-bond and
two-bond scalar couplings, and '*C*-'3C? one-bond scalar coupling
occurs during 28,. For '*C* directly coupled to a single proton (i.e., all
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FiGure 7.37 Pulse sequence for a constant-time H(CA)NH experiment. Values
of delays are described in the text. Other experimental details are similar to
those given in Fig. 7.31. The phase cycle is ¢y =x, —x; ¢»=16(x), 16(—x);
$3=2(x), 2(—x); pa=4(x), 4(—x); ¢s =8(x), 8(»), 8(—x), 8(—y); and receiver = x,
—-X, =X, X, 2(—Xx, x, X, —Xx), x, —x, —x, x. Quadrature detection in the ¢; and ¢,
dimensions is achieved by incrementing independently the phases ¢; and ¢4,
respectively, and the receiver phase, in a TPPI-States manner.



634 CHAPTER 7 HETERONUCLEAR NMR EXPERIMENTS

amino acids except glycine), the relevant components of the density
operator at point ¢ are
0c = {~2CENLT1(282) = 2CENG 11 T2282) |
X cos(2p=11) sin(2wJcndi) cos(2mdcacsda), [7.118]
in which the coherence transfer functions, I'y(z) and I'5(z), are given by

[7.100]. The optimal value of 28; =1/(2Jcy). Intraresidue coherence
transfer is optimized by selecting 8, to maximize

T0(285) = I'1(28,) €08 (27 cocs8:) exp<—2R2Cia82>, [7.119]

in WhiCthq_x is the '3C® transverse relaxation rate. This function, which
is plotted in Fig. 7.38, has a maximum value for §, =12 to 13 ms.

The 90°("*C*) and 90°('°N) pulses immediately following point ¢
transfer the antiphase '*C coherence into antiphase '’N coherence at
point d-:

0q = {2CEN,T1(282) + 2CENi41,T2(282)} cos(Qpaty)
x sin(2wJcudi) cos(2mcacsd). [7.120]
During Fhe subsequent evolution period between points d and e, the
propagator is
U =exp[—i#'84] exp(—inz ka> exp[—iAH 'ty /2] exp (—iﬂ Z C,‘\f‘x)
X exp[—iH (84— 83)] exp(—in ZH;X) exp[—i A (83 +12/2)]
= > {exp(—imInnds I N) oxp(—idm' Jo CELN:)
X exp (—i4n2JCaNC&_1)ZNkZ) exp(—iQ, tszZ)}
X exp (—iJT Zka> exp(—iyr Z C,‘é‘x) exp (—iyr ZH};X),
[7.121]

in which only chemical shift and scalar coupling interactions affecting
the >N spins have been included in the Hamiltonian, and the last line
is obtained by using [2.121]. The antiphase '°N coherences refocus with
respect to the active '>’N—'">C scalar coupling and dephase due to passive
SN-'3C scalar coupling during 28,. Thus, 2C% N, refocuses under the
intraresidue 'Jc«y scalar coupling interaction and dephases under the
2 Jcan scalar coupling to the '*C* spin of the preceding residue, while
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Figure 7.38 Plots of the H(CA)NH coherence transfer function, I'y(25,)
[7.119], for 'Jeay, 2Jcay, and Jeees coupling constants of 10, 7, and 35Hz,
respectively. The solid line corresponds to the transfer function in the absence of
relaxation, while the dashed line includes the relaxation term exp(—2Rc«8,) for
13C linewidths of 1/(nTh¢«) =10 Hz.

2CZN(i41)y refocuses under the interresidue scalar coupling interaction
and dephases due to the intraresidue coupling. The >N magnetization
also defocuses with respect to the amide proton during the time period
2685. The relevant coherences present at point e are described by

Oe :{—2H{ZNW cos(Qy,12)T1(282)T1(284).

— 2H{, 1. Nt 1yy €08(Q,,, lz)F2(232)F2(254)}
x cos(S2pxt1) sIn(2wInué3) sin(2ncndi) cosrdcacsdz). [7.122]

Intraresidue coherence transfer through this segment of the experiment
is maximized by setting 253 = 1/(2Jnu) (~5.4 ms), and by adjusting 24, to
maximize I'1(284). This transfer function is identical to that
plotted in Fig. 7.32 for the HNCA experiment [7.100]. When "N
transverse relaxation, R,y, is considered, a value of 28, of ~23ms is
close to optimal.
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The final INEPT step in the pulse sequence transfers the antiphase
>N magnetization to in-phase 'H™ magnetization to yield, at time f,

of= {H% cos(2y,12)I'1(282)T"1(284) + H37+1)x cos(R2y,,, fz)rz(252)rz(254)}

x cos(S2pxt1) sin(2Jcndy) co8(2mJ cacsda),
[7.123]

for 2t,=1/(2Jnn). Thus, magnetization that originated as 'H*
magnetization has been transferred to and is detected as amide 'HY
magnetization.

A representative Fy("H*)—F5('"HY) slice from an H(CA)NH spectrum
of '"N/BC-labeled ubiquitin is shown in Fig. 7.39. The observed
"HN-TH* correlations are labeled according to the 'H* resonance.
In this example, the stronger correlation corresponds to the intra-
residue connectivities while the weaker correlation corresponds to
sequential interresidue connectivities. Identification of the intra- and
interresidue connectivities on the basis of resonance intensities in the
H(CA)NH experiment has the same caveats as given for the HNCA
experiment (Section 7.4.1).

F2 =121.6 ppm ’ - o

0

F1 (ppm)

113 @ L73

F3 (ppm)

FIGURE 7.39 A selected F;('"H*)—F5('"HY) slice, at an F»("°N) chemical shift
of 121.6ppm, from an H(CA)NH spectrum of 'N/'*C-labeled ubiquitin.
Resonances from Gly10 and Gly47 are suppressed for 28; = 1/(2Jcn).
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7.4.4 BACKBONE CORRELATIONS WITH THE *CO SPINS

The HNCA, HN(CO)CA, and H(CA)NH experiments illustrate
many of the principles utilized in triple-resonance NMR spectroscopy.
These experiments alone usually are not sufficient to establish complete
backbone sequential connectivities, and do not indicate the enormous
variety of triple-resonance experiments that have been developed (7).
The HNCA and HN(CO)CA provide correlations between 'HY, PN,
and '*C® spins. The HNCO and HN(CA)CO experiments provide
analogous correlations between the 'HY, "N, and '*CO spins. These
experiments are presented briefly in this section.

7.4.4.1 HNCO The HNCO experiment correlates the amide "H™
and '°N chemical shifts of one amino acid with the '*CO chemical shift
of the preceding residue, by using the one-bond ">N-'*CO J coupling
(~15Hz) to establish the sequential correlation (87, 84). The sequential
connectivities provided by this experiment are particularly useful
when used in conjunction with interresidue connectivities provided
by the HN(CA)CO (Section 7.4.4.2) and HCACO (81, 90) experiments.
A detailed description of alternative pulse sequences for the HNCO
experiment has been given by Muhandiram and Kay (33, 88, 91).

The CT-HNCO pulse sequence illustrated in Fig. 7.40 is analogous
to the CT-HNCA and CT-HN(CO)CA experiments. The CT-HNCO
substitutes an evolution period for the carbonyl spins instead of the
HMQC-type magnetization transfer from the '*CO to the '*C* spins
used in the HN(CO)CA experiment. The important coherences present
at times a—e of the pulse sequence are

04 = —2HYN,, [7.124]
op = 2N,<},C§H)Z cos(Qn,1) sin(mIncoT) sin(wInuT), [7.125]
o —2Nsz2i_1)), cos(Qy,t1) sin(wIncoT) sin(wInuT), [7.126]

04 = —2N:C(;_y), cos(Qn;11) cos(Qco, , 12) sin(mIncoT) sin(w/nuT),
[7.127]

o, = Hf-i cos(S2y,11) cos(Rco,_, 12) sin(wIncoT) sin(m/nuT)
x sin(2wJNcod) sin(2rJNuds3), [7.128]
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FiGcure 7.40 Pulse sequence for a constant-time HNCO experiment. Values of
delays are described in the text. Other experimental details are similar to those
given in Fig. 7.31. The phase cycle is ¢; =x, —x; ¢ =4(x), 4(»), 4(—x), 4(—y);
¢3=2(x), 2(—x); and receiver=x, —x, —x, x, —Xx, X, X, —Xx. Quadrature
detection in the #; and 7, dimensions is achieved by incrementing independently
the phases ¢; and ¢s, respectively, and the receiver phase, in a TPPI-States
manner.
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in which 2t = 1/(2]1\1].1), 281 = 2(32+83), and 253 = 1/(2JNH) Typlcally, 281
~ 1/(3/nco) (22 ms) instead of 1/(2J/nco) to reduce relaxation losses.
The time 7 must be an odd multiple of 1/(2Jxn) [e.g., 5/(2Jnn) =27 ms]
to ensure that the '"N magnetization is in-phase with respect to the
amide proton spins at the end of the constant-time evolution period.

