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204 6 Multidimensional NMR Spectroscopy

Learning Objectives

* Introducing new dimensions in NMR

» Different types of two- and three-dimensional NMR spectra

* Benefits of multidimensional NMR spectra in terms of resolution enhance-
ment and extractable information

6.1 Introduction

The most significant development in NMR after the discovery of FTNMR is undoubt-
edly multidimensional NMR spectroscopy, although one can say in the retrospective
that FTNMR had already paved the way for its development. The essence of this
statement in more explicit words is that multidimensional NMR exploits the fact that
in FTNMR, the excitation of the spins and detection of their response are separated in
time. The first ideas of extending the dimensionality of NMR to two from the conven-
tional one-dimensional NMR was put forward by Jean Jeener in 1971. The technique
has grown since then, in an explosive manner, and continues to develop unabatedly. The
tremendous success of these experiments is due to the fact that they permit the display of
pairwise interactions between spins in a given molecule in the form of cross-peaks in a
plane. Quantitative interpretations of these correlations have revealed structural and
dynamical information on such large molecules as proteins and nucleic acids—a
hitherto unthinkable fact. With this, NMR entered the realm of biology, a subject with
an ocean of unsolved problems both at macroscopic and microscopic levels.

This chapter begins by introducing the concepts in a pedagogic manner; progresses
gradually in complexity and rigor, illustrating the explicit calculations in few cases;
and quickly jumps into more complex experiments. In these complex experiments,
used in biomolecular NMR or structural biology, explicit step-by-step calculations are
not shown, but the final results which help to understand the performance of the
experiments are presented. Certainly, the discussion is not exhaustive, but indicative. It
will expose the students to the barrage of developments, so that those who would
continue research in such advanced topics can pursue with the details at a later stage.

A generalized scheme of multidimensional NMR experiment is based on the idea
of “segmentation of time axis,” as shown in Fig. 6.1.

The experimental scheme begins with a “preparation period” during which the
spin system is prepared in a suitable state. It can consist of a simple delay or a
combination of pulses and delays or other kinds of perturbations as desired. For
example, in a simple FTNMR experiment, the single-pulse excitation constitutes the
preparation period during which x-y magnetization is created. A pair of 90° pulses
separated by a constant evolution time constitutes the preparation period for multiple
quantum spectroscopy, etc.
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Fig. 6.1 Segmentation of the time axis
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The “evolution periods” ty, f,, . . . .t,, are variables and generate (n+1) dimensional
time domain data, which after (n+1) dimensional Fourier transformation yields the (n
+1) dimensional spectrum. The evolution periods help to frequency label the indi-
vidual spins or group of spins with their characteristic single-quantum or multiple-
quantum frequencies. Various types of manipulations with the frequencies are
possible during these periods.

Mns constitute the so-called mixing periods, the most important part of the
experimental scheme. It is the “mixing” which establishes correlations between
frequencies in adjacent evolution periods. Different kinds of correlations can be
established by exploiting different types of interactions between the spins. The most
common types of interactions exploited are J-coupling interactions and through-
space dipolar interactions. Hundreds of pulse sequences have been published till
date. In the following sections, we shall discuss at length the principle and
developments in two-dimensional (2D) NMR, which laid the foundation for
higher-dimensional experiments for specific purposes.

6.2 Two-Dimensional NMR

The details of performing a two-dimensional NMR experiment are shown
schematically in Fig. 6.2.
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Fig. 6.2 (a) The segmentation of the time axis for the two-dimensional experiment. (b) Details of
the experiment showing systematic incrementation of the evolution period, #,
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P and M are the preparation and mixing periods, respectively, and #; and ¢, are the
evolution and detection periods, respectively. The experiment involves a collection
of a number of free induction decays for systematically incremented values of ;. The
final data set will thus be a matrix, S(¢, t,). Fourier transformation, with respect to f,,
results in a series of one-dimensional spectra in which the amplitudes and phases of
the signals depend upon the value of #,. Variations of these entities as a function of
time carry the frequency information present during the ¢, period (Fig. 6.3), and thus
Fourier transformation of these data along ¢, results in a two-dimensional frequency
domain spectrum, S(Fy, F,).

FT
S(t1,t2) — S(F1,F») (6.1)
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Fig. 6.3 A schematic of the processing of the two-dimensional data, S(#1, #,). Individual FIDs (first
column) collected for different 7, time points are Fourier transformed (second column, F2 spectra).
By taking the intensities at each point on the discrete F2 spectra, we arrive at the 7;-dependent
profiles (column 3). These FIDs are then Fourier transformed to generate the spectra along the F1
axis. For illustration, only one line is considered. In both F2 and F1 spectra, one sees intensity
modulations as we move through the frequency axes
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Fig. 6.4 A schematic of a
two-dimensional spectrum

considering two spins k and 1.
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Consider a spin k whose x-y magnetization has been created by the preparation
period, and this magnetization precesses with a frequency w, during the evolution
period. At the end of the period #; the magnetization has components M (0) cos @t
and M,(0) sin ayt, along, say the y- and x-axes, respectively; M (0) is the magneti-
zation at the beginning of the evolution period. Let us now assume that the mixing
period converts one of the above components (say M;(0) sin w;t,) into unobservable
magnetization such as z-magnetization or multiple quantum coherence. From the
remaining, part of the magnetization is transferred to say spin /, which has a
characteristic frequency w;. The detected signal, as a function of #,, will then have
two contributions.

A = aM;(0) cos ity .cos wits (6.2)
B = b M (0) cos wit; .cos wjtz (6.3)

Here it is assumed that only the y-component of the magnetization is detected
during 7, period; a and b are some coefficients representing the relative
contributions. These equations represent, of course, oversimplification made to
convey the concepts clearly, and we will return to rigorous calculations later
on. The component A, after two-dimensional Fourier transformation, results in a
peak which has the same frequency w; along both F1 and F2 axis. The component B,
results in a peak which has frequency w, along F1 and frequency w; along F2. The
former is called the ‘“diagonal peak” and the latter the “cross-peak” in the
two-dimensional spectrum. A similar description applies to the magnetization
originating from the / spin. A schematic of the resultant two-dimensional spectrum
is shown in Fig. 6.4.

6.3 Two-Dimensional Fourier Transformation in NMR

A two-dimensional frequency spectrum, S(F1, F2), will be generated from a
two-dimensional time domain data set, S(#;, t,), by the two-dimensional Fourier
transformation. This is mathematically represented as
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S(F1,F2) = W 5@ s(1, 1) (6.4)

where 7(1) and 7®) represent Fourier transformation operators along the 7, and 1,
dimensions, respectively. These have to be carried out independently. Clearly,
two-dimensional FT is a succession of one-dimensional FT.

Fin general can be written as

f}—:}—c*i:rs (65)

where ¥, and ¥ represent cosine and sine transforms, respectively, as discussed in
Chap. 3.
S(#,, 1) is in general a complex function represented as

S(t1,12) = Re {S(t1,12) +iIm S(t1,1)} (6.6)
= S,(t1,12) + i Si(t1,12) (6.7)
Similarly,
S(F1,F2) = S,(F\,F,) + i Si(F1,F3) (6.8)
Further,
S(F1,F2) = (7. —ig,") (F2 — iF ) {S:(t1. 1) +i Si(t1,12) } (6.9)

From this, it follows

S (F1,Fy) = 748, (t1,12) } — 72{S,(t1,12) } + F{Si(t1,12) }

+ FSi(n,12)} (6.10)
Si(F1,F2) = F{Si(t1, 1) } — F2{Si(t1, 12)} — FE{S (1, 12)}
— 7S (1. 12)} (6.11)
where
+00 +00
?CC{Sr(ll,lz)} = / dty cos w1y / dt, cos waty Sr<l1,lg) (612)
400 400
,‘FYS{S,«(M,IQ)} = / dt; sin w1t / dt, sin watr Sr(l‘],lz) (613)

—00 —00
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+00 +00
FSH(h,0)} = / dt cos w1 / dy sinwaty Sy(th, 1) (6.14)
“oo 50
+0o0 +00
FAS (t1,1)} = / dt; sinw; 1 / dtp cos waty S,(t1,12) (6.15)

Similar equations hold good for S;(#,1,) as well.

Since for #; and < 0, there is no signal, the transformations will have to be
considered only for the range 0 < f < oc.

The general principles of Fourier transformation discussed in Chap. 3 are appli-
cable here as well, along both axes, F1 and F2 of the two-dimensional spectrum.
Sensitivity and resolutions along the two axes are governed by the same
considerations of sampling rate, acquisition time, data size, zero filling, window
multiplications, etc. The acquisition times along the #; and ¢, directions are generally
represented as 1, and ™, respectively. While increasing »,™ can be simply
accomplished by increasing the size of the FID data, increasing #;™* amounts to
collecting more number of #; increments, and this contributes dearly to the total
experimental time. Thus, for two-dimensional experiments, it is very essential to
optimize the number of #; increments and the data need be collected only until that
value of #; where the signal is present appreciably. The data is not actually collected
during ¢, and this decision will have to be taken by calculation, by comparing £,
value with the T, of the spin system, roughly observable from one-dimensional
FIDs. Typically, #;™* is limited to 50—150 ms range depending upon the type of the
experiment.

6.4  Peak Shapes in Two-Dimensional Spectra
The time domain signal (S(#,, #,)) is a superposition of many coherences. Consider-

ing a particular combination of coherences between levels ¢t — u in #; domain and
r — s in t, domain, the time domain signal for this pair will be

Sm’ rs(tl’ tz) — Sm’rs((l O)e{(*iwm*im)tl}e{(*imm*ﬂm)tz} (616)

where the As represent the T, relaxation rates for the respective coherences.
Define

Ztu,rs = S[u,VS(O7 O) (617)
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Then,

1 1
Sru,rs (CUI 5 (1)2) - Ztu,r.v{iAwm ¥ ﬂm} {l.A(Um i /1”} (618)

where

Awy = 01 + 0y, Awry = 02 + o). (6.19)

Equation 6.18 can be rewritten as

Sru,rs(wla 0)2) = Zz‘u,rs ;1[” 2 lAzwﬂl 2
(Awtu) + (ﬂtu) (Aa)zu) + (ﬂ“tu)
x f - ’Az“’” . (6.20)
(Aw,.s) + (Ar.f) (Awm) + (/lrs)

In each of the angular brackets, the first term which is real represents an
absorptive line shape (A), and the second term which is imaginary represents a
dispersive line shape (D).

Thus,

Stu,rs(Fl’FZ) - Ztu,rs{Atu(Fl) - iDtu(Fl)}{Ars(FZ) - lDrs(FZ)} (621)
= Zru,rs{ArsAlu - DrsDtu} - i{DtuArs +AtuDrs} (622)

This indicates that both the real and imaginary parts of the spectrum have mixed
phases, along both the frequency axes. Figure 6.5 shows the appearances of the
peaks for different peaks shapes along the F1 and F2 axes. Absorptive peak shapes
produce the highest resolution in the spectra and thus are preferred.

The time domain signal can be classified into two categories:

(1) The evolution in #, modulates the phase of the detected signal (e.g., &1, f(t,)).
This is called phase modulation.

(2) The evolution in #; modulates the amplitude of the detected signal (e.g., cos@,,!;.
f(t2)). This is called amplitude modulation.

Several methods have been designed to obtain pure absorptive spectra, and the
most common is to perform real Fourier transformation with respect to #;. We show
how absorptive lines can be obtained when the detected signal is amplitude
modulated by evolution during #;.

Consider

—iwpg

Spurs(ti, 12) = COS y by 0nt2 g~ hult=nlz (6.23)

Real cosine Fourier transformation of this data is given by
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(@) ()

(b) (d) (f)

Fig. 6.5 Peak shapes in the two-dimensional spectra. Top row shows stacked plot representations,
while the bottom row represents the corresponding contour representations of the same peak shapes.
The left peak represents absorptive shape along both the frequency axes. The central picture
represents dispersive line shapes along both the frequency axes, and the right picture represents
absorptive along F2 and dispersive along F1 axes; the reverse is also possible. Such mixed line
shapes are referred to as “mixed phases”

Stu,,s(a)l,a)z):/ / Spurs(t1,12) cos wty.e”22dt, dt, (6.24)
0 0

This leads to

Stu,rs(thUZ) :% {Atu(w1> +Atu(_w])}{Ars(w2) - iDrs(CUZ)} (625)

If the real part of the spectrum along w, is selected, one can obtain pure absorptive
peak along both frequency axes.

This, however, results in the duplication of peaks at +w,,, which is artificial. So,
this can be avoided by doing quadrature detection along the #; axis, as discussed in
the next section.

6.5 Quadrature Detection in Two-Dimensional NMR

Here we need to consider how positive and negative frequencies can be
discriminated in both F1 and F2 dimensions of the two-dimensional experiment.
As far as F2 dimension is concerned, it comes from the detected signal during the #,
time period, and the procedures described in Chap. 3 are applicable here as well.
However, along the F1 dimension, there is a difficulty because the data is not
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Table 6.1 Protocols for data collection in the three methods of quadrature detection along the
F1 axis

(a) TPPI (time proportional phase incrementation)

Experiment no. Increment Pulse phase Receiver phase
4k +1) 1 (0) + (4k)A X X
4k +2) 1(0) + 4k + DA y X
4k + 3) 1(0) + (4k + 2)A —X X
(4k + 4) 1(0) + (4k + 3)A -y X

The index k =0, 1, 2,..., (N/4)—1; N is the total number of experiments along the t; dimension;
A = 1/25Wy); t,(0) = ideally zero, but practically a few microseconds.