In contrast to the CT-HNCA experiment (Fig. 7.31b), antiphase '°N
magnetization present at ¢ rephases with respect to the "HY spins under
the influence of the ""N-'H coupling during the constant-time evolu-
tion period. Therefore, evolution of the 2N,-ZCEI._1)}, coherence during ¢,
does not contain contributions from relaxation of the amide proton spin.
The constant-time evolution scheme described here also differs from
that described in Section 7.4.2 for the HN(CO)CA experiment, in which
the duration of the constant-time period was not limited to be an odd
multiple of 1/(2Jnu). Either scheme may be used in each experiment,
because if relaxation effects are ignored, the final results are very similar.
The sensitivity of this scheme may be further improved by the use of
synchronous broadband proton decoupling in a way analogous to that
for the decoupled CT-HNCA experiment.

7.44.2 HN(CA)CO The HN(CA)CO experiment provides intra-
residue correlations between the amide 'H, '°N, and '*CO chemical
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shifts by using the one-bond '"N-"*C* and '*C*~'3CO J couplings to
transfer coherence (92). In addition, this experiment can also provide
sequential connectivities from the "N spins to the '*CO of the preceding
residue via the interresidue two-bond '"N—'*C* J coupling. When used
in conjunction with the HNCO experiment, which gives the sequential
correlations only (Section 7.4.4.1), the HN(CA)CO experiment provides
a method for sequentially assigning the amide 'H, "N, and '*CO
resonances.

A constant-time version of a HN(CA)CO pulse-sequence is illus-
trated in Fig. 7.41. The important product operator terms at times a—f
of the pulse sequence are given by

0, = —2HY Ny, [7.129]
op = 12N, CL.l'(T) + 2Nin((X,~_1)zF2(T)} cos(2y;11), [7.130]
o, = | —2N.CoTU(T) - 2N,-ZC‘(”[71)},F2(T)} cos(Q 1), [7.131]

04 = [ANLCLC,TV(T) + 4NiCYL ). Cliy), Ta(T) | cos(@y,1)T3(285),
[7.132]

Op = 4N,.C% C COS(QCOilz)Fl(T)

iz iy

+ ANLC . Cly COS(SZCOHIZ)Fg(T)} cos(Qy.1)T3(282),  [7.133]

o= HY {cos(szco,.zz)rf(T).+ cos(szco,._lzg)rg(r)} cos(Qw,11)T2(28,),
[7.134]

in which § = 1/(2Jynu), and the coherence transfer functions, I'(¢) and
I'5(?), are given by [7.100] and

['3(7) = sin(wJcecot) cos(mw) cecst). [7.135]

As with the CT-HNCA experiment, the length of the constant-time
evolution period, 7, is typically chosen to be between 22 and 28 ms
(Section 7.4.1.2). A value of 3.0-3.5ms is optimal for 6.

The CT-HN(CA)CO pulse sequence illustrated in Fig. 7.41 differs
slightly from the originally reported sequence (92), in which a refocused
INEPT sequence (Section 2.7.7.3) is used to generate in-phase "N
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FiGure 7.41 Pulse sequence for a constant-time HN(CA)CO experiment. Values of delays are described in the text. Other
experimental details are similar to those given in Fig. 7.31. The phase cycle is ¢ =x, —x; ¢»=8(x), 8(»), 8(—x), 8(—y);
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magnetization prior to the constant-time evolution period, and to
convert in-phase '’N magnetization back into detectable '"H magnetiza-
tion immediately prior to acquisition. The experiment discussed here
achieves the same magnetization state at times » and e (ignoring
relaxation effects), but does so in less total evolution time and with four
less 180° pulses; for these reasons, the sequence presented here is likely to
be more sensitive than the originally proposed sequence.

The main shortcoming of the HN(CA)CO experiment is the low
sensitivity that results from rapid relaxation of the transverse '‘C*
magnetization during the delays 8,. For *H/"*C/'°N-labeled proteins,
TROSY-HN(CA)CO experiments are substantially more sensitive
because of the smaller dipolar *H-">C® interaction (88). For
13C/"*N-labeled proteins, the straight-through (HCA)CONH experiment
is more sensitive than the HN(CA)CO experiment (93—95).

7.4.5 CorRELATIONs WITH THE C#/H? SpIns

The triple-resonance experiments discussed thus far provide se-
quential connectivities along the peptide backbone. The HCCH
experiments (Section 7.3) provide connectivities of the aliphatic side
chains of individual amino acid residues. Complete assignments can be
obtained if the backbone assignments and the side chain assignments can
be connected using either the "H* or the '*C* spins. Congestion in the
'"H*-'3C* region of the spectrum often renders this approach difficult.
One solution to the problem combines HCCH-type magnetization
transfer from the side chain to the '*C* spin (using either COSY or
TOCSY transfers) with a “‘straight-through™ magnetization transfer
from the '3C* spin to the amide moiety of the following residue (96—105).
The side chain assignments are connected thereby to the more
highly resolved amide 'HY and '°N spins. Two such experiments,
CBCA(CO)NH and CBCANH, are discussed in the following sections.
These straight-through experiments have out-and-back analogs, the
HN(CO)CACB and HNCACB experiments. The HNCACSB is discussed
in the following sections as well. These experiments frequency label
the '"N magnetization as one of the dimensions of the 3D spectrum.
The CBCACO(N)H (106) and CO_H(N)CACB (107) experiments
frequency label the '*CO magnetization rather than the '°N magnetiza-
tion to resolve resonance correlations overlapped in CBCA(CO)NH and
HNCACB spectra. Correlations to side chain resonances beyond 'H?
and '*C” are discussed in Sections 9.1.6 and 9.1.7.

The topology of the amino acid spin system affects coherence
transfer in the CBCA(CO)NH, CBCANH, and HNCACB experiments
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more strongly than do the triple-resonance experiments that only
correlate backbone spins. In the following discussion, b is the number
of "*C? nuclei in the spin system, g is number of resonant aliphatic
3C” nuclei in the spin system, m is the number of '"H* spins, and n is
the number of "H spins in the spin system. The value of 4 is 0 for glycine
and 1 for all other amino acids; the value of g is 0 for alanine, aspartic
acid, asparagine, cysteine, and serine, 2 for valine and isoleucine, and
1 for all other residues (aromatic '*C” spins may be perturbed by the
aliphatic '*C pulses); m is 2 for glycine and 1 for all other amino acids;
and 7 i1s one for valine, isoleucine, and threonine and 2 for all other
amino acids.

74.5.1 CBCA(CO)NH The CBCA(CO)NH experiment correlates
both the '*C* and the '*C” resonances of an amino acid residue with the
amide 'H and '"N resonances of the following residue (97). These
correlations are extremely useful if significant '*C*~'H® chemical shift
degeneracy exists. In addition, the *C* and '*C” chemical shifts provide
information on the type of amino acid preceding each amide (Chapter
10). As with the HCA(CO)N and HN(CO)CA experiments, interresidue
correlations are established by transferring coherence via the intervening
3CO spin. The pulse sequence for the CBCA(CO)NH experiment, which
incorporates two constant-time evolution periods, is illustrated in
Fig. 7.42. The relevant components of the density operator at the
indicated time points in the pulse sequence are given by
0, = —2H.CY —2H' CP [7.136]

iz iy iz iy

op = C7. cos(chtl) cosb(nJCacﬂ Tag)mI;,(8))

X

+ 2C0 CY cos(Rstr) sin(w s Tan) €058 (T iy Tap)nla(81),

iy ~iz
[7.137]
o, = Cj, cos(SZCgll) cosb(nJCaC,e Tag)ml,,(81)
— 2CLCY, cos(Qestr) sin()cucs Tan) 0s¥ (o Tap)nln(81),
[7.138]

o4= 2C‘,?;,C;-Z cos(Qcet1) COSb(TfJCotCﬁ Tag)mI,(81)T14(82)
+2C5,Cl, cos(Qsty) Sin(mw) ces Tag) cos¥(m sy Ta)nTn(81)T18(82)s
[7.139]
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FiGURE 7.42 Pulse sequence for the CBCA(CO)NH experiment. Values of delays are described in the text. Rounded bars
represent selective 180° pulses applied to '*CO spins. Other experimental details are similar to those given in Fig. 7.31. The
phase cycle is ¢ = x, —x; ¢ =8(x), 8(»), 8(—x), 8(—y); ¢3 =4(x), 4(—x); ¢4 = x plus the off-resonance phase error calculated
using [3.88] (see text); ¢s=2(x), 2(—Xx); ¢¢=28(x), 8(—x); and receiver=x, —x, —x, x, 2(—Xx, X, X, —X), X, —X, —X, X.
Quadrature detection in the #; and #, dimensions is achieved by incrementing independently the phases ¢; and ¢s,
respectively, and the receiver phase, in a TPPI-States manner.
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o, = —2C% C/L

iz iy

cos(Qcr11) €08’ (] cuce TaB)MTp(81)T'14(82)
— 2CLC}, cos(Q2sth) sin(wJcecs Tap)

X COSg(JTJCﬁCV TAB)I’an(Sl)FlB((Sz), [7140]

o= 2C§),N(i+1)z{cos(52c¢tl) cos”(mJ cacs TAB)MT (81T 14 (82)

+ COS(QCﬁ 1) Sin(TL’JCaC;s TaAB) COSg(T[JCﬁCy TAB)nFn((S])F]B((Sz)}

x I"2(83,84), [7.141]

Og = 2H£\{+1)ZN([+1)},-{COS(QG[IZ]) COSb(JTJCaCﬁ Tag)mI(81)T14(82)

+c0S(Rst1) SIn(T s Tan) 08 (T o TAB)nrn(al)nB(&)}

X €08(2n,,, 12) sin(r/nco Tn)T2(83,84), [7.142]

op = Hf\l.’H)x{cos(QC?tl) 08" (7t et TAB)MT (81T 1a(82)

+ cos(Qst1) SIn(wS cocs Ta) cos® (s TAB)nFn(Sl)FIB(SZ)}

X €o8(Q,,, 12) sin(wInco TN)T2(83,04), [7.143]

in which 2t =1/(2Jcn), Tag ~ 6.6 ms to maximize coherence transfer
for both '*C* and "*C” spins, Tw =22 ms, and 85s=21,=1/(2Jnn). The
magnitudes of the coherence transfer functions, I',(8;) and I',,,(6;), are
optimized for 8; =2.2 ms ([7.25] and Fig. 7.7). The magnitudes of the
coherence transfer functions,

F]A((Sz) = COS”(27‘[JCaCﬂ32) Sin(zﬂJCaC()Sz),
[7.144]
rlB((sz) = Sin(zﬂfcacﬁaz) Sin(2ﬂjcﬂcot32),

are optimized simultaneously by setting §,~3.7ms. The coherence
transfer function I'>(83,84) is

F2(83,54) = sin(271JCaco83) Sil’l(27TJNco54), [7145]

in which 8, ~ 1/(6Jnco) to 1/(4Jnco), as required to minimize relaxation
losses, and 83=1/(4Jceco) (~4.5ms). In the original description of
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this experiment, a value of §4=11.4ms was demonstrated to be suitable
for a 31-kDa protein (97).

All 3C*” pulses in the CBCA(CO)NH experiment are applied near
the center of the *C* and '*C” chemical shift range in order to maximize
excitation of the '*C* and '*C” spins, and the power of these pulses is
adjusted in order to minimize their effect on the '*CO spins (i.e., for 90°
pulses, yB; = ©2/+/15, and for 180° pulses, yB; = Q/+/3; Section 3.4.1).
The two 180°("*C*) pulses in this experiment are applied in the center
of the 'C® chemical shift region to maximize their effect on these
nuclei, and the power of these pulses is adjusted such that they do not
perturb the *CO spins (i.e., yB; = ©/+/3; Section 3.4.1). At time f the
position of the 'H carrier (and hence the frequency of the 'H broadband
decoupling) is shifted from the water resonance to the center of the
amide region.

The second shaped selective 180°('*CO) pulse, applied immediately
before time b, serves to eliminate phase error induced by the off-
resonance effects of the first such pulse on the transverse '*C magneti-
zation (Section 3.4.1), and thus ensures pure cosinusoidal modulation
in the ¢; dimension. The 180°('*C*) pulse applied between time points
e and f results in a change in the '>*CO phase due to the off-resonant
effect of this pulse (Section 3.4.1). This phase error, which can be
approximated using [3.88], can be compensated for by an adjustment
of the phase of the 90°('*CO) pulse immediately following time f (¢); the
phase of this pulse should be set to x plus the off-resonance phase error,
in order to fully transfer '>CO magnetization to the '°N spins.

Selected F>('°N) slices from a CBCA(CO)NH spectrum of ubiquitin
are shown in Fig. 7.43. Two resonances are observed at the F('>C)
frequencies of the '*C* and '*C? spins of residue i and the Fi('Hy)
frequency of residue i+ 1 for all amino acid residues except glycine
(which has only a single resonance corresponding the '*C* spin).

With relatively minor modifications, the CBCA(CO)NH experi-
ment can be converted to an experiment that correlates the 'HY
and "°N resonances of one residue with the 'H* and 'H” resonances
of the preceding residue; such a pulse scheme has been called the
HBHA(CBCACO)NH experiment (96). However, this experiment
alone does not provide unambiguous assignment of the 'H* and 'H?
resonances to amino acid type, because such assignments generally
cannot be made on the basis of "H chemical shifts alone.

7.4.5.2 CBCANH The CBCANH experiment correlates the '*C*
and '*C? resonances with the amide 'H and '°N resonances of the same
residue and the amide 'H and '°N resonances of the succeeding residue
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in the pulse sequence are given by
o4 = 2C5,N,‘Z{COS(Q(7;111) COSb(JTJCuCﬁ TAB)mFm((S])F1A(52)
+ Cos(Qet1) ST ucs Tag) COS* (T o TAB)nI‘n((Sl)FlB((Sz)}
+ ZC;N(f+1)Z{COS(QC;‘[1) o8’ (70 cacs TaB)MT(81)T24(82)
+ cos(Qst1) sin(wJcocs Ta) cos® (s TAB)nFn(Sl)FZB(Sg)},
[7.146]
O, = —ZCgNiy{COS(QC?ll) COSb(T[JCaCﬁ TAB)mF,n(81)F1A(52)
+ COS(QC@ t) Sil’l(n’JCuCﬂ TaB) COSg(T[JCﬁCy TAB)nFn(Sl)Fm((Sz)}
- 2C?;N(i+1)y{COS(Qc?l1) 08" (71 s TAB)ME 1(81)T2A(82)
+ COS(QCﬁﬁ) Sin(ﬂ]cacﬁ TaB) COSg(JTJCﬁCy TAB)nFn((S])FzB((Sz)},
[7.147]
or = 2H?Z’N,~y{cos(9q_ft1) COSb(JTJCaCﬁ Tag)ml,(81)T1A(82)
+cos(Qst1) sin(mwJcucs Tap) cos® (T ey TAB)nFn(él)FIB(Sz)}
X COS(QN,.lz)Fl(TN)
+ 2H£¥+1)ZN(,'+1)),{COS(QC?I‘]) COSb(JTJCuCﬂ TAB)mF,n(51)F2A(32)
+ cos(Quat1) Sin(T) s Tag) cost (T o TAB)nFn(cSl)FzB((Sz)}

x cos(Qw,., 12)M2(TN),
[7.148]

oy = Hﬁi{cos(szq;zl) 008" (1] s TAB)MT m(81)T 1A (52)
+C08(Rs11) SIN(T/ e TaB) €08 (T o TAB)nrn(al)rlB((sQ)}
x cos(Qn,12)T1(Tn)
+ Hfﬁl)x{cos(szqzt]) COSb(JTJCaCﬁ Tag)mI,,(81)TA(82)
+COS(Res1) SIN(Tcocr Tan) COS (T crcr TAB)nFn(él)Fgg((Sg)}

X COS(QN[+l t2)F2(TN).
[7.149]
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Ficure 7.44 Pulse sequence for the CBCANH experiment. Values of delays
are described in the text. Rounded bars represent selective 180° pulses applied
to '*CO spins. Other experimental details are similar to those given in Fig. 7.31.
The phase cycle is ¢1=x, —x; ¢ =4(x), 4(»), 4(—x), 4(—y); ¢3=2(x), 2(—x);
¢4 =8(x), 8(—x); receiver = x, —x, —x, X, —X, X, X, —x. Quadrature detection in
the ¢, and 7, dimensions is achieved by incrementing independently the phases ¢,
and ¢5, respectively, and the receiver phase, in a TPPI-States manner.

The coherence transfer functions I'14(82), T24(82), T'1(82), and T'p(8,)
are given by
T1A(82) = sin(2Vcends) cos(2rcenda) cos" (27 cacs62),
A (82) = cos(2 T conds) sin2r*Jcenss) cos" (2 cus82),
['1(82) = sin(2rJcands) cosrilcends) sin(2w cecsd2),
8(82) = cos(27'Jcend2) sin(2m cenda) sin(2 ecsd2).

[7.150]

The magnitudes of these transfer functions are optimized simultaneously
by setting §, to 11 ms, as indicated in Fig. 7.45. The coherence transfer
functions I'j(7Tn) and I'»(7N) are given by [7.100]. As indicated by
Fig. 7.32, I'1(Tn) is maximized by setting 7\ to between 22 and 28 ms.
Following time d, the position of the 'H carrier and hence the frequency
of the 'H broadband decoupling is shifted from the water resonance to
the center of the amide region. As usual, the 180°('*C*/#) pulse power is
adjusted such that it does not perturb the '*CO spins.

Each given amide proton will have correlations to its intraresidue
13C* and ¥C” nuclei and to the '*C* and '*C” of the preceding residue.
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FiGure 7.45 Plots of the CBCANH coherence transfer functions, I'j5(85) (—,
tthk), rzA(az) (7, thil’l), F]B(Sz) (- -- tthk), and F23(52) (- - - thll’l) [7150],
for 'Jeent, 2Jeene, and 'Jeees coupling constants of 10, 7, and 35Hz,
respectively. The dashed vertical line at 11 ms indicates the optimal value of §,
to maximize all four transfer functions simultaneously.