(b) States

Experiment no. Increment Pulse phase Receiver phase
(4k + 1) 11(0) + (4k)2A X X

(4k +2) 11(0) + (4k)2A y X

(4k + 3) 1(0) + (4k + 1)2A X X

4k + 4) t1(0) + (4k + 1)2A y X

The index k=0, 1, 2,. .., (N/4)—1; N is the total number of experiments along the t; dimension;
A = 1/25W,); t,(0) = ideally zero, but practically a few microseconds.
(c) States-TPPI

Experiment no. Increment Pulse phase Receiver phase
4k +1) 1t (0) + (4k)2A X X

(4k + 2) 11(0) + (4k)2A y X

(4k + 3) 11(0) + (4k + 1)2A —x —x

(4k + 4) 1(0) + (4k + 1)2A -y —Xx

The index k=0, 1, 2,..., (N/4)—1; N is the total number of experiments along the t; dimension;
A = 1/25W,); t1(0) = ideally zero, but practically a few microseconds.

actually collected during the “¢,” period. Different strategies are adopted for this
purpose, by manipulating the way the increments in #; are adjusted along with the
receiver phases. There are three methods which are known to achieve this, and these
are described in Table. 6.1 (Cavanagh page 323, in this table, the pulse phase refers
to the phase of the pulse immediately prior to the #; evolution period). For the TPPI
method, the increment At is half of that in STATES and TPPI-STATES methods.

6.6 Types of Two-Dimensional NMR Spectra

The known two-dimensional NMR experiments can be broadly classified into three
categories:

(1) Resolution/separation experiments
(i) Correlation experiments
(iii) Multiple-quantum experiments
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Hybrid experiments have also been devised which use some of the ideas in two
different classes of experiments.

6.6.1 Two-Dimensional Resolution/Separation Experiments

The primary aim in these experiments is to separate the different interactions in the
Hamiltonian. In high-resolution NMR, this amounts to the separation of the Zeeman
(H;) and the coupling Hamiltonians ().

H=H+H (6.26)

Different strategies can be defined depending upon the nature of the information
required in the final spectrum.

6.6.1.1 Two-Dimensional Heteronuclear Separation Experiments

Figure 6.6 illustrates such a concept (pulse sequences a and b). In (a), the F2 axis of
the final spectrum contains both '*C chemical shift and *C-'H coupling informa-
tion, whereas the F'1 axis contains only the 13C chemical shift information. In (b), the
reverse occurs, i.e., the F1 axis has both '*C chemical shift and '*C-'H coupling
constants, while the F2 axis has only '*C chemical shift information. This was the
first two-dimensional experiment ever recorded. Figure 6.7 shows an experimental
spectrum corresponding to Fig. 6.6b.

Figure 6.8 illustrates another situation where the F'1 axis has only scalar coupling
constants and the F2 axis has the chemical shift information. This represents a
complete separation of the coupling and chemical shift Hamiltonians along the
two axes.

The product operator description of the experiment is explicitly given in the
following paragraphs.

The density operator (p) terms at the time points 1 to 3 indicated in Fig. 6.8 are

p1=C; (627)
pr=—C, (6.28)
pP3 = —[Cy cosatyct; — 2C, H, sin ﬂ'chll] (629)

The terms C,, C,, and C, refer to the x-, y-, and z-components of the B¢
magnetization. And 2C.H, represents x-magnetization of carbon antiphase with
respect to proton. In Eq. 6.29, the second term does not lead to observable magneti-
zation in #, because of proton decoupling. The first term evolves under chemical shift
only during #,.

Therefore,
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Fig. 6.6 Two-dimensional experiments, where the 3C chemical shift and '*C-'H coupling
constants are separated on the F'1 and F2 dimensions. In (a) the F2 axis has both chemical shifts
and coupling constants, while the F1 axis has only chemical shifts. The reverse is true in (b)

Cy "z [Cy coswct, — Cy sinmcty) (6.30)

Then, assuming y-detection, the density operator at time point 4 in Fig. 6.8 is

p4 = Cy coswct, cosml ety (6.31)

This leads to exclusively coupling information along #; and chemical shift
information along t,.

The experimental spectrum corresponding to this pulse scheme is shown in
Fig. 6.9.

6.6.1.2 Two-Dimensional Homonuclear Separation Experiments
Figure 6.10 shows a pulse scheme for obtaining the separation of interactions in
homonuclear systems. This is often referred to as two-dimensional J-resolved
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CH4=CH;-CH,~CH,~CH,~CH,
a b c c b a

!
:

Wy

Fig. 6.7 Experimental spectrum demonstrating the scheme in Fig. 6.6b. (Reproduced from
J. Chem. Phys. 63, 5490 (1975), with the permission of AIP Publishing)
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Fig. 6.8 Schematic of '*C chemical shift and '>C-'H scalar coupling separation in the
two-dimensional spectrum. The F2 axis displays '*C chemical shifts, while the F1 axis displays
the multiplicity at each carbon site. See text for more details

(JRES) experiment. The pulse sequence can be analyzed using the product operator
formalism.

For a weakly coupled two-spin system (k and [, I = 1/2), the density operator
terms at different time points along the pulse sequence are

P1 =i, +1; (632)
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Fig. 6.9 Experimental
two-dimensional J-resolved
NMR spectrum of cholesterol
displaying the separation of
13C chemical shift and *C-"H
scalar coupling, along the F2
and F1 dimensions,
respectively. (Reproduced
from J. Magn. Reson. 29, 587
(1978), with the permission
from Elsevier Publishing)

Fig. 6.10 Schematic of the 909
two-dimensional J-resolved

pulse sequence. Numbers 1-4

indicate the time points at

which the density operators

are calculated (see text)

(SR

1809

oSt

12

pr=—(ly +1ny)

(6.33)

During the next spin echo period chemical shifts are refocused, and thus spins
evolve under the scalar coupling Hamiltonian (H,) only. Explicitly the evolutions of
product operators are shown for spin k only. Similar calculations apply for the spin
I as well. Now, p, evolves under scalar coupling during the spin echo (#,) and during
the detection period t,, thus for the total time period #,+1,.
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Fig. 6.11 Schematic two-dimensional JRES for a two-spin system. Projection shown on the top
represents the one-dimensional spectrum

=1y ﬂ —Iy cos alu(ty + t2) + 2Ly sinwd y(t + 1) (6.34)

In this equation the second term which represents antiphase magnetization is not
observable during #, period. So, considering the chemical shift evolution of the first
term during #,, one gets

H,
— COSﬂJkl(ll + tz)]ky — —COSIT./k[(tl + tz){]ky coS ity — Iy sinwktz} (635)

Assuming y-detection, the signal is proportional to

— COS ﬂsz(Il + 12) COS wi!p (636)
= —{coswJyt cos wlyty — sinzJyt; sin wJytr } Cos wits (6.37)

We see that along the 7, axis, there are both chemical shifts and coupling
constants, whereas along the #; axis, there is only scalar coupling information.
This results in a spectrum of the type shown in Fig. 6.11. The peaks align themselves
at an angle of 45° with respect to the F2 axis. The detected signal has both cosine and
sine modulations along both #; and #, axes. The cosine modulation results in an
absorptive shape, while the sine modulation results in dispersive line shape, after
Fourier transformation. Thus, the peaks will have mixed phases. This requires a
magnitude mode calculation of the spectra. Such calculation can be extended to
multi-spin systems as well. An experimental spectrum demonstrating these features
is shown in Fig. 6.12.

In Figs. 6.11 and 6.12, we notice that the coupling information is present along
both axes, and it would be desirable to have a complete separation of the chemical
shift and coupling information. This can be achieved by performing a shearing
transformation on the peaks as indicated schematically in Fig. 6.13.
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Fig. 6.12 A section of the Chemical shift + Scalar coupling
experimental o © Hz
two-dimensional JRES I 3
trum fo Iti-spi o £-10
spectrum for a multi-spin g ) % % :_
system, artemisinin o 9 £
O | 9 % % - 0 F1
e & . 5
(1] W 13
[&] £
U) I T T T 20
1.80 1.75 1.70 1.65 ppm

o Shearing transformation
§ o on the peaks o>
8 F1
ks “9 <0
8
w
V, Vi
1 2 ke
Chemical shift + scalar coupling
l After shearing
I I
L=3]
£
a
3 L : [1]
8 ] L F1
o
= 4 4
(=]
w

F2
Chemical shift

Fig. 6.13 Shearing transformation on the peaks in the two-dimensional J-resolved spectrum. The
shearing transformation eliminates the coupling information along the F2 (horizontal axis, bottom

picture)

Figure 6.14 shows the result of a shearing transformation in an experimental
spectrum of a multi-spin system demonstrating the complete separation of the
chemical shift and scalar coupling information along the F2 and F1 axes,
respectively.
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Fig. 6.14 A section of the Chemical shift + Scalar coupling
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Interestingly, the projection of the spectrum on the F2 axis shows a completely
homodecoupled spectrum of the spin system. This is an interesting way of achieving
broadband homonuclear decoupling in complex spin systems. Along the F1 axis, the
resolution is sufficiently high because of the small spectral width; therefore, the
coupling constants can be measured very precisely. Further, because of the spin echo
in the #; period, the external magnetic field inhomogeneity effects of line broadening
are eliminated, which enhances the resolution along the F1 dimension. This tech-
nique has been extremely useful in separating out the multiplets in complex spin
systems and measure accurately the various coupling constants.

6.6.2 Two-Dimensional Correlation Experiments

These experiments are designed to correlate two frequencies in a given
one-dimensional spectrum with regard to various interactions between the spin
systems in a molecule under consideration. The very first experiment in this context
was proposed by Jean Jeener. This experiment has been popularly known as
correlated spectroscopy or COSY.
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6.6.2.1 The COSY Experiment
The pulse sequence for the COSY experiment is shown in Fig. 6.15.

Here the first pulse acts as the preparation period which is followed by the
evolution period #;. The second pulse acts as the mixing period of the generalized
scheme given in Fig. 6.1. The detailed mathematical analysis of the working of this
pulse sequence is described in the following paragraphs.

COSY of Two Spins

Consider a system of two weakly coupled spins, k and / (with I = 1/2). They are
J-coupled with a coupling constant of Jy;. The density operator of the spin system at
the beginning of the experiment, py, is

p1 =T +1; (6.38)

For illustration, we calculate the evolution of I, through the pulse sequence
explicitly, and the same can be extrapolated to I, as well.

Following the convention of rotations described in Chap. 5, the density operator
p» at time point 2 in the pulse sequence, for the spin %, is

ps = Iy (6.39)

This evolves under the Zeeman Hamiltonian (w.l;.), for a period ¢, yielding the
density operator p3, at time point 3 in the pulse sequence.

p3 = —(Iky cos wity — Iy, sinwktl) (640)

Next, considering evolution under the J—coupling Hamiltonian 2zJd;.1;,), the
density operator will be p5”:

Fig. 6.15 Schematic pulse 902 902
sequence of the COSY — —
experiment. Numbers 1-5
indicate the time points at
which the density operator
calculations are reported (see
text)
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Py = —{ [Iky cos wJyty — 20 I, sin erkltl] COS Wyt
— [Ikx cos tlyty + ZIkyIlZ sin ﬂjkltl] sin a)ktl} (641)

The last pulse transforms these operators to yield a density operator py, at time
point 4 of the pulse sequence.

ps = —{ [Ix: cos wlyty + 2Lk sin ity ] cos wity
— [Iic cos mlyty — 200y, sin w gty | sin ayty } (6.42)

Since the data is collected soon after, one needs to look at only those terms in the
density operator which are observable as per definitions given in Chap. 5 (Tr[L,B(-
5) # 0). Thus, the observable part of py is ps°°:
obs __ [

Pa I cosnmlyty — 2Ikzlly sin ”Jklll] sin a)ktl} (643)

The first term in Eq. 6.43 which represents x-magnetization of the & spin evolves
during the t, period with frequencies characteristic of k spin. Therefore, this will
produce a diagonal peak (F1 = F2 = w,) in the final two-dimensional spectrum. The
second term which represents y-magnetization of / spin evolves during the ¢, period
with frequencies characteristic of / spin. Therefore, this term will produce a “cross-
peak” (F1 = wy; F2 = w;). Both these peaks will have fine structures, which contain
the coupling information.

We now calculate the evolution of the terms in Eq. 6.43 during the 7, time period.
Here again both chemical shift and coupling evolutions have to be considered
explicitly.

The first (diagonal peak) term in Eq. 6.43:
Chemical shift evolution leads to the density operator ps; given by

psa = [T cos ity + Iy sin oty f4(t1) (6.44)

where f,(t]) = cos wJyt; sin wyt;.
Evolution under coupling generates the density operator ps; given by

del = { [Ikx cos wlyty + ZIkyIlz sin ﬂJkltz] COS Wil
+ [Ikv cos wJytr — ZIkxIlz sin T[Jkll‘z] sin a)ktz}fd(l] ) (645)

Assuming that we measure the y-magnetization, the observable signal is given by
Tr [/)Sd/l ky] .

Tr[psd’lky] = cosJyty sin witr fd(ll)
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= cosmJytr sin witr cos wlyt; sin wity (6.46)

Explicitly this will lead to the following terms:

1 . . .
Tr [de,Iky] = 7 {sm (a)k + ﬂJkl)lz <+ sin (a)k — ﬂJkl)lz}{ sin (a)k + ﬂJkl)ﬁ
+ sin (a)k — ﬂJk[)ll} (647)

This contributes to the detected FID.
The two-dimensional real Fourier transformation along the #; and #, dimensions
leads to four peaks with a dispersive line shapes at the following frequencies (Hz).

(F1,F2) = Kvk + %) , (vk + ‘%ﬂ ; positive, dispersive
(vk + %), (vk — Ju ) ; positive, dispersive

(Vk — 7), (Vk + %) ; positive, dispersive

[ v — =5, (v — =55 _;positive, dispersive (6.48)
(=) (=)}

This results in a fine structure for the diagonal peak as indicated in Fig. 6.16.
The second (cross-peak) term in Eq. 6.43:

Here, let us consider the J-evolution first. This leads to the density operator ps,.:
Pse = [Zlkzlly cos Jytr — I, sin ﬂ'Jkll‘z] f(,-(tl) (649)
fc(tl) = sin 7yt Sin wit; (650)

Next, considering the shift evolution, we get ps.’ as

pSC/ = {2Ikz [Ily cos wyty — I sin a)ltz] cos zJytr
— [Ibc cos wity + I[y sin wltz] sin ﬂ]k[lz}fc(l‘l) (651)

Again, assuming that we measure the y-magnetization, the observable signal is
given by Tr{ps/I,]:

Tr [/)SCIIIy] = sin wyt, sin J yt; sin wyt sin 2yt (652)

This leads to four absorptive peaks at the following coordinates.
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Fig. 6.16 Typical fine
structure of the diagonal peaks
in the COSY spectrum. They W0 00 Vi
have in-phase dispersive line
0 0w
shapes along both
frequency axes
F1
0 0D
Vi
N T
4 F2 Vi
_ Ju JaNT. s .
(F1,F2) = | (w —&—7 (v +7 ; positive, absorptive
J J . .
Kvk + %) (vl — %)] ; negative, absorptive
J J .. .
[(vk — %), (vl — %)} ; positive, absorptive
J J . .
[(vk — %), <v1 + %)} negative, absorptive (6.53)

Similar expressions can be derived to obtain the peak list starting from the [ spin
magnetization. Thus, the overall two-dimensional spectrum for the k — [/ spin system
will look as shown in Fig. 6.17.

Figure 6.18 shows the phase-sensitive experimental spectrum of an AX sub-spin
system of curcumin dissolved in CDClj;.

COSY of Three Spins

The detailed calculation shown for the two-spin system can be extrapolated to three-
spin systems as well. The following considerations will help in arriving at the
appropriate fine structures of the peaks.

(i) The spectrum will have cross-peaks displaying the nature of the coupling
network. For example, for a linear AMX system, there will be cross-peaks
from A to M and M to X on one-side of the diagonal and M to A and X to M
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Fig. 6.17 Schematic COSY
NMR spectrum of a weakly
coupled two-spin system. The P
cross-peaks have antiphase 0
(+ and —) character and
absorptive line shapes along
both F2 and F1 axes. The
diagonal peaks have in-phase
dispersive line shapes along
both axes

(ii)
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on the other side of the diagonal. All the three diagonal peaks will be present.
However, there will be no A to X and X to A cross-peaks, as there is no coupling
between A and X spins. Likewise, for a triangular coupling network, where all
the three coupling constants are nonzero, there will be A to M, A to X, M to X,
Mto A, X to A, and X to M cross-peaks. Figure 6.19 shows the expected COSY
spectra for linear and triangular coupling networks.

Each cross-peak in the COSY spectrum arises as a result of the evolution under
one particular coupling constant. For example, in an AMX spin system, the A to
M (or M to A) cross-peak will result from the coupling Jan. This coupling
constant leads to a splitting where lines will have positive and negative signs,
and this is called active coupling. The other coupling, for example, A to X, if it is
nonzero, leads to in-phase splitting and is called the passive coupling. Accord-
ingly, the fine structures in the cross-peaks will depend upon the relative
magnitudes of the active and passive couplings. Figure 6.19 shows the fine
structures for the A(F2) to M(F'1) cross-peak for two different cases of Jan and
Jax coupling constants in the linear AMX spin system (Fig. 6.20).

Continuing along the same lines, the fine structure in the A(F1) to M(F2) cross-
peak can be calculated, and this is shown in Fig. 6.21.

For the triangular coupling network of the three spins A, M, and X, the fine
structures can be calculated for the individual cross-peaks following the same
procedure described. This is explicitly shown for the A to M cross-peak in
Fig. 6.22 for a particular choice of magnitudes of coupling constants. Notice
once again that in this cross-peak, Jy is the active coupling, while Jyix and Jax
are passive couplings.
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Fig.6.18 (a) Phase-sensitive COSY spectrum of curcumin (AX sub-spin system) and (b) blowups
of the cross- (right) and diagonal peaks (left). Horizontal cross-sections through the peaks at the
gray- and green-colored lines are shown on the top

Disadvantages of COSY
The COSY experiment has the following disadvantages.

(i) The dispersive line shapes in the diagonal peaks produce long tails which
hamper the resolution in the spectra. The cross-peaks which lie close to the
diagonal would get masked out.

(i) The diagonal peak has in-phase components, while the cross-peak has antiphase
components. The resolution in the F1 dimension is determined by the number of
increments one can acquire along the #; dimension, and this will be limited by
the machine time. In that scenario, because of poor resolution along the F1
dimension, the peak intensities cancel because of the positive/negative character
of the components in the cross-peak. On the other hand, the components in the
diagonal peaks coadd because of the in-phase character. This results in huge
diagonal peaks and tiny cross-peaks in the event of insufficient resolution in the
spectrum.
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Fig. 6.19 Schematic appearance of the COSY spectrum for a system of three spins, AMX. The
coupling patterns are shown on the top

6.6.2.2 Double-Quantum-Filtered COSY (DQF-COSY)
This experiment was designed to circumvent the limitations of the COSY experi-
ment. The pulse sequence for the DQF-COSY is shown in Fig. 6.23.

The pulse sequence is similar to that of COSY up to the second pulse but for the
fact that the phases (¢) of these two pulses need to be cycled and the data coadded or
subtracted as discussed in the following. The scheme involves acquiring four
transients with the pulse phase (¢) and the receiver phase (8) incremented with
every transient. This is indicated in Table 6.2.

The experiment can be analyzed in the same manner as was done for COSY.
Considering a system of two weakly coupled spins (k, /), the density operator
calculation follows the same steps as for COSY, and we rewrite the density operator
at time point 4 of the pulse sequence:

P4 ((I) = X) = [_Ikz cos wyyty — 2Ikx11y sin ﬂ]klll] COS Wit
+ [Ikx cosJyt; — 2Ikley sin ﬂ]k[tl} Sin wyt (654)

Here the first two pulses are considered to be applied along the x axis (¢ = x).
Repeating such an exercise with ¢p = y leads to the following density operator p4 (¥):

p4((1) = y) = [_Ikz cos wl gty + 2Ikyllx sin ﬂJkltl] COS wi !y
+ [Iky cos wJyty + 211, sin il'Jkll‘l] sin wyt (655)

Similar calculations with ¢ = —x and ¢ = —y lead to the following density
operators.
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(b)  Splitting patterns due to active and (c) Casel A(F2)
passive couplings 4 =
+ — |+
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Fig. 6.20 (a) Fine structure in the one-dimensional spectrum for a linear AMX system. (b)
Splitting patterns in the A-M cross-peak due to active and passive couplings for the M spin for
two different cases of relative magnitudes of active and passive couplings. (¢) The final fine
structure in the cross-peak A(F2) to M(F1) in the COSY spectrum for the two cases considered
in (b). Note that this peak lies in the lower triangle in the two-dimensional spectrum (Fig. 6.19)

Case | : Jy=Jdux Case Il : Jyy<dux
i s + - + -
- |= -t + - |- + - +
A(F1) A(F1)
+ 1+ + - - + 1+ - + -
M(F2) M(F2)

Fig.6.21 Schematic fine structure in the A(F1) to M(F2) cross-peak. Note that this peak lies in the
upper triangle in the two-dimensional spectrum (Fig. 6.19)

P4 ((b = —x) = [_Ikz cos gty — Zlkxlly sin T[Jkltl] COS Wil
+ [—Ikx cos mJyt1 + 21y sin Jerltl] sin wyt; (6.56)

pa(p=—y) = [—Ikz cos wJyt1 + 2l I} sin ﬂ]kltl] COS wyt;
+ [—Iky cos wlyty — ZIkZle sin ﬂ'Jk]l‘l] sin wyt (657)



228 6 Multidimensional NMR Spectroscopy

M (F2)
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Fig. 6.22 (a) Schematic of triangular J-coupling network in the weakly coupled AMX system. (b)
The splitting pattern of A and M spins due to active and passive coupling constants for a particular
choice of their relative magnitudes. (¢) Fine structure in the A to M cross-peak in the lower triangle
of the COSY spectrum for the choice of coupling constants as in (b)

Fig. 6.23 Schematic of the 90° 90° 909
DQF-COSY pulse sequence. _¢ _¢ _
Here, ¢ and 0 refer to the
phases of the pulses and the
receiver, respectively. See text
for more details. Numbers 1-5
indicate the time points at
which the density operators
are reported in the text t,
1 2 3 4
Table 6.2 Phase cycling Scan no. Pulse phase (¢)) Receiver phase (6)
for DQF-COSY pulse | " "
sequence
2 y —
3 —X +
4 -y —

As per the receiver phase cycling the data is added or subtracted and then, the
resultant density operator will be

Ps=pa(d=%) = (P =1y) + ps(d = —x) — ps(d = —y) (6.58)
= —4(Ikyllx + Ikxlly) sin zz.J yt1 cos Wity (659)

The operators in Eq. 6.59 represent pure double-quantum coherences.
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The third 90x pulse in the pulse sequence converts these terms into observable
single-quantum coherences. The corresponding density operator ps will be

ps = —4 (I d)x + Il ;) sin mlyty cos wit (6.60)

This now consists of antiphase magnetizations of both k and [ spins with the same
phase. They will evolve during the #, period into in-phase magnetizations of k and
I spins, whereby it becomes observable. Rewriting Eq. 6.60,

ps = =4 (Il + L) £(21) (6.61)
f(t1) = sinzJyt; cos wit (6.62)

Now evolve ps under #; and #, sequentially during #,,

H. .
Ps =2 { [Zlkzllx cos (ﬂjkltz) + Ily s (ﬂJkltz)]
+ [Zlkxllz cos (ﬂ]kll‘z) + Iy sin (ﬂ'Jkltz)] }f(l‘l) (6.63)

The antiphase terms 21;.I;, and 2I;,1;, are not observable and hence will not be
considered further. The other terms will be evolved under the # .

H,
— =2 { [I[y cos wt, — Ij, sin a)ztz} sin (ﬂ]kll‘g)

+ [Iky cos wity — Iy, sin C()ktz] sin (ﬂJkltz)] }f(tl ) (664)
Assuming y-detection, we have the following signal:
Signal (S) = —2[cos wyt; sin (xS yt) + cos wity sin (mdyt)] sin gty cos wit

(6.65)

In this expression, the first term leads to the cross-peak, while the second term
leads to the diagonal peak in the spectrum.

(a) Cross-peak

COS w;t, sin (ﬂ]k[lz) sin 7zJ it COS wyity

[Sil’l (a)k + ﬂJkl)l‘l — sin (a)k — ﬂ'Jkl)ll].

1
T4
[sin (a)l + IZ'Jkl)tz — sin (a)l — ﬂsz)tz} (666)

= +sin (wk + ﬂJk[)ll sin (a)[ + JTJ/d)lz

—sin (a)k + fl'Jkl)l‘l sin (a)[ — lTJkl)l‘z
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— sin (a)k — ﬂ'Jkl)ll sin ((Ul + ﬂJkl)l‘z
+ sin (a)k — ﬂ]k])tl sin (a)l — ﬂ'Jkl)l2 (667)

This leads to the following peaks.

(F1,F2) = {(vk + %) , (v, + %)] ; positive, dispersive

[(Vk + %), (Vz - %ﬂ ; negative, dispersive

[(Vk - %), (vl + %)} ; negative, dispersive

Kvk — %) , <vl — %)] ; positive, dispersive (6.68)
A 90° phase shift will produce absorptive line shape for all the four peaks.
(b) Diagonal peak
COS Wity sin (S yto) sin wdyyt; cos wity

= 3 [sin (o + xJ)ty — sin (@ — 2J)11].
[sin (wx + )tz — sin (wx — 7T )12) (6.69)
= +sin (0 + #Jy)t1 sin (o + 7yt
—sin (wg + 7yt sin (@ — 7Jy)ts
—sin (wy — 2yt sin (wy + 7Jy)ts

+ sin (a)k — ﬂ]k[)tl sin (a)k — ﬂ]kl)lz (670)

This leads to the following peaks:

(F1,F2) = Kvk + %) (vk + %)} ; positive, dispersive

<

[(Vk + %), ( (o %ﬂ ; negative, dispersive
{(Vk - %), (vk + %ﬂ negative, dispersive

Kvk — %) (vk — ‘%)] ; positive, dispersive (6.71)

A 90° phase shift will produce absorptive line shape for all the four peaks.
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(a) COSY spectrum (b) DQF-COSY spectrum
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Fig. 6.24 Comparison of COSY and DQF-COSY spectra for a two-spin system. + and — indicate
positive and negative signs of the peak components, respectively

Thus, the final spectrum for the two-spin system will appear as shown in
Fig. 6.24. Clearly, the DQF-COSY spectrum shows better resolution than the
COSY spectrum and is pretty clean in both the diagonal and cross-peaks.