With the exception of glycine residues, for which the exponent b is 0, the
I'1a(82) and T'za(8,) functions have signs opposite to the sign of I'1g(83)
and I'g(8,) (Fig. 7.45). This feature is helpful in the final spectrum
because the '*C* resonances of glycines and all '>C” resonances have
opposite phase relative to the other '*C* resonances. This feature of the
CBCANH is particularly useful for discriminating between the '*C* and
13C# resonances of serine and threonine residues, which resonate in the
same spectral region. A CBCANH spectrum of ubiquitin is shown
in Fig. 7.46. Identification of the intra- and interresidue connectivities
on the basis of resonance intensities in the CBCANH experiment is
subject to the same uncertainties as discussed for the HNCA experiment
(Section 7.4.1).

As with the CBCA(CO)NH experiment, relatively minor modifi-
cations can be made to the CBCANH experiment, to produce an
experiment that provides correlations to the 'H* and 'H” resonances
rather than to the '*C* and '*C” resonances; this experiment has been
called the HBHA(CBCA)NH experiment (99). In contrast to the
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FiGURE 7.46 CBCANH spectrum of ubiquitin. Selected (adjacent) Fy(**C)-
F5("H") slices from a 3D CBCANH spectrum of '*N/'*C-labeled ubiquitin at
F>("*N) chemical shifts of (a) 118.6 ppm and (b) 119.0 ppm. Correlations to '*C#
nuclei and the '3C* of glycines are plotted with multiple contours while those to
the remaining '*C* nuclei, which have opposite phase, are plotted with a single
contour. Cross-peak assignments are indicated.

HBHA(CBCACO)NH experiment (96), the '"H* and 'H” resonances in
an HBHA(CBCA)NH spectrum are easily identified, as they have
opposite phase (the "H* resonances of glycine residues also have phase
opposite to those of all other "H* resonances).

7.4.5.3 HNCACB Shortly after development of the straight-
through CBCANH experiment, the out-and-back HNCAB experiment
was developed as an alternative approach for obtaining correlations
between the amide moiety and the "*C* and '*C”? spins. The HNCACB
has two advantages compared with the earlier approach: (i) the time for
which transverse '*C magnetization is present is shorter, resulting in
increased sensitivity, and (i) the experiment is applicable to larger
proteins in which carbon sites have been perdeuterated. A pulse sequence
for the HNCACB experiment is shown in Fig. 7.47. This pulse sequence
shares many aspects of the decoupled HNCA experiment discussed in
Section 7.4.1.3.
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FiGure 7.47 Pulse sequence for the HNCACB experiment. Values of delays are
described in the text. Rounded bars represent selective 180° pulses applied to
3CO spins. Other experimental details are similar to those given in Fig. 7.31.
The phase cycle is ¢ =x, —x; ¢ =2(x), 2(—X); p3=1; Ppa=y; 5= X; P =4(x),
4(—x); receiver = x, —x, —X, X, —X, X, X, —x. Quadrature detection during ¢#; is
obtained by TPPI-States protocol applied to pulse phases ¢,, ¢;, and the
receiver. Quadrature detection during 7, is obtained by TPPI-States protocol
applied to pulse phases ¢¢ and the receiver. The phase rotation induced by the
nonresonant effects of the 180° pulse applied to the '*CO spins during #, can be
compensated by adding a correction to pulse phases ¢4 and ¢s (Section 3.4.1).

t.
-22I I decouple

At point a, the density operator is given by

0, = —2HYN,, [7.151]

for T=1/(4/nu). This operator is converted during the subsequent 7'
period to

o = —2Ny CaT(T) — 2Ny Co_y).To(T) [7.152]

at point b, in which I')/(T) and I'y(7T") are given in [7.100]. As in the
decoupled HNCA experiment, 7=22-28 ms and 4;=1/2Jnn)-
Antiphase coherence with respect to the N spin is converted to
antiphase coherence with respect to the '*C* spins at point ¢ by the
simultaneous 90°('°N) and 90°(**C*) pulses:

00 = 2N CLT(T) + 2N Coy To(T). [7.153]
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During the following 28, element, the Jucs scalar coupling is active
because the 180° pulse is nonselective for the '*C* and '*C? spins
(in practice, this pulse frequently is applied as a composite element to
obtain the best possible inversion). Evolution under the scalar coupling
Hamiltonian yields, at point d,

0= —2N:CT(T) cos” (2] cac82) + biAN CECET|(T) sin(2J cucs62)
— 2N;-C{i_ 1), To(T) cos” 27 cuced2)
+ b 14N CE ) Cli_ ) To(T) sin(2) e ),

[7.154]

in which b; is the number of C? spins within the ith spin system (b;=0
for glycine residues and 1 for other residues). The relative magnitudes
of the two- and three-spin operators are determined by the value of §,.
If 85 = 1/(8Jcacs), then the magnitudes of the operators are approxi-
mately equal and correlations to both the '*C* and the '*C? spins are
observed in the final spectrum. If 8 = 1/(4Jce(s), then the magnitudes
of the two-spin operators are approximately zero and correlations to
13C# spins are observed in the final spectrum with maximum magnitude
(ignoring the effects of relaxation). However, the longer §, delay incurs
significant relaxation losses from transverse relaxation of the '*C*
spins and, except for very small proteins, is most often utilized for
perdeuterated proteins.
The 90 pulse following point d generates the coherences

¢ = —2NCET\(T) cos” (2] cucsd2) — bidN CECLT(T) sin(27) cucs8)
—2N;-C{i_ 1), To(T) cos”' (27 cuced2)
— b AN CE ). Cli_ ) Ta(T) sin(2r] cocs82),
[7.155]

which evolve under the free-precession Hamiltonian during the ¢; period.
The 90 pulse after the 7; period yields, at point f,

+ bAN.C2CPT(T) SiN(27J cas82) COS(Q2411) COSbi(T[JCaC/S[])

or = —=2N.C;I'i(T) cosb’(ZytJCaCﬁ(Sz) cos(Qcet1) cosb’(nJCaCﬂtl)
ixCiz
x cos*(mJcecrty) — 2Nz Ci_y), I'2o(T) cosh"*‘(2nJCaC,e82) cos(S2¢= 1)
x cos”" (Tl ucott) + bit ANz CE ) Cli 1. To(T) Sin(27J cu82)
X COS(QCQI 1) cos’ ' (xJ, acpty) COS* N (Ml cecr ),

[7.156]
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in which g; is the number of C” spins within the ith spin system. The
maximum value of ¢#; is set relatively short (<10 ms) to avoid resolving
homonuclear '*C scalar coupling multiplets.

The preceding operators are refocused during the second 2§, period
to yield, at point g,

o, = 2N C,I'(T) cos”"(nJCaC,etl){coszb"(ZnJCuCﬂ(Sz) cos(Q2¢u11)
— b;sin’(27J, 882) cos(QCftl) cos¥(mJcecr i)}
+ 2N,»ZCf‘l._1)yF2(T) cosb"*‘(nJCaCﬂtl){coszb"*l(2nJCaCﬁ82) cos(ch_] 1)
— by Sinz(zﬁ.]cacﬂ§2) COS(QCL t1) cos¥ ' (mJcecr 1)}
[7.157]

The relative signs of the terms in brackets indicate that the correlation
peaks for *C* and '*C” spins have opposite signs in the final HNCACB
spectrum. This feature facilitates distinguishing such correlations.
However, unlike most triple-resonance experiments, if 8 = 1/(8Jcus),
then the initial signal intensity is approximately zero when ¢#; =0. The
remainder of the pulse sequence frequency labels the coherences with
the "N chemical shift during a constant-time evolution period and
transfers the resulting coherence to the "H™ spin for detection. The final
operator of interest prior to acquisition, at point A, is

op = HY cos(QNitz){F%(T) cosz”"(2nJCaC582) cos(S2¢e11) COSbi(jTJCaCﬁt])
— biT(T) sin® (2] cac82) €O8(Qpst1) 08" (T cacsty) cOS¥ (I cuacriy)
+ F%(T) cosz”"-‘(ZnJCaC;s(Sz) cos(Qce 1) cosb"-‘(nJCaCﬂ t)
— b T3(T) sin® (2 ces8a) coS(Qes 1) 08" (T cacstr)
i—1
x cos¥ ' (mJcecr 1)}
[7.158]

An HNCACB spectrum of ubiquitin is shown in Fig. 7.48.
Identification of the intra- and interresidue connectivities on the basis
of resonance intensities in the HNCACB experiment is subject to the same
uncertainties discussed for the HNCA experiment (Section 7.4.1).

In combination, the HBHA(CBCA)NH, HBHA(CBCACO)NH,
CBCANH, and CBCA(CO)NH experiments can provide complete
sequential assignments of the 'HN, BN, 'He, B¢, '’ and 3C?
resonances for proteins up to about 20kDa. A major limitation of the

CBCANH and HBHA(CBCA)NH experiments, however, is that they
are relatively insensitive. The sensitivity of these two experiments
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FIGURE 7.48 HNCACB spectrum of ubiquitin. Selected F,('*C)-F;('HY) slices
from 600-MHz 3D HNCACB spectra of '’N/!*C-labeled ubiquitin at an F>('°N)
chemical shift of 121.6ppm. (a) §,=3.5 ms to obtain correlations to both
3¢ and 3CP spins. (b) §,=7.0 ms to obtain correlations primarily to the
13CP spins. Correlations to '*C* nuclei are plotted with multiple contours
while those to the '*C? nuclei, which have opposite phase, are plotted with
a single contour. Cross-peak assignments are indicated.

is limited by the transverse relaxation rate of '*C* magnetization.
For larger proteins (>20kDa), observation of a complete set of
interresidue correlations is therefore unlikely. For larger proteins that
have been perdeuterated at carbon sites, the HNCACB and
HN(CO)CACB experiments (5) are preferable (see Chapter 9).