6.6.2.3 Total Correlation Spectroscopy (TOCSY)

The COSY and the DQF-COSY resulted in fine structures in diagonal as well as
cross-peaks. The DQF-COSY circumvented the shortcomings of COSY with respect
to the diagonal. However, the fine structures still retain the antiphase nature of the
components in the cross-peaks. In essence, this amounts to a differential transfer of
magnetization between the spins. The antiphase character results in the cancellation
of component intensities in the cross-peaks in the absence of sufficient resolution.
This problem is circumvented by total correlation spectroscopy (TOCSY) which
results in in-phase components and thus achieves net transfer of magnetization
between the spins. The pulse sequence for the TOCSY experiment is shown in
Fig. 6.25.

The pulse sequence starts with a 90° pulse, which creates transverse magnetiza-
tion which then evolves during the period t; with characteristic frequencies. The
so-called mixing here consists of a strong RF field or a train of pulses (often referred
to as composite pulses) during which time the spins are locked in the rotating frame
in the transverse plane along the x or the y-axis. During the spin lock transfer of
coherence occurs among the J-coupled spins. For a two-spin system, k and [ (spin
1/2), the effective Hamiltonian during the mixing period consists only of the
J-coupling Hamiltonian, and the Zeeman interactions are eliminated. This Hamilto-
nian is given by

.7‘[6 == 277J1k.11 (672)
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Fig. 6.25 Pulse sequence for 902
the TOCSY experiment

t2
b | SPIN-LOCK |“m ”

= 27) (Il iz + Tl 1 + Tiyly) (6.73)

The evolution of the magnetization components under the influence of this
Hamiltonian is given by the following equation:

I fﬁ)z I (l + 0(2)5 277][) _'_le(l — cgs 2nJt

)+ (Iilie = Iylic) sin 2t
(6.74)

Complete transfer of magnetization will occur for time ¢ = 1/2J. This is in contrast
to INEPT transfer of coherence where a complete transfer requires a time ¢ = 1/J/; in
the INEPT, the transfer occurs in two steps: the first step involving a spin-echo of
period 1/2J causes antiphase transfer, and in the second step, a second spin echo of
period 1/2J causes refocusing to generate in-phase magnetization (I, — 2/l —
le)'

A similar equation can be written for the evolution of I,:

Hot (1 + cos ZﬂJt) +Ikx(1 — cos2nJt

L% 1, > 0 ) + (Inlie — Iil) sin 2zt (6.75)

The addition of Egs. 6.74 and 6.75 leads to the following:

(Ikx + I[X) }it (Ikx + ILx) (6.76)

This implies that the total x-magnetization is conserved through the mixing
sequence, and there is in-phase transfer (I, — I, and vice versa), retaining the
phase of the magnetization, i.e., [y, — Iy, Iy, — Iy, and Iy, — I;,. Therefore, this
mixing is termed as isotropic mixing, and the Hamiltonian is termed as isotropic
Hamiltonian. After the mixing the magnetization components are detected in the t,
time period. Two-dimensional Fourier transformation of the collected signal results
in a two-dimensional spectrum.

Detailed calculations for multi-spin systems show that the general conclusions
derived for the two-spin systems are valid for multi-spin systems as well. However,
an interesting feature of this experiment is the following. Considering a linear three-
spin system (AMX), where there is no coupling between the spins A and X, it turns
out that there will be a cross-peak between the spins A and X, provided both AM
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Fig. 6.26 Experimental TOCSY spectrum of erythromycin-A

coupling and MX coupling are nonzero. Thus, the TOCSY experiments relays
magnetization through the network of coupled spins, providing valuable information
about the coupling network in a given molecule. An experimental TOCSY spectrum
is shown in Fig. 6.26.

Such a spectrum will enable to distinguish between a linear three-spin system,
AMX, and a mixture of two two-spin systems AM and M'X with accidental
degeneracy of the M and M’ chemical shifts. In the latter case, there will be no
cross-peak between A and X spins in the TOCSY spectrum, whereas the COSY or
DQF-COSY will not be able to distinguish between these two situations.

6.6.2.4 Two-Dimensional Nuclear Overhauser Effect Spectroscopy
(2D-NOESY)

This experiment represents an extension of the one-dimensional transient NOE to

two dimensions. The pulse sequence for this is given in Fig. 6.27a. 7,, here is called

the mixing time during which transfer of magnetization happens through dipolar

interactions or the NOE effect. For uncoupled spin systems, the spin dynamics
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Fig. 6.27 (a) Pulse sequence of NOESY experiment. (b) Schematic of magnetization transfer
between two spins (k and /). Numbers 1-6 are time points along the pulse sequence to facilitate
discussion in the text

through the pulse sequence leading to transfer of magnetization is schematically
shown in Fig. 6.27b.

For coupled spin systems, the pulse sequence can be analyzed by following the
product operator formalism, as in the case of COSY. For a two-spin system, k and
[ (spin = 1/2), the density operator at time point 4 in the pulse sequence is given by

Py = [_[kz cosJyty — Zlkxlly sin ﬂszll] COS w1
+ [Ikx cos iyt — Zlkzlly sin ﬂJk1t1] sin wyt (677)

As demonstrated in the case of DQF-COSY, a phase cycling scheme is utilized to
retain only the first term in Eq. 6.33. This is indicated in Table 6.3.

During the following period 7,,, transfer of z-magnetization occurs from spin k to
spin /, as per the dipolar coupling-mediated relaxation of the spins (refer to Chap. 4).
The final 90° pulse converts the z-magnetization into transverse magnetization for
detection.

Since the transfer of magnetization during the mixing time is never complete,
there will be magnetization components of both & and [ spins (coupled or uncoupled)
evolving during the detection period. These result in the diagonal and cross-peaks,
respectively. Both diagonal and cross-peaks will have fine structure if the spins are
J-coupled and the components will have in-phase character.

In multi-spin systems, transfer of magnetization will be governed by the relaxa-
tion matrix, as discussed in Chap. 4. There will be cross-peaks between every two
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Table 6.3 Phase cycling Scan ® Receiver
for NOESY pulse sequence
. [ 1 X +
given in Fig. 6.27a
3 —X +
4 -y +

l" d 1 . ; _5

I | I I
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Fig. 6.28 Experimental NOESY spectrum of erythromycin-A

spins which have dipolar coupling contributing to their relaxation. Thus, the NOESY
spectrum represents the network of dipolar-coupled spins in a given molecule. The
cross-peak intensities will depend upon respective cross-relaxation rates for short
mixing times compared to the spin-lattice relaxation time (7). These, in turn, are
proportional to the inverse sixth power of the internuclear distances; in a sense the
cross-peak intensities reflect the NOEs observed in a transient NOE experiment (see
Chap. 4). Thus, the NOESY spectrum reflects the distance matrix representing the
three- dimensional structure of a given molecule. An illustrative experimental
spectrum is shown in Fig. 6.28.


https://doi.org/10.1007/978-3-030-88769-8_4
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The NOESY pulse sequence also reflects transfer of magnetization through
chemical exchange mechanism. During the mixing time, transfer of z-magnetization
can also happen via chemical exchange process, wherever it is present. Thus, in such
situations, the cross-peak and diagonal peak intensities can also be monitored as a
function of the mixing time to derive the exchange rates. For a symmetrical two-site
exchange A «— B, with equal populations at the two sites, equal spin-lattice relaxation
rates, and equal transverse relaxation rates, the intensities of the diagonal (ax,4, agg)
and cross-peaks (asp, aga) are given by the following equations:

apa(tn) = apg(tn) = 5 [1 + e *] /T (6.78)

ans(tm) = apa(tm) = 5 [1 — eizkf”’]eﬂ”’/T' (6.79)

N = =

where k is the exchange rate and T is the spin-lattice relaxation time. Equilibrium
magnetization at the two sites is assumed to be the same. Figure 6.29 shows the
dependence of the diagonal and cross-peak intensities on the mixing time.

The ratio of diagonal-to-cross-peak intensities will be

aa 1+ e Hm

PP T (6.80)
For short mixing times (kz,, < 1),Eq. 6.80 reduces to
am _ 1 —kom (6.81)

aap kTm

Thus, by monitoring the intensity ratios as a function of z,,, the exchange rates
can be calculated.

6.6.2.5 Two-Dimensional ROESY
ROESY represents the Overhauser experiment in the rotating frame (ROE). The
pulse sequence for this experiment is given in Fig. 6.30.

Here, the mixing process and the consequent magnetization transfer is brought
about by low-power spin lock on the transverse magnetization. The magnetization
transfer (I, — I;,) occurs via transverse cross-relaxation, and the evolution of the
magnetization components during the mixing time (z,,) can be shown to be as
follows.

Lie(t) = (1 — ;—m) sin(ayt))10, — o7, sin(wt) )10 (6.82)
) , 2
In(zm) = (1 — T—’") sin(a)ltl)l?Z — o1y, sin(a)ktl)lgz (6.83)
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Fig. 6.29 Diagonal (brown
line) and cross-peak (green
line) intensities in the
presence of chemical
exchange as a function of
mixing time

Intensity

—
Tm

902

t, ‘ : |l| t

Fig. 6.30 Pulse sequence for two-dimensional ROESY experiment

In both these equations, the first term produces the diagonal peak in the end, and
the second term produces the cross-peak. In the initial rate limit, i.e., ;—’j < 1, the
diagonal peaks are positive, and the cross-peaks will be negative.

Table 6.4 shows the results of detailed calculations of the intensities as a function
of spectrometer frequency (w,), correlation times (z.) of molecular tumbling, and
chemical exchange rates (k) for ROESY and NOESY spectra. It is seen that the
ROESY spectrum allows the discrimination of ROE and chemical exchange peaks,
whereas NOESY will have ambiguities.

The ROESY experiment has some additional advantages in comparison to the
NOESY, especially for molecules with @wyr.~1. In such situations, the NOESY
spectrum does not show magnetization transfer.

6.6.2.6 Application of Two-Dimensional Homonuclear Experiments
in Structural Analysis of Small Organic Molecules: A Case Study
of Artemisinin
The combined utilization of two-dimensional homonuclear NMR spectra, viz.,
DQF-COSY, TOCSY, and NOESY, helps in solving structures of molecules.
Figure 6.31 represents the homonuclear two-dimensional NMR spectra recorded
on artemisinin molecule (Fig. 6.31d). The chemical shift correlations obtained from
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Table 6.4 Comparison of cross-peak and diagonal peak signs in NOESY and ROESY spectra for
different molecular tumbling rates and chemical exchange

NOESY ROESY
Condition Diagonal peak Cross-peak Diagonal peak Cross-peak
wot, K 1 + - + —
woT~1 + 0 + —
woT. > 1 + + + _
Chemical exchange (k) + + + +

the DQF-COSY (Fig. 6.31a) are useful for identifying the scalarly coupled spin pairs
of artemisinin; for example, correlations with the spin 9 allow to get the chemical
shift assignments of 8 and for one of the methyl groups. In contrast, the correlations
from spin 9 in the TOCSY (Fig. 6.31b) spectrum facilitate monitoring the relayed
spin network up to 4-5 bonds. In the present case, from spin 9 to spin 7, TOCSY
correlations are observed. Besides, spatial information obtained from the NOESY
spectrum (Fig. 6.31c) enables to obtain the three-dimensional structure of
artemisinin molecule. The observed NOE correlations between the spin pairs,
12-5”, 12-6, 12-8’, and 8a-5a, confirm the given structure for artemisinin molecule
(Fig. 6.31d).

6.6.3 Two-Dimensional Heteronuclear Correlation Experiments

Coherence transfer can also be effected between two different types of nuclear
species, say I and S. Such experiments are referred to as heteronuclear correlation
experiments. A variety of heteronuclear experiments can be designed, since the RF
pulses can be applied selectively to either of the species and heteronuclear broad-
band decoupling can be incorporated without any constraints. Heteronuclear
experiments have particular advantages:

(1) Increased sensitivity of indirect detection as evidenced in the INEPT pulse
sequence.
(i1) The possibility of unraveling overlapping / resonances by exploiting the chem-
ical shifts of the S spins and vice versa.
(iii) The correlation of chemical shifts of different nuclear species would facilitate
assignments in complex systems.

In most cases, one of the two nuclear species is a rare nucleus (S) such as 13C,
5N, etc., while the other nucleus is usually a more sensitive species (/) such as H,
1()F, etc.

6.6.3.1 Heteronuclear COSY
The simplest I-S correlation experiment (considering / = '"H and § = '*C) is depicted
in Fig. 6.32. This pulse sequence is very similar to the homonuclear COSY, except
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Fig. 6.31 Two-dimensional homonuclear correlation spectra DQF-COSY (a), TOCSY (b), and
NOESY (c¢) recorded on artemisinin molecule dissolved in DMSO-Dg solvent. The combined
utilization of all these spectra resulted in the given structure for artemisinin molecule (d). The
green-colored lines are useful to track the chemical shift correlations, whereas the red-colored
arrows are the NOE correlations

the first 90° pulse is selective to only / spin. During the #, period, therefore, there are
only / spin coherences. The pair of pulses on / and S, at the end of ¢, transfers
coherence partially to the S spin. The magnetization is finally detected on the S spin.
Thus, the two-dimensional spectrum will have only I-S correlation peaks, which
retain the fine structure as in the COSY spectrum. Such a spectrum for two spins is
schematically shown in Fig. 6.33. It has the antiphase property along both
dimensions, and the separation between the components is equal to the coupling
constant.
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Fig. 6.32 Pulse sequence for 902
"H-'3C correlation experiment

with carbon detection. H, is

the starting 'H magnetization,

and 2C,H. represents the '>C
magnetization component at

the beginning of detection
H

13C

Fig. 6.33 Schematic
spectrum from the pulse
sequence in Fig. 6.31. Orange
and green symbols indicate
positive and negative signs,
respectively

902

902

H (F1)

BC (F2)
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90° 90° 180°
BB-decoupling
1H 1/4J 1/4J
H, B
90° 180°
ty
13C
QC;.-H_-"/' | Cx

Fig. 6.34 Pulse sequence for 'H-'>C correlation with carbon detection and proton decoupling
during acquisition. Magnetization components at few time points along the sequence are indicated
in cyan. BB implies broadband and J is the one-bond 'H-'C coupling constant

In most of these experiments, the correlation is established between nuclei, which
are directly bonded. These one-bond coupling constants are usually very high, for
example, J'"H—"*C ~ 120-160 Hz and J'"H—"°N ~ 90-100 Hz. While this enables a
very efficient transfer of coherence, the large overall width of the cross-peak
hampers the resolution in the spectra. Since the one-bond coupling constant does
not add too much value for structural information of the molecules, it would be
desirable to remove this coupling constant information from the spectrum. This is
partially achieved by the pulse sequence shown in Fig. 6.34. In the pulse sequence,
an additional spin echo block is added to refocus the S spin antiphase magnetization
so that during detection of S magnetization, the / spins can be decoupled. This results
in the collapse of the fine structure along the detection axis (£2), which is shown in
Fig. 6.34. The components here will have twice the intensity as compared to
Fig. 6.32.

A further improvement can be achieved by eliminating the coupling information
altogether. This can be achieved in more than one ways (Fig. 6.35).

(A) The HETCOR Pulse Sequence

The pulse sequence for the HETCOR experiment (considering / = 'H and
S = '3C) is shown in Fig. 6.36. It begins with the excitation of the / spin magnetiza-
tion by a nonselective 90° pulse. Then this magnetization evolves during the
period during which the /-S coupling is removed by the application of 180° pulse to
the S spin in the middle of the #; period. Thus, during #;, the I spins are labelled by
their characteristic frequencies. Following the #; period, a spin echo block [7; —
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Fig. 6.35 Schematic 'H-'>C
correlation spectrum from the

pulse sequence given in .
Fig. 6.34. Orange and green
symbols indicate positive and .
negative signs, respectively

H (F1)

13C (F2)
Jhe
90° 180° 90° 180°
b 4 BB-decoupling

180° 90° 180°

13C

Fig. 6.36 Pulse sequence for the HETCOR experiment, which incorporates 'H-'>C decoupling
along both F1 and F2 axes

180 (1, S) — 7;] is introduced during which / spin magnetization evolves under the /-
S coupling and generates antiphase / spin magnetization. The pair of 90° (/, S) pulses
at the end of the spin echo causes coherence transfer to the S spin, resulting in



6.6 Types of Two-Dimensional NMR Spectra 243

Fig. 6.37 Schematic

HETCOR spectrum. The
peaks do not have any fine .
structure

H (F1)

C (F2)

antiphase S spin magnetization. The delay 7, (r; = 1/4J;5) can be adjusted to cause
near-complete transfer to the S spin. Then the antiphase S magnetization evolves
during the following spin echo period, [7,—180 (I, S)—7,], to produce in-phase
S spin magnetization. This magnetization is detected during #,, while / spins are
simultaneously decoupled. Thus, the resulting spectrum has only one peak for an /-S
pair, as shown in Fig. 6.37. The signal-to-noise ratio (SNR) in this experiment is

SNR o 7,(7s)? (6.84)

(B) The HSQC Pulse Sequence

This experiment improves upon the HETCOR experiment. The pulse sequence
for the HSQC (heteronuclear single-quantum correlation) is depicted in Fig. 6.38.
The experiment starts with an INEPT (refer to Sect. 4.7 in Chap. 4) block which
achieves the transfer of / spin magnetization to S spin (I, — 2I.S,). This S spin
magnetization is antiphase in character with respect to the coupled I spin and evolves
during the following t; period under chemical shift Hamiltonian. Evolution under the
I-S coupling is eliminated because of the 180° pulse applied to the [ spin in the
middle of the #; period. Thus, during the t; period, the S spins are labeled by their
characteristic frequencies. The subsequent pair of 90° pulses on 7 and § transfers the
magnetization back to the I spin as antiphase magnetization (21,S, — 21,S.). This
antiphase / magnetization is then refocused during the next spin echo block, [z,—180
(I, S) —1,], to generate in-phase / magnetization (/). This in-phase magnetization
then evolves during 7, with characteristic / spin frequencies, while the I-S coupling is
removed by broadband S spin decoupling. Thus, the resultant spectrum has a single
peak for an I-S pair, as shown Fig. 6.39.

The differences between the experiments A (HETCOR) and B (HSQC) are the
following.


https://doi.org/10.1007/978-3-030-88769-8_4
https://doi.org/10.1007/978-3-030-88769-8_4
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909

H 1 T T T3

i '} BB-decoupling
© : 2 Vi

Fig. 6.38 Pulse sequence for the HSQC experiment. Narrow and wide rectangles indicate 90° and
180° pulses, respectively. Unless mentioned all the pulses are applied along the x-axis. Relevant
magnetization components at certain time points are indicated in cyan

Fig. 6.39 Schematic
appearance of the HSQC

spectrum. The peaks do not .
have any fine structure

13C (F1)

H (F2)

(1) In A, S spin magnetization is detected, whereas in B, I spin magnetization is
detected. This has an impact on sensitivity, since the latter is proportional to y*
of the detected nucleus. Therefore, if I spin is 'Hand S spin is 13C, then the

3/2
HSQC experiment has a sensitivity gain of (Z—z) . This is a factor of 8, which

is a substantial gain in terms of the signal-to-noise ratio, which in turn amounts a
gain by factor of 64 in terms of the experimental time. Similarly, for § = '°N and
I="H, the gain will be a factor of ~1000, in terms of experimental time.

(i) In A, the detected signal will have S frequencies, whereas in B, the detected
signal will have I frequencies. The spectral range of S spin ("3C, ~140 ppm) is
much larger compared to that of the I spin ('H, ~10 ppm). Therefore, the
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90° 180°
Rec phase
t, +(X
| - (x)
172 i 1/2J
90° 90°
t, BB-decoupling
x N /XN
X 2l S / =X \\\‘-.\\
21,8, f(t,) 21,S, f(t,)

Fig. 6.40 Pulse sequence for the HMQC experiment. Relevant magnetization components at
certain time points are indicated in cyan. The [ spin pulses are applied along x-axis. The pulses
on the S spin and the receiver are phase cycled as indicated

chemical shift dispersion along the detection axis will be higher in A as
compared to that in B, even considering that the y is four times yc.

(C) The HMQC Pulse Sequence

This experiment achieves coherence transfer from spin / to spin S via multiple
quantum coherences; hence, this is termed as heteronuclear multiple-quantum
coherence (HMQC) transfer experiment. The pulse sequence for HMQC is shown
in Fig. 6.40.

In Fig. 6.40, the spin / is taken to represent the abundant species, and the spin S is
taken to represent the rare heteronucleus ('3C (1.1% abundant)/">N (0.37% abun-
dant)). In the case of protons which are coupled 2C or N, the signals coming from
these have to be eliminated. This is achieved by phase cycling the receiver (+x, —x)
in consecutive scans, while the phase of the first 90° pulse on [ spin remains as +x.

The experiment can be analyzed using the product operator formalism, and the
flow of the magnetization can be described for a I-S two-spin system. The first 90°
pulse along the x-axis creates transverse magnetization of the 7 spin:

I, — —I, (6.85)

The chemical shift evolution of the / magnetization is refocused by the 180° pulse
kept at the middle of the entire evolution period before the start of the detection.
Hence, this evolution need not be calculated. When the 7 period is set equal to 1/2J,
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the I spin magnetization gets transferred entirely to multiple-quantum IS coherence
(double-quantum + zero-quantum) after the application of 90° x-pulse on the S spin.

—I, — —21I,5, (6.86)

As described earlier, this multiple quantum coherence does not evolve under the
influence of J-coupling between 7 and S. Since the / spin chemical shift is refocused
by the 180° pulse in the middle of the 7, period, we need to calculate the chemical
shift evolution of the S spin only. Thus,

=21,y — =21, [Sy cos (wyt1) — Sy sin (w,ty)] (6.87)

The last 90° x-pulse on the S spin converts a part of this magnetization into a
single-quantum coherence.

=21, [Sy cos (wgt) — Sy sin (wstl)] — —2I,S, cos (wst1) + 21,.S, sin (wst;) (6.88)

The first term in Eq. 6.88 on the right-hand side is the single-quantum I spin
magnetization antiphase with respect to S, and the second term represents multiple
quantum coherence which does not lead to observable signal. During the following =
period, the antiphase I magnetization gets refocused into in-phase magnetization.

—21,S; cos (wgty) — —I, cos (wst) (6.89)

During the detection period #,, the I spin is decoupled from § spin and thus will
only have chemical shift evolution. Thus, we will only have one cross-peak between
I and S, as shown in Fig. 6.41. From explicit product operator calculations, the
intensity of the cross-peaks in the final spectrum turns out to be proportional to [sin
(wlis)).

In the examples shown, we have considered one I spin and one S spin. However,
in real systems, there will be situations where an S spin is J-coupled to more than one
I spin species, which may be scalarly coupled among themselves. Assuming / and

Fig. 6.41 Schematic HMQC
spectrum for I-S spin systems .

H (F1)

13C (F2)
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K are two such spins of the same nuclear species, a similar calculation will lead to the
following observable operator at the start of the detection period.

p/(h) = —Iy cos (a)sl1 ) Ccos (ﬂJ[]([]) + 21K, cos (a)st]) sin (77,'.]”(2‘]) (690)

This indicates the following:
(i) There will be splitting along the indirect dimension (F1) due to J.
(i) The sum of cosine-cosine and cosine-sine products in Eq. 6.90 results in the
superposition of in-phase absorptive and antiphase dispersive line shapes along
the F1 axis; this results in mixed phases.

After considering the evolution of / spin magnetization terms in Eq. 6.90 during
the following #, period, the observable part of the density operator will be

P (t2) = f'(t1){1, cos (wytr) cos (n jxt2) — I, sin (w;t2) cos (] xt2) }
+ f"(t1){1y cos (w;12) sin (2 xt2) — L, sin (w12) sin (2 xt2) } - (6.91)

where

f'(t) = cos (wsty) cos (mJxt1) and f"(t;) = cos (wsty) sin (zJ xt;)

If we assume the detection of y-magnetization, the resultant signal will be

Signal = cos (w;t2)[cos (nJixt2) f'(t1) + sin (adixt2) £ (11)]

= {[COS (w7 + 7J g )ty + cos (wp — ﬂJ[[()tz]f,(l‘l) + [sin (w7 +J K )ty — sin(wp — ﬂ./]]()tz}f”(l‘l)
(6.92)

From this it follows that there will be splitting along the direct dimension (£2) due
to Jik. Further, there will be superposition of in-phase absorptive and antiphase
dispersive line shapes along the detection axis (F2), which results in mixed phases.

The dispersive component of the signal can be purged by inserting a 90° y-pulse
on [ spin prior to the detection period. The antiphase 7 spin operator is converted into
antiphase k spin operator (21K, — 21 _K,). This results in a cross-peak between K and
S spins. If the & spin is not coupled to S spin, this can lead to a confusion with regard
to the correlations, though it will have antiphase components as against in-phase
components in the I-S cross-peak. These complications do not occur in the HSQC
spectra.

6.6.3.2 Heteronuclear Multiple Bond Correlation (HMBC)

The heteronuclear correlation experiments, HSQC, HETCOR and HMQC, rely on
the transfer of coherences based on one-bond coupling constants. Often it is neces-
sary to establish correlations via multiple bond coupling constants for unambiguous
resonance assignments and structure elucidations. If one has to optimize the coher-

ence transfer to reflect these correlations, the delay 7 has to be chosen to be W,
1S
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Fig. 6.42 Peak intensities in —2Hz
HMQC experiment as a T
) —12Hz
function of the long-range 0.9
coupling constant while
assuming the T, relaxation >
value equal to 1 s @ 0.6
o
=
x
s 0.31
o
0.0

0.00 0.04 0.08 0.12

where I and S are spins separated by multiple bonds. These coupling constants are
much smaller compared to one-bond couplings, and there is also a large variation in
these couplings (1-15 Hz). Simultaneous optimization with respect to all these
couplings is not possible. As discussed earlier for HMQC, the intensity of the

2
cross-peaks in the final spectrum turns out to be proportional to {sin (n]lfsmgr)} .