7.4.6 ADDITIONAL CONSIDERATIONS FOR TRIPLE-RESONANCE
EXPERIMENTS

Unless otherwise noted above, '*C* (*CO) pulses are applied
with the transmitter frequency in the middle of the '*C* (**CO) region of
the spectrum. The field strengths of the '*C* 90° and 180° pulses
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are adjusted to minimally excite the '*CO spins (i.e., yB; = /+/15 or
Q/+/3 for 90° and 180° pulses, respectively, in which € is the frequency
difference between the '*C* and "CO spectral regions; Section 3.4.1).
Similarly, the '*CO pulses are applied as selective shaped pulses or
as weak rectangular pulses, with field strengths adjusted such that
the '*C* spins remain unperturbed. Nonresonant effects of the '*CO
pulses are compensated using the techniques presented in Section 3.4.1
and as discussed in the descriptions of individual triple-resonance
experiments.

Frequency discrimination in indirectly detected dimensions usually is
achieved using the TPPI-States protocol (Section 4.3.4.1). The phase
shifts are applied to all the pulses preceding the evolution period that are
applied to the spin whose coherence is being frequency labeled.
Normally, the initial value of the sampling delay is adjusted to exactly
1/(2SW) as described in Section 3.3.2.3.

Most triple-resonance experiments (particularly constant-time
versions) yield in-phase absorptive lineshapes. Consequently, the dis-
cussion of processing HSQC spectra (Section 7.1.2.4) is applicable. The
data are truncated in the f¢; and ¢, dimensions of triple-resonance
experiments and linear prediction or maximum entropy reconstruction
usually will be utilized. A secondary problem is that most experiments
using a non-constant-time frequency labeling of the '*C% spins contain
a contribution from passive coupling to the '*C” spins. In these cases,
the total acquisition time is limited to less than 1/(2Jcc) to avoid
resolution of the scalar coupling and loss of sensitivity. The effect of
the coupling can be eliminated by multiplication of the interferogram
by the function cos '(mJcct) or cos ' (wJcct,) as relevant prior to linear
prediction or maximum entropy reconstruction.

The preceding analyses of triple-resonance NMR experiments have
focused on 3D versions of the experiments; however, most of the 3D
experiments can be converted into 4D experiments by inserting an
additional evolution period. Generally, equivalent information can be
obtained from a pair of complementary three-dimensional NMR
experiments or a single four-dimensional experiment. The greater
resolution in the indirect dimensions of 3D experiments, compared
with 4D experiments, facilitates more accurate determination of
resonance frequencies during the assignment process (Chapter 10).
However, 4D triple resonance experiments have the advantage that
assignments are obtained from a single spectrum, whereas the two 3D
experiments would be acquired at different times (with possible slight
variations in conditions). In practice, a mix of 3D and 4D experiments
typically would be used in obtaining resonance assignments.
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7.5 Measurement of Scalar Coupling Constants

Homo- and heteronuclear three-bond J coupling constants are
important for establishing local backbone and side chain conformations
in proteins; in particular, information on the backbone dihedral angle ¢
and the side chain torsion angle x; can be obtained from measurement
of such coupling constants. Measurement of *Jynye and 3Jpeqys from
homonuclear spectra either by direct methods (i.e., direct measurement
or iterative fitting of in-phase or antiphase splittings; Section 6.2.1.5) or
from homonuclear E.COSY spectra (Section 6.3.3) was discussed in the
preceding chapter. For larger proteins, accurate measurement of homo-
nuclear J couplings by these methods is difficult because the couplings
involved are smaller than the proton resonance linewidths. In recent
years, a large number of alternative experiments to measure three-bond J
coupling constants from isotopically labeled protein samples have been
published, elucidating how to circumvent these problems. The new
methods may be classified into three distinct categories: (i) direct
measurement of resolved J couplings from heteronuclear-edited spectra
(108, 109), (ii) E.COSY-like methods for measurement of unresolved
J couplings, in which a well-resolved 'J coupling in one dimension
of an nD experiment allows resolution of two components of the
cross-peaks that are separated by the *J coupling of interest (1/0-132),
and (iii) quantitative J correlation, in which the coupling constant is
determined from the intensity ratio of two cross-peaks (/33—141).

A great deal of similarity exists among the different published
experiments within these three experimental categories. The most
common schemes for measurement of homo- and heteronuclear three-
bond J coupling constants to date are based on the E.COSY principle;
an example of this class of experiment, designed to measure Jynpe
coupling constants, is discussed in the following section. An alternative
method for measurement of *Jynye coupling constants using the
quantitative J correlation class of experiments is discussed later.

7.5.1 HNCA-J EXPERIMENT

The first example of a heteronuclear triple-resonance correlation
experiment to measure Jynge coupling constants using the hetero-
nuclear E.COSY principle was an HNCA-J experiment (/11, 112).
Indeed, this was also the first HNCA-type experiment to be published.
Further modification of the original sequence (//3—117) has led to the
HNCA-J experiment illustrated in Fig. 7.49 (110, 118). The basic
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FIGURE 7.49 Pulse sequence for the HNCA-J experiment. Values of delays are
described in the text. Other experimental details are similar to those given in
Fig. 7.31. The phase cycle is ¢; = x, —x; ¢ =2(x), 2(—x); ¢3 = 8(x), 8(»), 8(—x),
8(—y); ¢4 =4(x), 4(—x); and receiver = x, —x, —x, X, 2(—X, X, X, —X), X, —X, —X,
x. Quadrature detection in the #; and ¢, dimensions is achieved by incrementing

independently the phases ¢4 and ¢,, respectively, and the receiver phase, in
a TPPI-States manner.

principle behind this E.COSY-like experiment is identical to that
described previously for the homonuclear E.COSY experiment
(Section 6.3.3): the '>C* and "H" spins are correlated without disturbing
the spin state of the "H* nucleus. As a result, the large one-bond Jeoye
coupling resolved in one dimension allows the *Jyny« coupling to be
measured in another dimension. The (optional) >N dimension simply
improves the spectral resolution by separating the *C*~'"HN correlations
into a third dimension. A more detailed product operator description of
the HNCA-J experiment is given in the following discussion.

The HNCA-J experiment illustrated in Fig. 7.49 begins by trans-
ferring magnetization originating on amide protons to their directly
bonded "N nuclei via an INEPT sequence. For 2r=1/(2/xn), the
magnetization present at time « is represented by

o, = —2HYN,. [7.159]

A second INEPT sequence transfers the '’N magnetization to its
coupled '>C* spins. In addition, the "N magnetization refocuses to
become in-phase with respect to its attached proton during the delay
81=1/(2Jnn). Application of synchronous broadband 'H decoupling
(WALTZ-16 or DIPSI-2, for instance) after 8, ensures that the '°N spin
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remains decoupled from its attached proton. As with the previously
discussed triple-resonance experiments (Section 7.4.6), the power and
duration of the '*C* pulses are adjusted so that they do not perturb the
3CO spins (Section 3.4.1). Focusing on the intraresidue correlations,
and ignoring the interresidue correlations, the relevant component of
the density operator at time b is given by

o = —2N.CET(28,), [7.160]

in which the coherence transfer function I'1(28,) is given by [7.100].
For the purpose of measuring the *Jyny« coupling, 268, is adjusted to
optimize I';(26,) for intraresidue coherence transfer only; after allowing
for the additional relaxation term, exp(—28,Ryy), 285 is typically set to
20-30 ms.

At this stage, [7.160] is rewritten using a mixture of Cartesian
operators for the '°N spin and single-element operators for the '*C* and
"H* spins (Section 2.7.2) to give

op = —N:[CYH (o) — CYH*(B)II"1(282), [7.161]

in wh1ch H%(a) and H%(B) correspond to the |o) and |B) spin states of
the "H nucleus, respectively. Thus C"‘H“(a) and CSH*(B) represent
the '3C® spins whose attached '~ spins are in the |a) and |B) states.
Using [2.218], CTH"(e) and CyH“(B) can be expanded to give the
equivalent Cartesian representations:

CYH(@) = CY(HE +4E) = CYH! +3CY [7.162]

and
C}‘,"H“(ﬂ) = Cf(H;‘ — %E) = CfH"‘ - %Cf [7.163]

Evolution of the single-element operators can be followed either by
using the product operator rules or, more simply, by direct matrix
manipulation using the matrix representations given in Table 2.2,
together with the relationships given in [7.162] and [7.163].