Figure 6.42 shows the variation in the intensities with t for three different values of
long-range couplings (2 Hz, 7 Hz, and, 12 Hz).

From this, it can be seen that the smaller the coupling, the larger is the required
delay. In such a situation, relaxation also plays an important role in determining the
intensity of the cross-peak. Figure 6.43 shows a pulse sequence designed to circum-
vent some of these problems. This experiment is referred to as heteronuclear multiple
bond correlation (HMBC). It differs from the HMQC pulse sequence in only one
sense; i.e., the last refocusing 7 period (Fig. 6.40) is eliminated, and accordingly, the
decoupling of § spin has also been removed, while this saves on the relaxation loss

and the intensity will be proportional to [sin (nJigngr)} (Fig. 6.44), which is better

2
than [sin (ﬂJﬁngT)} dependence. This results in an antiphase splitting of the cross-

peak along the detection dimension.

6.6.4 Combination of Mixing Sequences

Depending upon the desired information in the two-dimensional spectrum, it is
possible to design pulse sequences, which have a mix of different types of coherence
transfer steps discussed in the previous sections. For example, HSQC can be
combined with TOCSY or COSY or NOESY transfer, HMQC can be combined
with TOCSY or COSY or NOESY, etc. Some typical pulse sequences to achieve
these features are shown in Fig. 6.45. The corresponding spectra are shown in
Fig. 6.46.
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6.7

Three-Dimensional NMR

The ideas discussed in the context of two-dimensional NMR can be extended to
include another dimension resulting in a three-dimensional spectrum. A schematic of
such an experiment is indicated in Fig. 6.47.

This consists of a preparation period, two evolution periods (t; and t,), two
mixing periods (M1 and M2), and a direct detection period (t3). The resulting time
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Fig. 6.45 Pulse sequences combining (a) HSQC with TOCSY and (b) HSQC with NOESY

domain data, S(z,, t,, t3), after three-dimensional Fourier transformation produces a
three-dimensional frequency domain spectrum, S(F1, F2, F3).

S(t,t2,13) "= S(F1,F2,F3) (6.93)

A variety of three-dimensional spectra can be generated by choosing appropriate
mixing sequences, M1 and M2. For example, if M1 is chosen to result in a HSQC
type of the transfer of coherence with its independent evolution period ¢;, and M2 is
chosen to result in a TOCSY type of transfer with the evolution period #,, then in the
end, we generate a three-dimensional HSQC-TOCSY spectrum, schematically
shown in Fig. 6.48.
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Fig. 6.46 Spectra of (a) HSQC-TOCSY and (b) HSQC-NOESY recorded on strychnine. It is
adapted from the Bruker website

Fig. 6.47 A schematic of a . t, t, Detection
three-dimensional experiment Preparatiol m L

Similar combinations can be made with COSY, TOCSY, NOESY, HSQC,
HMQC, HMBC, etc., to generate a variety of three-dimensional spectra.

A large variety of three-dimensional spectra have been designed for biomolecular
applications, especially proteins. These differ in magnetization transfer pathways
along the protein chain. While these are covered in several elegant monographs,
some of these are indicated in Fig. 6.49, wherein the pathways of magnetization
transfer through the chain are indicated.

These rely on the transfer of magnetization via evolution under the influence of
one- and two-bond couplings along the polypeptide chain. These coupling constants
are independent of the amino acid sequence in the chain, and their typical values are
shown in Fig. 6.50.

In the following, we describe briefly a few experiments to demonstrate the
analysis of these pulse sequences, in general. All these experiments require proteins
uniformly enriched in '>C and '°N isotopes. These are routinely achieved by
standard techniques in recombinant protein production. These experiments also
require spectrometers equipped with three independent channels, 'H, '*C, and °N.
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Fig. 6.48 Schematic of

three-dimensional HSQC- 3D
TOCSY spectrum. The |9
TOCSY relay is seen along @ i
the F2 axis in the three-
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6.7.1 The CT-HNCA Experiment

Figure 6.51 shows the pulse sequence for the constant time (CT)-HNCA experiment.
The flow of magnetization through the pulse sequence is schematically shown in
Eq. 6.94:

HY — Ni(t)) — C%(i,i — 1)(t2) — N; — HY (t3) (6.94)

It starts with the "H magnetization, H., and the evolution of this magnetization
through the pulse sequence can be calculated using the product operator formalism.
At time point “a,” after the first INEPT transfer from amide proton (HY) to N; along
the backbone, the density operator is given by

pa = —2HYNyy (6.95)

Hg refers to z-magnetization of the amide proton (HY) of the i"™ residue along the
polypeptide chain, and N, refers to the y-component of the backbone 'SN spin of the
i"™ residue. Thus, this operator represents antiphase '°N magnetization with respect
to the amide proton (H' f\' ).

Following this, the '°N magnetization evolves for a constant time period 7 under
different Hamiltonians:
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Fig. 6.49 Schematic of magnetization transfer pathways in HNCA, HN(CO)CA, HNCO, HN
(CA)CO, CBCA(CO)NH, and CBCANH experiments. Red arrows identify magnetization transfers
during the pulse sequence, and the atoms enclosed in cyan circles are the nuclei participating the

transfer process

Fig. 6.50 One- and
two-bond coupling constants
relevant for magnetization
transfers shown in Fig. 6.48

H—C—H H—C—H
C—c— N Lg—i
. |
H O H H O

(i) Under the influence of >N chemical shifts for a period ;.

—ZHgNiy — —2Hg(N,'y COS (C()N,' t]) — Nix sin (CON,' t])) (696)
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Fig. 6.51 Pulse sequence for the constant time (CT)-HNCA experiment. Narrow and wide
rectangular bars represent 90° and 180° pulses, respectively. Pulses are applied along the x-axis
unless indicated otherwise. The phase cycles ¢p1-¢3 are as follows: ¢1 = x and —x; ¢p2 = 4(x), 4(y),
4(—x), and 4(—y); and ¢3 = 2(x) and 2(—x). ¢hrec = x, —x, —x, X, —x, X, x, and —x. The period z = 1/

4Ny

T represents the constant time period, which is typically 22—-25 ms. Broadband decoupling of

15N is achieved using standard composite decoupling. Alphabets a—e identify time points discussed
in the text

(i)
(iii)

(iv)

Evolution under the influence of ">’N-"H coupling is effectively refocused and
>N magnetization remains anti-phase with respect to 'H.
Under the influence of one-bond (N; — C{) and two-bond (N; — C‘("Fl) )
couplings for the period T.
Evolution under 'N-'>CO coupling is removed by the application of 180°
band-selective pulse to the '*CO spins and also to "°N.
During the period § — z(CO) — %, decoupling happens due to the 180° pulse
on the carbonyl spins.

During the next period, [ (5 — %) — z("*N) — (£ —4)], decoupling happens
due to the 180° pulse on "°N.

Thus, at time point “b,” the density operator is given by

Py = {4H§§N,.Xcgrl(T) + 4H§§N,xcg3_,)zr2(T)} cos (w11 (6.97)

where

F] (T) = sin (JTIJC'INT) COS (JTZJcﬂNT) (698)
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I2(T) = cos (z'JeenT) sin (2T canT) (6.99)

I'(T) and I'5(T) represent transfer efficiencies, which are seen to be dependent on
the constant time period T and the magnitudes of the coupling constants. In this
calculation relaxation has been ignored. However, relaxation will be occurring
which causes an exponential decay (exp(—RyT), where Ry is the transverse relaxa-
tion rate of '’N magnetization. Therefore, the constant time period T has to be
properly optimized for the efficient transfer of magnetization without losing too
much signal.

The first term in Eq. 6.97 represents '’N magnetization of the i residue,
antiphase with respect to H" and C” of the i"™ residue. The second term represents
N magnetization of the i residue antiphase with respect to H" of the i™ residue
and C” of the (i—1)™ residue. Thus, a sequential correlation between i and (i—1)
residues is created. Following the application of a pair of 90° pulses to '°N and C*
spins at the end of the T period results in the density operator at time point “c”:

p. = {4H§‘Z’Nizc;r1(T) + 4H§‘Z’N,<ZC‘(11.71)),F2(T)} cos (wn,t1) (6.100)

Now the magnetization is on C” of “i” (first term in 6.100) and (i—1) (second term
in 6.100) residues. This magnetization evolves for the t, period under the influence
of C* chemical shifts. All the coupling evolutions (except C* — C’coupling) are
eliminated by simultaneous 180° pulses on CO, 15N, and 'H channels. At the end of
the 7, evolution (i.e., at time point “d”), the relevant density operator is given by

N N
Pd= {4HiZNisz;cos (“’C?Q)FI (T) +4HizNiZCZ;1)yC°S (“’C‘f,l t2>F2(T)}cos (“’N,-tl )cos (ﬂ]c,,c/;tz)

(6.101)

This magnetization is then transferred back to the coupled '°N spins by the
simultaneous application of 90° pulses on C* and '°N. The N magnetization
which is antiphase with C* and also 'H then evolves for the constant time period
T to refocus the antiphase character with respect to '°N. At the end of the T period,
we have '°N magnetization which is antiphase with respect to coupled H" spins. A
pair of 90° pulse on "°N and 'H’s at this point transfers the magnetization to amide
protons. This proton magnetization is antiphase with respect to the '°N, and during
the next INEPT block gets refocused to produce in-phase amide proton magnetiza-
tion. The relevant density operator at this point “e” is given by

Po = Hﬁ{ cos (wceta )T (T) + cos (wc;xiltz)Fz(T)} cos (wp,t;). cos (d cacrta)
(6.102)

This proton magnetization is then detected during the time #;, while "N is
decoupled in a broadband fashion. Thus, the resulting three-dimensional spectrum
can be represented by
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S(t1,0,13) = S[F1("°N), F2(C%), F3(H")] (6.103)

This is schematically shown in Fig. 6.52a. The F2—F3 cross-section plane at
particular '°N; along F1 through this three-dimensional spectrum is shown in
Fig. 6.52b. It is clearly seen that this experiment allows establishing correlations
between two neighboring amino acid residues, which allows sequential walk along
the polypeptide chain as indicated in Fig. 6.53. Each strip shows correlations
between the amide protons of a particular residue, say i, to the '°N of the same
residue i (self-peak) and to the N of the previous residue i—1 (sequential peak).
Typically, the self-peak has slightly higher intensity than the sequential peak.

In practical terms one has to scan through the '°N planes along the F1 axis to find
H"-C* correlation peaks at the appropriate chemical shifts to establish such
connectivities. While this works elegantly when the chemical shift dispersions are
very good, difficulties arise when there are degeneracies in the chemical shifts. This
happens particularly for C* chemical shifts in disordered and flexible regions of
proteins, and sequential connectivities become ambiguous. Several other three-
dimensional experiments have been designed to circumvent such problems, and
these have been described in great details in many other books (see, e.g., Cavanagh
et al., protein NMR spectroscopy). We describe one particular development which
has not been covered in any book. Even here, we restrict to the very basic technique
(Sanjay et al. 2001); several additions, improvements, and enhancements have been
published in the literature.

(a) : (b) F1("N)
i-1
®
- ® |2y
- F2 (CY)
L ]
L]
” @
~ i
@ F1 (5N)
F3 (HY) F3 (HPY)

Fig. 6.52 (a) Schematic spectrum of three-dimensional CT-HNCA. (b) The F2—F3 cross-section
at a particular 5N chemical shift along F1. Different colors are used to distinguish between the
residues, and larger and smaller circles indicate self- and sequential correlations
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— 9 -3 -3
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i-1 i-2 i-3
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Fig. 6.53 Sequential walk through the polypeptide chain from residues i to i—4. Selected F2—F3
strips at F1 chemical shifts indicated on the top are aligned to show the sequential connectivities
through the polypeptide sequence

6.7.2 The HNN Experiment

This experiment is derived by simple modification of the HNCA, and the pulse
sequence is shown in Fig. 6.54. It follows the magnetization transfer pathway shown
in Fig. 6.55.

The basic differences with respect to the HNCA are: (i) Both the F1 and F2 axes
have "N chemical shifts, whereas in HNCA F1 has 15N and F2 has C* chemical
shifts, and (ii) an additional coherence transfer step is included to transfer the
magnetization to the neighboring residues (i — i—1, i — i+1). The periods 2Ty
and 27y in Fig. 6.54 are constant time periods during which magnetization transfers
take place. In the first 27 period, the transfer happens from >N of residue /" to C*
spins of residues “i”” and (i—1). During the 275 constant time period, magnetization
transfer occurs from C* of “i” residue to '°N of i and i+1 residues; likewise, the
transfer also occurs from C* of (i—1) the residue to '°N of i and (i—1) residues. Thus,
a sequential correlation gets established between three consecutive residues, i—1, i,
and i+1. The constant time periods, 275 and 27y, are adjusted to be around
22-30 ms. The z-field gradients used in the pulse sequence destroy the unwanted
transverse components of the magnetization at different stages. Just before the
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Fig. 6.54 Pulse sequence for the HNN experiment. Narrow (hollow) and wide (filled black)
rectangular bars represent nonselective 90° and 180° pulse, respectively. Narrow lobe (light blue)
and wide lobe (gray) on carbon channel indicate selective 90° and 180° pulse, respectively. Unless
indicated otherwise, the pulses are applied with phase x. Proton decoupling using the Waltz-16
decoupling sequence with field strength of 6.25 kHz is applied during most of the #; and #, evolution
periods, and '°N decoupling using the Garp-1 sequence with field strength 0.9 kHz is applied during
acquisition. The '*C carrier frequency for pulses, respectively, on '>C* and '*CO channels are set at
54.0 ppm and 172.5 ppm. The strengths of the '*C* pulses (standard Gaussian cascade Q3 (180°)
and Q5 (90°) pulses) are adjusted so that they cause minimal excitation of carbonyl carbons. The
180° '3CO-shaped pulse (width 200 ps) had a standard Gaussian cascade Q3 pulse profile with
minimal excitation of '*C%. The delays are set to A = 2.7 ms, k = 5.4 ms, & = 2.7 ms. The delay z¢y
used for the evolution of one-bond and two-bond '*C* — "*Ncoupling is around 12-16 ms and must
be optimized. The values for the individual periods containing #; are A = ,/2, B= Ty, and C = T~
t1/2. The values for the individual period containing #, are D = Th—t,/2, E = Ty, and F = t;/2. The
delay 27} is set to 24—28 ms. Phase cycling for the experiment is ®; = 2(x), 2(—x); ®, = P3=x, —x;
@, = x; and D5 = 4(x), 4(—x) and receiver = 2(x), 4(—x), and 2(x). Frequency discrimination in t,
and t, is achieved using states-TPPI phase cycling of @, and ®,, respectively, along with the
receiver phase. The gradient (sine-bell shaped; 1 ms) levels are optimized between 30% and 80% of
the maximum strength of 53 G/cm in the z-direction. These destroy the unwanted transverse
magnetization components

Ay+2
@, ) > Hy,(t)

:rN

i+

> H'(1,)

. o i ——-» Hfl (53)

Fig. 6.55 A schematic of magnetization transfer pathway through the HNN pulse sequence
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detection, the Watergate pulse block is used to achieve an efficient water

suppression.

The experiment can be analyzed in detail using the product operator formalism.
Considering a chain of four residues, i—2 to i+1 along the polypeptide chain, the
intensities of the diagonal (I¢;F1=F2=N; F3=HY) and cross-peaks
(I ;F1=N;, F2=N;_,F3=HY ) and (5, ;F1 =N;, F2=N;, F3=

HY,,)) in the F2-F3 plane of the HNN spectrum turn out to be
1Y = —(E1EsEoK}, + E3EsE 1K)
[, = E\E4E7EoK¢ |

Iipy = E2E6E3ErKy,

where
E, = cosp;Tysing;_ Ty
E, = sinp;Tycosq;_ Ty
E; = cosp;_1TcN COS q;_1Tcn
E4 = sinp;_ tcn sing;_ ten
Es = cosp;tcn €08 gt
E¢ = sinp;zcy sing;ten
E; = sinp;_Tnycosq;_,Ty
Eg = cosp, TnsingTy
Ey = cosn;_j1ten
EIO = COSn;Tcn
and

pi =20 (CF = Ni)ig; = 209 (C = Niwt)imi = 20 (€7 = € )
K;‘il = exp (—4TNR12Vi — 2TCNRg,i—1)

K% = exp (—4TyR), — 2tcyRS;)

Ki | = exp (*2TN (RIZVI + Rlzv,z;l) - ZTCNR{ZZ,FI)

(6.104)

(6.105)

(6.106)

(6.107)
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K¢, = exp (—2Tn (R3S + RY,.,) — 2tcwRS;) (6.108)
'J and *J represent one-bond and two-bond N-C* coupling constants and R’z\' and RY’s
are the various '’N and C“ transverse relaxation rates, respectively.

This data after three-dimensional Fourier transformation yields the three-
dimensional NMR spectrum.

S(t1,t0,13) = S[F1("N), F2("°N), F3(H")] (6.109)

Equation 6.104 (I) gives rise to the diagonal peak (F1 = F2 = N;, F3 = HY)in
the three-dimensional spectrum. The first term in Eq. 6.105 yields the cross-peak
(I_;F1=N;, F2=N;_,, F3 :Hfil). The second term in Eq. 6.105 yields
another cross-peak (I;'H;Fl =N;, F2=N;;, F3 = HZ.VH ). A schematic repre-
sentation of the three-dimensional spectrum is shown in Fig. 6.56a, and in
Fig. 6.56b, c are shown, respectively, the F1 — F3 plane at F2 = N; and F2 — F3

plane at F1 = N;.

(a)

I
i
L

F2| o |
I

F1
F3 Triplet filter
' ' through HSQC

(b) (c) /

F1 F2

i+1.___ _______________ .
15N ,‘-1. : — . 15N
- —-@

Fig. 6.56 (a) Schematic representation of the three-dimensional spectrum of HNN. (b) Schematic
representation of F1 — F3 plane at a particular F2 = N;. (¢) Schematic representation of F2 — F3
plane at F'1 = N,. Cyan peaks are self-peaks (F2 = F1 = N;), and the red peaks are sequential peaks
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Clearly, the F2 — F3 plane at a particular F1 = N; is a triplet filter through the
HSQC spectrum displaying exclusively the peaks of three consecutive residues (i—1,
i, i+1) along the polypeptide chain. The orthogonal F1 — F3 plane at a particular
F2 = N; shows correlations from the amide proton of residue “i” to the N of
residues i—1, 7, and i+1. This feature eliminates the need to scan through the 5N
planes as in the HNCA experiment to establish sequential correlations.

Figure 6.57 shows the coherence transfer efficiencies and consequent intensities
of the diagonal and cross-peaks with and without including relaxation. These curves
indicate the optimum value to be chosen for the 27y period. As mentioned earlier, a
value of 22-30 ms turns out to be the optimum choice, which gives reasonable
intensities for both the diagonal and the cross-peaks.

The HNN experiment has an additional interesting feature in the patterns of
peaks. The diagonal and cross-peaks will have different combinations of positive
and negative signs depending upon the nature of the residues in the triplet sequence
represented by the chosen plane. This feature arises because of the fact that during
the 2zcy period, the magnetization on C* evolves under the influence of C* — ¢’
coupling; the coefficients E9 and E10 which reflect this coupling evolution contrib-
ute to the change in sign patterns of the diagonal and cross-peaks. Since the glycine

(@) — > , (b)
0.45 |
g 0.25}
o -
=4
S o005}
©
Q@
@ 015}
o
'_
035}

0 20 40 60 80 100 O 20 40 60 80 100
Tey(ms) Ten(ms)

Fig. 6.57 Plots of the HNN coherence transfer efficiencies. The transfer functions for the diagonal
peak I? and the cross-peaks I\, I, . Here, (a) is for the transfer efficiencies calculated with
relaxation terms, while (b) is for calculations without the relaxation terms. The transfer efficiency is
plotted as a function of 7. The plots were calculated by using, J c«cs, Jceco, and Jnco values of
35, 55, and 15 Hz, respectively. The 1Jcan, and 2Jcey values have been chosen to be 10.5 and
8.5 Hz, respectively. The value of T used in the transfer functions for HNN was 14.0 ms. Thick and
dotted lines represent diagonal and sequential peaks, respectively. The vertical red line indicates the
optimum choice for the 7y value. For this choice, the diagonal and cross-peaks have opposite
signs. (Reproduced from Journal of Magnetic Resonance. 181, 21 (2006), with the permission of
Elsevier Publishing)
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residues do not have a C” carbon, they appear distinctly and generate different peak
patterns depending upon the position of the glycine in the triplet sequence. Four
different cases of triplet amino acid sequences can be considered: (i) XGZ, (ii) GYZ,
(iii)) G’GZ, and (iv) ZXY, where X, Y, and Z can be any amino acid residue other
than glycine and proline and G is glycine. The cases (i)—(iii) are special cases
containing glycine in the triplet sequence, and case (iv) is a general case. For the
three special cases (i) to (iii), the relevant density operators before the start of
detection are given by the following:

(1) -XGZ-: In this case the C* — c’ couplings are absent and hence E;y = 1. Thus,

the transfer efficiencies are as follows:

I = —(E}EsEoKY, + E3EsK%) (6.110)
[, = E\E4E7EoK¢ |
£, = E>EGEsKS, | (6.111)

(ii) -GYZ-: In this case C* — (¥ coupling of the (i—1)th residue vanishes and hence
E9=1. The transfer efficiencies can be written as follows:

1" = —(E{E5KY, + E5EsE 0K%) (6.112)
If, = E\E4E7K¢.

IS, = EsE6EgE10K¢, | (6.113)

(iii) -G’GZ-: Here both E}y and Ey terms become unity, and the equations can be
written as:

1" = —(E{EsKY + E5EsK%) (6.114)
I¢ | = E\E4E7K¢ |

I{,, = E;E¢EsKy (6.115)

The calculated peak patterns in F'1—F3 planes for various combinations of triplets
of sequences involving a glycine residue at different positions in the triplet are
shown in Fig. 6.58. If there is a proline residue at either (i—1) or (i+1) position in
the triplet, the corresponding peak will not appear in the spectrum.
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Fig. 6.58 Schematic patterns in the F1—F3 planes at the F2 chemical shift of the central residue in
the triplets mentioned on the top of each panel, in the HNN spectra for various special triplet
sequences. X, Z, and Z’ are any residue other than glycine (G) and proline (P). Squares are the
diagonal peaks and circles are the sequential peaks. Filled and open symbols represent positive and
negative signals, respectively. In all cases, the peaks are aligned at the F3 (H) chemical shift of the
central residue

6.7.3 The Constant Time HN(CO)CA Experiment

The HNCA experiment described earlier establishes the correlation between residue

[

i” and (i—1) along the polypeptide chain. A particular cross-section plane along the
>N axis shows peaks between amide protons of residue “/” and C* carbons of
residues i and i—1. However, a priori, it is not possible to identify the i and i—1 peak
individually, unambiguously. The HN(CO)CA experiment has been designed to
circumvent this problem by adopting a different magnetization transfer pathway,
which allows the flow of magnetization through the pulse sequence in one direction

along the polypeptide chain. This is as indicated in Eq. 6.116.
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HY — Ni(t;) — CO(i—1) — C%i—1)(tz) — CO(i—1) — N;
— HY(13) (6.116)

Figure 6.59 shows the pulse sequence of the CT-HN(CO)CA experiment.

The experiment can be analyzed by the product operator formalism as for other
experiments. The experiment starts with an initial INEPT transfer from Hf" to N; of
residue i. At time point a, in the pulse sequence, the relevant density operator is

pa = —2HYNyy (6.117)

This antiphase magnetization of N; is refocused to in-phase magnetization, which
then evolves under coupling to CO( i — 1) exclusively for the period &, + 0, + 03 = 20;.
This is normally adjusted between % and 31% and most often it is set to 5 11 .

NCO NCO NCO
Note, C* is decoupled by the application 180° pulses on C* channel and the "°N
channel. N;-magnetization also evolves under N;-chemical shifts leading to fre-
quency labeling in the time period #;. The relevant density operator at point b in

the pulse sequence is given by

_ Y o
3
H 2K . . L N LI"rs.-c:
¢ by | ¢, . F - o= e o
tho ] : i ¢
—21" 103 8 | [6;— 51 6 [| 62 6
N B I E 77,
: 84! 184
3CO ; : i
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: /d
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13C(x Zi 2

Fig. 6.59 Pulse sequence for the CT-HN(CO)CA experiment. Wide and narrow rectangles
indicate 180° and 90° pulses, respectively. Typically, the delays are 2§, =~ 22 ms [z ﬁ] s

283 = 53—, 8, = (81 — &3), and &, in the range ﬁ to Nclum. Unless mentioned, the pulse phases
are along the x-axis. The phase cycles mentioned are ¢1 = x, —x; ¢2 = 4(x), 4(y), 4(—x), 4(—y);
$3 = 2(x), 2(—x). and ¢prec = x, —x, —x, X, —x, X, X, —x. Quadrature detection in the #; and #,
dimensions is achieved by incrementing independently the phases ¢1 and ¢3, respectively, along
with the receiver phase, as in a states-TPPI manner
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Py = 2 NinO(i_UZ COS (wN,-tl) sin (ZIZJNC()61) sin (ZIIJNH53) (6 1 18)

The simultaneous application of 90° pulses on CO and '>N channels at this point
causes transfer into antiphase CO magnetization, and the relevant density operator at
time point c is given by

pe = =2 NizCO(;_y), cos (wn,t1) sin (27/ncod1 ) sin (272/n183) (6.119)

This magnetization then evolves under C* coupling for the period &4, and it is
transferred to C*(i — 1), which is then frequency labeled during the period z,. At the
end it is back transferred to CO(i—1), which continues to evolve under the C* — CO
coupling, for the next d4 period, and at time point d, the relevant density operator is

Pq= -2 NI'ZCO(if l)yCOS (‘”N;t] ) cos (wC;I,] 12) cos (IIJC(,C/} l2> sin2 (ﬂJCaCO§4) sin (Zﬂchoél ) sin (27[]NH53)

(6.120)

Magnetization is now on COg_;). During the subsequent part of the pulse
sequence, the magnetization retraces the path evolving under the various couplings,
and at time point e, the relevant density operator leading to observable magnetization
is given by

Pe= Hg cos (wN’_t] > cos (a)cz_z 1 lz) cos (ﬂ.]cuc/; 12) sin? (”‘]C"C084> sin? (ZﬂJNC05] ) sin2 (ZﬂJNH53)
(6.121)

The amide proton magnetization is then detected during “3” under "N
decoupling.