Following time b, the '*C* chemical shift evolves without proton
decoupling during #,. The application of 180°('°N) and 180°('*CO)
pulses at the midpoint of the #; evolution period ensures decoupling of
these spins; however, the passive scalar coupling interactions between
13C* and "*C* spins evolve during this period. The 180°('*C*) and
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180°(*3CO) pulses applied following 7, and prior to time ¢ provide
a method to compensate for the off-resonance effect of the first
180°("*CO) pulse on the transverse '*C* magnetization (Section 3.4.1).
The 180°('°N) pulse applied in the middle of the & delay decouples the
13C* and "N spins. Setting the delay ¢ equivalent to the initial value
of #1(z;(0)) ensures that no phase correction is necessary in the F
dimension; need only be long enough to accommodate the 180°('*CO)
pulse. The relevant components of the density operator present at time ¢
are described by

o, = —NZ{C;’H“(a) cos[(Qce + mcepe)t]

— CXH*(B) cos[(Qcv — nJCaHa)ll]} cos(tucst)T1(82).  [7.164]

The frequencies of the two multiplet components now are separated in
the F; dimension by the large one-bond Jce«ge scalar coupling constant.
During the remainder of the experiment, the spin states of the 'H* nuclei
effectively are unchanged, and the two correlations observed in the Fj
dimension are treated separately.

Following time ¢, the antiphase '*C* magnetization is transferred
back to '°N by the simultaneous 90° '*C* and '°N pulses. During the
following constant-time evolution period of length 2§,, in which
8,=083+684 and 28,=1/(2Jnp), the antiphase N magnetization
refocuses with respect to '*C* (during 28,) and dephases with respect
to its attached "HN (during 28,). The "N chemical shift evolution
proceeds during ¢, only. The magnetization present at time d is thus
represented by

oq = N {HYH*(a) cos[(Qce + mJcope)ty]
— HYH*(B) cos[(Qce — mlcane)ti]} cos(Qnt2) cos(rcucti)T](265).
[7.165]

The final set of pulses represents a reverse INEPT sequence that
transfers the antiphase magnetization back into observable 'HM
magnetization. Note that the inclusion of the final 90°("H) pulse
results in zero net rotation of the 'H* spins (and all other protons not
directly bound to '"N) between times b and e. In addition, this pulse
also returns any '"H™ magnetization that is not aligned along the x-axis
to the z-axis, and thus effectively purges phase errors resulting from
the 3Jynyge coupling that is active during the t delays (Section 7.1.1.2).
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For 2t=1/(2J/nyn), the magnetization present at time e is described by

0. = S{HYH*(@) cos[(Qcv + mlcene)ti]
— HiVH“(ﬂ) cos[(Qce — rrJCaHa)tl]} cos(Qytr) COS(]TJCaCﬁll)F%(zaz).
[7.166]

During acquisition, '’N spins are decoupled from the "H™ spins.
Decoupling of the '*C spins ('*C* and '*CO) also is desirable in order
to remove the effects of the small 2Jynce, 2Jyneo» and 3Jynee couplings.
The coherences represented by o, evolve under the chemical shift
Hamiltonian during #; to yield an observable signal, after forming the
trace with the observation operator, proportional to

Heos[(Qce + mlcene)tr] expli( Qv — o) 3]
4+ cos[(Rce — wJcene)t] expli(RLyy + 7T3JHNH:1)I3]}
x cos(Qnt2) coS(Scecst)T(28,). [7.167]

From [7.167], two components corresponding to the |«) and |B) spin
states of 'H* are observed for each intraresidue F,('*C%)-F5("HY)
cross-peak. The F; displacement of the two components corresponds
to 'Jep and the Fy displacement corresponds to 3Jynye.

The E.COSY principle requires that the "H* nuclear spin does not
change spin states between the #; and 73 time periods. In practice, nuclear
spin relaxation exchanges the 'H® spin between states |a) and |B) with
two consequences: (i) relaxation during the #;3 period results in
self-decoupling of the spins (Section 5.4.2), and (ii) relaxation during
the fixed time period between b and d results in the superposition of the
E.COSY and natural multiplet structures in the final spectrum. Both
effects mediated by spin relaxation reduce the size of the apparent /e
scalar coupling constant.

Measurement of *Jnye by the heteronuclear E.COSY technique is
illustrated for a cross peak from a selected F>('°N) slice in the HNCA-J
spectrum of ubiquitin in Fig. 7.50. The asymmetry in the peak shape is
a consequence of relaxation between points b and d in the pulse
sequence, as discussed above.

7.5.2 HNHA EXPERIMENT

An alternative method to the HNCA-J experiment for measurement
of 3Jyny« coupling constants relies on a quantitative analysis of the
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Ficure 7.50 (a) A selected;(**C ). F3(*H") slice, at anF;(**N) chemical shift

of 118.9ppm, from a HNCA-J spectrum of **N/**C-labeled ubiquitin. The
intraresidue cross-peaks are labeled with the residue name and the measured
3Jyny coupling constants are in parentheses. The weaker, unlabeled cross-peaks
are due to interresidue correlations. The E.COSY-like cross-peak pattern is
highlighted in panel b for the cross-peak of Glul8. The3J,n, coupling
constants were determined as illustrated in panel c, which shows rows taken
through the maxim of the two cross-peak components of Glul8. The peak
displacements were measured following inverse Fourier transformation, zero-
filling to 16,384 points, and retransformation.
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FiGure 7.51 Pulse sequence for the HNHA experiment. The delay §; is set to
4.5ms, the delay 8, is set to 13.05ms, and 283 =268,—38;. Other experimental
details are similar to those given in Fig. 7.31. The phase cycle is ¢ = x; ¢ = 4(x),
4(=x), 40), 4(=p) p3=x, —x; pa=2(x), 2—x); ¢s=4(x), 4(y), 4(—x), 4(—y):
P =y, —y; p7=X; g = 16(x), 16(y); and receiver = 4(x), 8(—x), 4(x), 4(—x), 8(x),
4(—x). Quadrature detection in the ¢; and ¢, dimensions is achieved by
incrementing independently the phases ¢; and ¢, respectively, and the receiver
phase, in a TPPI-States manner.

diagonal to cross-peak intensity ratio in an '’N-edited '"HN-'H*
correlation experiment. This technique is referred to as the HNHA
experiment because the intraresidue 'HN, 15N, and '"H resonances are
correlated by using the pulse sequence illustrated in Fig. 7.51 (133).
A description of this experiment using the product operator formalism
is given in the following discussion.

The initial part of the pulse sequence transfers 'H™ magnetization to
heteronuclear multiple-quantum coherence in an HMQC-type manner,
giving, at time b,

op = 2HY N, sin(mnué)). [7.168]

In addition, the transverse 'H" magnetization present at time « dephases
due to homonuclear '"HN-"H* J coupling that is active for a total
duration 28,, between times @ and ¢. Chemical shift evolution of the '°N
spins occurs in a constant-time period between points b and ¢ (285) for
a duration of #;/2. The multiple-quantum coherence does not evolve
under the influence of the active '"HN-'"N coupling during the constant-
time period (Section 2.7.5). The magnetization present at time ¢ can
therefore be represented by

— {—2H;VN_‘, cosrVypypeds) — 4HYVHEN, Sin(27‘r3JHNHa52)}
x cos(Qyt1/2) sin(wINydy)- [7.169]
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The subsequent 90°('H) pulse converts the antiphase '"H™ magne-
tization to antiphase "H* magnetization. Following a short 7, evolution
period, the antiphase 'H® terms are converted back to antiphase 'H™
magnetization to give, at time d,

0d = {_2HivNy cos(Qpnt2) cosQminped2)

— 4HYHEN, cos(Qt2) sin(2n3JHNHu82)} cos(Qt1/2) sin(rIxud)).
[7.170]

During the following rephasing period, between time points d and
/. the "N chemical shift evolution is continued for an additional period
1/2, the '"HN-"H® J coupling is again active, and the "N-'"HY MQ
coherence is converted back to observable 'HN magnetization. The
observable magnetization present at time f is represented by

or= —H{V{ —c08(Qpv 1) €08* (27 Tiyngge82) + COS(Qppa 12) SIN* (27T yynge62) }

x cos(Sy11) sin®(wInud)). [7.171]

The 90°('H) purge pulse applied immediately before acquisition ensures
that only in-phase "H™ magnetization contributes to the observed signal.
This analysis has neglected the effects of heteronuclear Jyg« two- and
three-bond couplings that are active for limited parts of the pulse
sequence. In the first part of the sequence (i.e., prior to #, between times
b and c¢), these couplings are active for a fraction corresponding to
283 —t1/2 — 8;. In the latter part of the experiment, the Jyge« couplings
are active for a time 285+ ¢;/2 — §; if #;/2 < 8;, and for 283 — #,/2+ 8, if
t1/2 > §,. The effects of these couplings are identical for both terms in
[7.171] and can be accounted for by the inclusion of additional cosine
terms; for instance, for #,/2 < &;, the %/xge coupling contributes the
following terms to the observed magnetization:

cos[m? Inm= (283 — 11/2 — 81)] cos[mInu=(283 + 11/2 —81)].  [7.172]

Analogous expressions can be written for #;/2 > §;, and for the 3Jxye
couplings. In practice, however, these coupling constants are small,
such that 283 <« 1/Jnu«, and therefore have little effect on the observed
intensity.

Equation [7.171] indicates that two peaks, an autocorrelation or
“diagonal” peak at F;("’N)-F('"HYN)-F;('"HY) and a cross-peak at
Fi(""N)-F,("H*)-F5('"HY), with opposite phase will be observed for each
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amino acid spin system (except glycine). The lineshapes of these peaks
in the F; and F; dimensions are determined by identical factors.
The intrinsic linewidths of the diagonal and cross-peaks in the F,
dimension, however, are determined by the relaxation rates of the
transverse 'H™ and 'H® magnetization present during #,. If the
lineshapes of the diagonal and cross-peaks in F, dimension are assumed
to be identical (but see later for a discussion of relaxation rates), the
intensity ratio of these peaks then provides a measure of the magnitude
of the 3Jynye coupling constant,

Scross _ Sin2(27T3JHNHu82)

= = —tan’ (27 gped2). 7.173
Sdiagonal co82(273 Jyynyge82) an”(2mJynyed2) [ ]

In practice, the intensity of the cross-peak resonance is reduced
relative to the ““diagonal” resonance because the antiphase component of
the 4HN HYN, operator leads to faster relaxation during the 2§, periods
compared Wlth the pure multiple-quantum 2HYN, operator. Ignoring
cross-correlation, to a first approximation, the relaxation rates of the
two operators are given by

Ry(2HYN,) = Ry + Romqs [7.174]

R2(4H§VH?N1) = Ryyv + R2MQ + Ripge. [7175]

The time dependence of the in-phase and antiphase operators during
the 268, delays, including relaxation effects, is a problem identical to that
presented in Section 5.4.2 for relaxation in a scalar-coupled spin system.
Using the results presented in Section 5.4.2,

tan[(l — X2)1/2§]

Seross
TR — - , [7.176]
Sawgomat | (1= )+ an[(1 ) 17%¢]
in which the dimensionless parameters, x and ¢, are given by
X = Ripe/ Qe ) § = 200 e [7.177]

Equation [7.176] reduces to [7.173] as expected if x approaches zero.
If Ry« is known from experimental measurements or from calculations,
then [7.176] can be solved numerically to determine values of 3Jynye that
are more accurate than those determined from [7.173]. A graph of the
differences between the actual value of 3Jynpy« and the apparent values
calculated using [7.173] is shown in Fig. 7.52. As shown, the effect of
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Figure 7.52 Effects of relaxation on the HNHA experiment. The apparent
coupling constant calculated using [7.173] is plotted (in dimensionless units)
versus the actual coupling constant calculated using [7.176] (also in dimension-
less units). Results are shown for x = Rype«/(2mJynye) equal to (—) 0, (—-) 0.1,
(---)02,(-—-) 04 and (- - -) 0.8.

relaxation is always to reduce the apparent scalar coupling constant
measured using [7.173].

A selected Fi(*°N) slice of an HNHA spectrum of ubiquitin is shown
in Fig. 7.53. Results obtained for 3Jynye from COSY, HNCA-J, and
HNHA experiments are summarized in Table 7.3. As shown, the values
of 3Jyny« obtained from COSY spectra are consistently larger than
values obtained from HNCA-J or HNHA spectra. Values obtained from
the HNHA experiment using [7.176] are approximately 7.5% larger than
values obtained using [7.173].

76 Measurement of Residual Dipolar Coupling Constants

Residual dipolar couplings (RDCs) between pairs of NMR active
nuclei provide structural and dynamical information that is not strictly
local in nature. In particular, RDCs between directly bonded nuclei
provide restraints on the orientation of the internuclear vector in the
molecular alignment frame (Section 10.2.1.4).
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FIGURE 7.53 HNHA spectrum of ubiquitin. A selected F>('H)-F5('H™) slice, at
an F;("*N) chemical shift of 118.9 ppm, from an HNHA spectrum of '*N-labeled
ubiquitin acquired with §; =4.5ms and 28§, =26.1 ms. The intraresidue peaks
are labeled with their residue names. The cross-peaks have phase opposite to
the phase of ‘“‘diagonal” peaks. From the ratios of cross-peak to ‘“‘diagonal”
peak intensity, the following uncorrected 3Jynye coupling constant values
were obtained: His68, 8.9 Hz; Glul8, 8.2Hz; Lys27, 3.1 Hz; Arg54, 8.5Hz;
Ile61, 6.4 Hz.

Dipolar couplings, although a major source of structural informa-
tion in solid-state NMR, are not normally observed for proteins in
solution because rotational diffusion in an isotropic solution environ-
ment averages the traceless dipole coupling tensor to zero. However,
in 1982, Bothner-By and co-workers demonstrated that small
heme-like molecules, possessing large anisotropic magnetic susceptibil-
ities, adopted preferred orientations with respect to the main static field
(142). This so-called molecular alignment demonstrated that dipolar
couplings would not always average to zero in solution NMR
studies. In 1995, Prestegard and co-workers, studying the protein



7.6 MEASUREMENT OF RESIDUAL DIPOLAR COUPLING CONSTANTS 667

TABLE 7.3
3Jinge Scalar Coupling Constants®

Residue  COSY HNCA-J HNHA (uncorrected) = HNHA (corrected)

Glulg 9.3 8.0 8.2 8.8
Lys27 4.8 3.0 3.1 3.4
Asp32 4.3 33 3.4 3.7
Arg54 9.7 8.6 8.5 9.2
Ile61 6.9 5.9 6.7 7.3
His68 9.8 9.0 8.9 9.6

“All values are given in Hertz. Scalar coupling constants were determined from
COSY spectra by line fitting (Section 6.2.1.5). HNCA-J results were measured from
the spectrum as illustrated in Fig. 7.50. Uncorrected HNHA results were calculated
from [7.173]. Corrected HNHA results were calculated from [7.176], assuming
Ri(H"=6.4s".

cyanometmyoglobin at high magnetic field strengths (up to 750 MHz),
demonstrated that this alignment mechanism resulted in measurable
one-bond "HN-">N RDCs (743). Cyanometmyoglobin, because of the
heme moiety, has a very highly anisotropic paramagnetic susceptibility.
In fact, most proteins have a measurable, albeit very small, anisotropic
magnetic susceptibility tensor. Bax and co-workers have accurately
measured one-bond "HN-'N dipolar couplings in human ubiquitin
(144). In this diamagnetic protein, magnetic alignment results from
the sum of the anisotropic magnetic susceptibility contributions of the
backbone peptide bonds and the aromatic side chains. The '"HM-'"N
RDCs were determined by fitting resonance intensities from a series
of 'Jnp amplitude-modulated 2D spectra collected at "H frequencies of
360, 500, and 600 MHz. The measured residual couplings in ubiquitin
are very small, ranging from —0.09 to +0.10 Hz.

A major breakthrough in the measurement of dipolar couplings was
realized with the introduction of anisotropic media for macromolecular
alignment (/45). The first such method used a dilute aqueous liquid
crystalline phase of discotic phospholipid micelles consisting of a 1:2.9
ratio of dihexanoyl phosphatidylcholine (DHPC) and dimyristoyl
phosphatidylcholine (DMPC). These lipids form bicelles and a liquid
crystalline phase over a narrow concentration and temperature range
(145). Macromolecules dissolved in this medium experience a small
degree of alignment due to steric and electrostatic interactions with the
bicelle phase. The degree of alignment is adjusted, by variation in
the concentration of the liquid crystalline phase, so that only dipolar
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couplings between closely spaced nuclei give measurable dipolar coup-
lings. If alignment is too strong, then the resulting spectra become
impossible to interpret because of the large number of RDCs present, the
degradation of the lineshape due to unresolved RDCs and anisotropic
chemical shifts, and the increased transverse relaxation rate constants
(which are essentially population averages of the rate constants for the
free protein and the protein interacting with the bicelle). RDCs for
proteins properly aligned in such media are several orders of magnitude
larger than are couplings measured based on the alignment caused by the
inherent magnetic susceptibility anisotropy of a diamagnetic protein.

Numerous media for obtaining tunable molecular alignment have
been introduced and a comprehensive listing is provided in the review
article by Prestegard and co-workers (/46). No single alignment medium
is universal and the search for alignment media suitable for a given
protein is an empirical process. Many bicellar media based on various
cocktails of amphiphilic molecules have been described as providing
improved physical properties, including increased chemical stability,
broader temperature ranges over which alignment is obtained, and
modified surface electrostatics, compared to DMPC/DHPC bicelles.
The alignment media developed by Riickert and Otting (/47) based on
n-alkyl-poly(ethylene glycol)/n-alkyl alcohol mixtures meet these objec-
tives and are compatible with many proteins. Two effective approaches
for obtaining molecular alignment — filamentous phage and poly-
acrylamide gels — are distinctly different from the bicellar media, and
are discussed briefly here.

The Pf1 filamentous bacteriophage has been widely adopted as an
alignment medium (/48, 149). The Pfl bacteriophage particle has
a diameter of ~60 A and a length of ~20,000 A. The coat protein, which
packages the phage DNA, forms an «-helical structure that is parallel
to the long axis of the phage particle. This organization is believed to
be the reason for the large magnetic susceptibility anisotropy and the
alignment of the particle in the magnetic field. Phage particles have
many favorable properties for use as alignment media. The particles
stably align over a range of concentrations, pH, temperatures, and salt
concentrations. In addition, they are fully aligned at all magnetic
fields used for protein NMR studies. Furthermore, the solutions formed
using precious protein samples are stable over long periods of time
and the phage and protein can be separated and retrieved by ultra-
centrifugation (/48). Molecular alignment also can be achieved using
compressed or stretched polyacrylamide gels (150, 151). Anisotropy
results from the mechanical forces of stretching or compressing the gel
and as a consequence, unlike the other media already discussed,
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rnment is independent of the orientation with respect to the static
gnetic field. Procedures for compressing or stretching the gel inside
NMR tube have been described (150-152).

As described by [2.328], the RDC between two nuclear spins has
same form as the weak scalar coupling Hamiltonian; thus, the RDC
iply adds to the conventional scalar coupling splitting observed in
NMR spectrum. Figure 7.54 illustrates the effect of molecular align-
nt on the apparent coupling and lineshape in an 'H-'"N HSQC
ctrum of ubiquitin, recorded without decoupling during #;. In the
ence of bicelles, the peak separation results from the 'Jyy scalar
ipling with a magnitude of approximately 93 Hz (the coupling
istant is known to be negative). As the concentration of bicelles is
reased, the apparent peak separation, given by 'Juy + Dnu, changes
1 values both smaller and larger than 'Jyy; are observed, depending
whether the RDC is positive or negative for a particular N—H moiety.
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The magnitude of the RDCs scales linearly over the range of concen-
trations of bicelles for the three spectra shown in Fig. 7.54. As the degree
of alignment increases, '"H-'H dipolar couplings also increase and
eventually become comparable to or larger than the 3Jyy scalar
couplings. As a result, the apparent linewidth in the 'H dimension
increases, leading to reduced sensitivity and increased overlap. For this
example, the lineshape is only slightly degraded in the spectrum recorded
for the sample containing 4.5% volume fraction of the liquid crystalline
phase, while the RDCs, on the order of 10 Hz, are easily measurable
from the difference in splitting between the isotropic and aligned
samples. The increased degradation in the lineshape in the "H dimension
of the spectra shown in Fig. 7.54, compared with the '°N dimension, is
the reason that measuring the RDCs from the splitting in the "N
dimension usually is preferable, even though the 'H acquisition
dimension has higher digital resolution.

Because the RDC adds to the scalar coupling constant, experi-
mental techniques discussed in Section 7.5 for measuring heteronuclear
scalar coupling constants and in Chapter 6 for measuring homonuclear
scalar coupling constants are equally applicable for measuring RDCs.
In particular, numerous techniques based on the E.COSY (frequency
domain) and quantitative J-correlation (time-domain) approaches have
been developed. Pulse sequence development for measuring RDCs
is directed toward maximizing precision and accuracy, particularly
for large proteins and for small coupling constants. Experimental
methods for measuring RDCs have been tabulated by Prestegard and
co-workers (146).

The simple method of recording an HSQC spectrum without
decoupling during either the #; or #, evolution periods, used in
Fig. 7.54, doubles the number of resonance correlations in the spectrum,
and resonance overlap represents a severe limitation in practical appli-
cations. One approach to reduce spectral crowding separates the two
doublet components into different subspectra using the IPAP (in-phase/
antiphase) technique introduced by Bax and co-workers (/53). A pulse
sequence for the "H-'"N IPAP HSQC experiment is shown in Fig. 7.55.
Product operator analysis of the IP and AP experiments shows that
the density operators immediately prior to acquisition are given by,
respectively,

orp = cos(Qyty) cos(r/ 1)1y,

- [7.178]
oap = exp(—RasA) sin(mJhhA) sin(Qyty) sin(w /)1y,
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FIGURE 7.55 Pulse scheme of the IPAP '"N-'H HSQC experiment. Thin and
thick rectangular bars represent 90° and 180° pulses, respectively. Pulses are
applied with x-phase unless the phase is indicated above the bar. Short, wide
rectangles are selective soft pulses applied at the frequency of the water
resonance. Field gradient pulses are used for artifact and water suppression.
The sequence element shown in brackets is used only in the experiment for
generating the antiphase spectrum and is omitted for generating the in-phase
spectrum. The low-power 90° pulses surrounding the final 'H 180° pulse are
part of the WATERGATE solvent-suppression scheme. The delay durations
are 2t=1/(2J;s) and A =1/(2J;5). The phase cycle for the in-phase experiment
is 1=y, —y; $»=2(x), 2(—x); and receiver = x, 2(—x), x. The phase cycle for
the antiphase experiment is: ¢ =y, —y; ¢>=2(), 2(—); 3 =4(x), 4(y), 4(—x),
4(—y); ¢4=28(x), 8(—x); and receiver = x, 2(—x), x, —x, 2(x), —x. Quadrature
detection in the #; dimension is obtained by TPPI-States applied to ¢, for
the in-phase experiment or to ¢, and ¢; simultaneously for the antiphase
experiment.

in which J{jj = 'Jnu + Dnu. The AP data set is scaled by an empirical

factor [exp(—RasA) sin(mJai A)] ™! and the resulting data sets are added

and subtracted to yield
0add = {€c0s(Qn11) COS(JTJﬁ)gll) + sin(Qy17) Sil’l(?‘[]ﬁ}_’ill)}l_\—
= cos([Qy — mI\hlt)

[7.179]

osub = {cos(Qu11) cos(mJibhtr) — sin(Qut1) sin(Jh 1)

= cos([Qy + w1t
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These two density operators result in two spectra, one of which contains
only the upfield doublet component and the other of which contains only
the downfield doublet component.

For spectra recorded at high static magnetic field strengths, CSA/
dipole relaxation interference causes the linewidth of the upfield
doublet component to broaden relative to the downfield component.
This effect, although barely evident in Fig. 7.54, is dramatically illus-
trated in Fig. 7.10 for spectra recorded at 800 MHz for the protein
calbindin D,g, and, of course, is the basis for the TROSY technique.
The broadening and loss of sensitivity of the upfield doublet component
limits the precision with which the RDCs can be measured directly
from the observed splitting. For '’N-labeled or '*C/!'*N-labeled proteins,
i.e., proteins that have not been deuterated at carbon sites, a simple
approach to address this problem measures the frequency difference
between the resonance position in a TROSY spectrum and the resonance
position in a decoupled HSQC spectrum as ('Jay+ Dnp)/2 (25). The
narrower linewidth of the resonance signal in the decoupled HSQC
experiment, compared to the upfield component of the "H-">N doublet,
shown in Fig. 7.10, increases the precision of the measured RDCs,
even though the apparent splitting is reduced by a factor of two.

For *H/"*N-labeled or *H/'*C/"*N-labeled proteins, i.e., proteins
that have been deuterated at carbon sites, a superior approach incor-
porates the techniques of accordion spectroscopy and J-scaling into the
TROSY experiment. A pulse sequence for one such method, called
coupling-enhanced TROSY (CE-TROSY), is shown in Fig. 7.56. Two
spectra are acquired, one with ¥ =0, corresponding to the conventional
TROSY spectrum, and another with « set to a value between 0 and 1.
The apparent splitting between resonance signals in the two spectra is
given by «('Jyu + Dnn). During the period «7,, the resonance signal
relaxes with the average rate constant R,g, because the 'H 180° pulse
interchanges the 7% and I? spin states, rather than the relaxation rate
constant for the desired TROSY component. Thus, overly large values
of k lead to decreased resolution and sensitivity for large proteins.

Eventually, of course, for larger proteins, resonance overlap in 2D
spectra becomes too severe and 3D approaches are necessary to
accurately measure RDCs in large partially aligned *H/'*C/'°N-labeled
proteins. The HNCO experiment, discussed in Section 7.4.4.1, is the
most sensitive and highly resolved 3D experiment for obtaining back-
bone resonance correlations. This experiment forms the basis for pulse
sequences designed for measuring RDCs for nuclear spins in the poly-
peptide backbone. Pulse sequences incorporating the IPAP, TROSY/
decoupled HSQC, and J-scaling approaches into the HNCO experiment,
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FiGure 7.56 Pulse sequence for the CE-TROSY experiment incorporating
J-scaling. Thin and thick rectangular bars represent 90° and 180° pulses,
respectively. Pulses are applied with x-phase unless the phase is indicated above
the bar. Short, wide rectangles are selective soft pulses applied at the frequency
of the water resonance. Field gradient pulses are used for artifact and water
suppression. For «=0, bracketed pulse sequence elements are omitted, the
second gradient g, is negative, and the resulting pulse sequence is identical to
the water flip-back TROSY experiment shown in Fig. 7.11b. Phase cycling is
identical to that discussed in the caption to Fig. 7.11. When « is nonzero, the
bracketed pulse sequence elements are included, and the second gradient g, is
positive. In order to select for the proper TROSY resonance, the phase cycles for
pulse ¢; are interchanged between the two data sets acquired for quadrature
detection and Rance—Kay processing.

as discussed for 2D correlation spectroscopy, have been reported in the
literature (/46). For example, Yang and co-workers have introduced
a suite of TROSY-HNCO triple-resonance pulse sequences that measure
the one-bond 'HM-°N, PN-BC’, and “C-C% the two-bond
"HN-13C’, and the three-bond "HN-'3C* RDCs (/54), and new variants
continue to be developed (155). The precision and accuracy of the IPAP,
TROSY /decoupled HSQC, and TROSY J-scaling 2D and 3D methods
have been evaluated (156).
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