After three-dimensional Fourier transformation, this leads to a spectrum
schematically shown in Fig. 6.60.

Fig. 6.60 (a) Schematic (a) (b) F1 (5N
spectrum of three-dimensional
CT-HN(CO)CA. (b) The
F2-F3 cross-section at a
particular '>N chemical shift
along F1. Here only the
sequential connections i to . F2(Cn
(i—1) are seen. Different ° F2 (CY)
colors are used to distinguish .
between the residues

i-1

F1('N)

Fs (1 HiN) FG (‘HiN}
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6.7.4 The HN(C)N Experiment

This is a counter part of HNN in the same manner as HN(CO)CA is a counter part of
the HNCA experiment, providing the directionality to the sequential assignment
process of the backbone atoms along the polypeptide chain. The pulse sequence for
this experiment is shown in Fig. 6.61, and the magnetization transfer pathway is
shown in Fig. 6.62.

Note that the flow of the magnetization is similar to that in HN(CO)CA till the
point reaches C*( i — 1). The C*s are not frequency labeled, and the magnetization
is transferred directly to the N of residues i and (i—1). This involves an additional

G2 G3 G4 G5 G6 G6

Fig. 6.61 Pulse sequence for the HN(C)N experiment. Narrow (hollow) and wide (filled black)
rectangular bars represent nonselective 90° and 180° pulse, respectively. Narrow lobe (light blue)
and wide lobe (gray) on carbon channel indicate selective 90° and 180° pulse, respectively. Unless
indicated otherwise, the pulses are applied with phase x. Proton decoupling using the Waltz-16
decoupling sequence with field strength of 6.25 kHz is applied during most of the #, and #, evolution
periods, and BN decoupling using the Garp-1 sequence with field strength 0.9 kHz is applied during
acquisition. The '*C carrier frequency for pulses, respectively, on '*C* and '*CO channels are set at
54.0 ppm and 172.5 ppm. The strength of the B3e~ pulses (standard Gaussian cascade Q3 (180°) and
Q5 (90°) pulses) is adjusted so that they cause minimal excitation of carbonyl carbons. The 180°
13CO—shaped pulse (width 200 ps) had a standard Gaussian cascade Q3 pulse profile with minimal
excitation of '*C® The delays are set to 4 = 2.7 ms, k = 5.4 ms, § = 2.7 ms. The delay z¢ used for
the evolution of one-bond and two-bond '*C* — '5Ncoupling is around 12-16 ms and must be
optimized. The delay 7 in the pulse sequence used for >C* — 13C (refers to carbonyl, CO, carbon)
coupling evolution is 4.5 ms. The values for the individual periods containing #; are A = #;/2, B =
Ty, and C = Tp—t,/2. The values for the individual period containing #, are D = Ty — 1;/2, E = Ty,
and F = 1,/2. The delay 2Ty is set to 24-28 ms, and A = 7¢y — 7. Phase cycling for the experiment
is @ = 2(x), 2(—x); ©, = ®3= x, —x; and D4 = x; D5= 4(x), 4(—x) and receiver = 2(x), 4(-x), 2(x).
The frequency discrimination in t; and t, has been achieved using states-TPPI phase cycling of @,
and ®,, respectively, along with the receiver phase. The gradient (sine bell shaped; 1 ms) levels are
optimized between 30% and 80% of the maximum strength of 53 G/cm in the z-direction. These
destroy the unwanted transverse magnetization components
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Fig. 6.62 Schematic of magnetization transfer pathway through the HN(C)N pulse sequence. Here
C’ refers to carbonyl (CO) carbon

transfer period, 2zcy. The N are frequency labeled in the evolution time #,, and
finally the magnetization is transferred to amide protons of residues i and (i—1),
which are then detected during the detection period 3.

The experiment can be analyzed using the product operator as has been done in
the previous cases. The final relevant density operator at the start of the detection (#3)
is given by

o;= {ZHiZNiy cos (wn,12)Taly — 2H (;_1):N(i-1)y cOs (wN(H)tz)F3F5}
sin (2zJ cecotc)T6l1 cos (wp,t) (6.122)
where
Iy = sin (27J cecotc) sin 2adncoTw)
I, = sin (22%J centen) cos (27" Jcanten)
I's = sin (27'Jcentey) sin (227 coyten)
I'y = cos (27r1JCuNTN) sin (27[2JCaNTN)
s = sin (27'JcayTy) cos (222 canTy)
[ = cos (2] cacsTen) (6.123)

T, Tens and 2Ty = A + B+ C = D + E + F are the delays as indicated in the pulse
sequence. The resultant data after the three-dimensional Fourier transformation
yields the three-dimensional HN(C)N spectrum.

S(t1,1,13) "= S[F1("N), F2(N), F3(H")] (6.124)

The first term in Eq. (6.122) gives rise to the diagonal peak (F1 = F2 = PN,
F3 = H"") in the three-dimensional spectrum. The second term yields the cross-peak
(F1 = ISNi, 2 = ISN(,»_I), and F3 = HN“I). A schematic representation of the
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Fig. 6.63 (a) Schematic representation of the three-dimensional spectrum of HN(C)N. (b) Sche-
matic representation of F1 — F3 plane at a particular F2 = N;. (¢) Schematic representation of
F2 — F3 plane at F1 = N;

three-dimensional spectrum is shown in Fig. 6.63a, and in Figs. 6.63b and 6.63c, the
F1-F3 plane at F2 = "°N; and the F2—F3 plane at F1 = '°N; are shown, respectively.

Clearly, both the F1-F3 and F2—F3 cross-section planes provide directionality in
sequential connections from the residue “i.” The peaks also carry sign patterns as in
the case of HNN experiment. The transfer efficiencies will be dictated by various
coefficients (I's) in the respective terms. The different delays (z¢, 7o, Tw) have to be
optimized as before in the case of HNN. 7. is generally set to ~4.5 ms, and 7y and
Ty are typically set to ~12—15 ms.

Here again, the glycine residues make a special contribution because of the lack
of C” carbon and consequent absence of evolution under C* — C” coupling. This
results in special patterns for glycine residues as well as for those which are adjacent
to glycines. Considering the various possibilities of triplets of residues involving
glycines, the expected peak patterns can be calculated as in the case of HNN. These
are shown schematically in Fig. 6.64.
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Fig. 6.64 Schematic patterns in the F1—F3 planes at the F2 chemical shift of the central residue in
the triplets mentioned on the top of each panel, in the HN(C)N spectra for various special triplet
sequences. X, Z, and Z’ are any residue other than glycine (G) and proline (P). Squares are the
diagonal peaks and circles are the sequential peaks. Filled and open symbols represent positive and
negative signals, respectively. In all cases the peaks are aligned at the F3 (H") chemical shift of the
central residue

The special features in the peak patterns in the HN(C)N and HNN spectra
generate the so-called checkpoints which help greatly for sequential resonance
assignments in proteins. Sections of experimental HN(C)N and HNN spectra
demonstrating the sequential walk through a stretch of polypeptide chain are
shown in Fig. 6.65a, b, respectively.

In the HNN and HN(C)N experiments, glycine residues served to provide
checkpoints for sequential resonance assignments. Simple modifications of these
experiments have been described where alanines and serines/threonines also produce
distinctive peak patterns, similar to glycines. These experiments have provided the
foundation for many more developments, which have enabled rapid and unambigu-
ous assignments in different kinds of protein systems, including folded, unfolded,
intrinsically disordered, and partially folded proteins. A complete description of
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Fig. 6.65 (a) An illustrative stretch of sequential walk through the HN(C)N (a) and HNN (b)
spectra of ubiquitin protein (1.6 mM, 76 aa). A sequential peak in one plane joins the diagonal peak
in the adjacent plane on the right. Note that the panels of G10 and K11 constitute the checkpoints in
this sequential walk. The numbers at the top and bottom in each panel A and B identify the F» (*°N)
and F5 ("HY) chemical shifts, which help in the identification of the diagonal peaks. Black and red
contours represent the positive and negative peaks, respectively

these is beyond the scope of this book. The intention here has been only to give a
flavor of the possibilities.

6.8 Summary

* The principles of multidimensional NMR are described.

» Different types of two-dimensional NMR are presented. The discussion is limited
to some commonly used experiments.

* Illustrative elaborate product operator calculations are shown for some standard
experiments. Some three-dimensional experiments are also described in some
detail as illustrations.

6.9  Further Reading

* Principles of NMR in one and two dimensions, R. R. Ernst, G. Bodenhausen,
A. Wokaun, Oxford, 1987

« High Resolution NMR Techniques in Organic Chemistry, T. D. W. Claridge, 3™
ed., Elsevier, 2016

¢ NMR Spectroscopy: Basic Principles, Concepts and Applications in Chemistry,
H. Giinther, 3" ed., Wiley, 2013

¢ Understanding NMR Spectroscopy, J. Keeler, Wiley, 2005

* Protein NMR Spectroscopy, J. Cavanagh, N. Skelton, W. Fairbrother,
M. Rance, A, Palmer III, ond ed., Elsevier, 2006
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6.10 Exercises

6.1 In a two-dimensional NMR experiment, which of the following statement is
correct?
(a) Data is explicitly collected during two independent time variables #; and .
(b) Data is explicitly collected only during #,.
(c) Data is explicitly collected only during #;.
(d) The spectrum is generated by frequency selective excitations along the two

frequency axes (F and F3).

6.2 Fourier transformation of a complex NMR signal S (¢4, ;) leads to
(e) absorptive line shapes along both frequency axes
(f) dispersive line shapes along both frequency axes
(g) absorptive line shape along F; and dispersive line shape along F,
(h) mixed line shape along both frequency axes

6.3 If SW is the spectral width along the F; dimension of the two-dimensional
spectrum and carrier is placed at the center of the spectrum, then in the TPPI
method of quadrature detection, the dwell time along #; dimension is equal to
(a 1SW
(b) 172 SW
(c) 1/4SW
@ 2Sw

6.4 Given the pulse sequence,

90%
tp
13C L1 nl ,
'H
Decoupler

the F, axis of the two-dimensional spectrum for the molecule CH3-CH,-CH,-C1 will
show

(a) 3 singlets

(b) 2 triplets and 1 quartet

(c) 1 quartet and 1 triplet

(d) 1 quartet and quintet
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In a heteronuclear (C-H) spin echo experiment shown in the figure, the F axis
displays

909 1802

|
(X g

13¢ 2 “
12 3 4

'H
Decoupler
(a) carbon multiplets (Jcy) orthogonal to F, axis
(b) no multiplets
(c) multiplets tilted by 45° with respect to F, axis
(d) fine structure along with chemical shift of individual carbon nuclei
In a homonuclear two-dimensional J-resolved spectrum,
(a) F, axis has chemical shifts and F, axis has coupling constants
(b) F, axis has coupling constants and F, axis has chemical shifts and
coupling constants
(c) F, axis has coupling constants and F, axis has chemical shifts
(d) F, axis has chemical shifts and coupling constants and F, axis has
chemical shifts
In a two-dimensional homonuclear J-resolved experiment, the peaks have
(a) absorptive line shape along F'; and dispersive line shape along F,
(b) absorptive line shape along both F; and F,
(c) dispersive line shape along both F; and F,
(d) mixed line shapes along both F and F,
In a two-dimensional homonuclear COSY experiment, which of the following
is correct?
(a) Cross-peak arises due to magnetization transfer mediated by dipolar
interaction.
(b) Cross-peak arises due to magnetization transfer mediated by J-coupling
interaction.
(c) Diagonal peak arises due to magnetization transfer mediated by dipolar
interaction.
(d) Diagonal peak arises due to magnetization transfer mediated by J-coupling
interaction.
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Diagonal peaks in a COSY spectrum

(a) have no fine structure

(b) have fine structure with dispersive line shape along both frequency axes

(c) have fine structure with absorptive line shape along F; axis and dispersive
line shape along F, axis

(d) have fine structure with dispersive line shape along F'; axis and absorptive
line shape along F, axis

The diagonal peak for a two-spin system (I = 1/2) in a two-dimensional COSY

spectrum will have the fine structure

+ —
@ | |
SN
b
ON N
SN
© |, |
S
()

The éross-pe-ak for a two-spin system (I = 1/2) in a two-dimensional COSY
spectrum will have the fine structure

+ J—
CHIEN
FENE
b
(b) .
© |
:+ +:
(d)

In the cross-[;eak in a two-dimensional COSY spectrum, the line shapes along
the F'; and F, dimension will be (abs: absorptive line shape; dis: dispersive line
shape)

@ abs dis}
a
| dis abs

[abs abs
(b) . .

| dis dis
© [ dis abs]
C

| dis abs

[abs abs
(d)

L abs abs
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6.13 In a two-dimensional COSY spectrum, for a linear AMX spin system, with
Janv> Jumx, the M spin fine structure in the AM cross-peak is

6.14

6.15

6.16

6.17

6.18

6.19

(a)
(b)
(©
(d)

[+—+—]
[++— -]
[+— — +]
[+ + + +]

In a two-dimensional COSY spectrum of a three-spin AMX system, the fine
structure in a cross peak

()
(b)

©
(d)

is determined by the relative magnitude of the chemical shifts

is determined by the relative magnitudes of the active and passive coupling
constants

does not depend upon the signs of the coupling constants

is entirely determined by the passive couplings

In a DQF-COSY spectrum of a two-spin system (I = 1/2),

(a)
(b)
()
(d)

both the diagonal and cross peak have the same fine structure and line
shapes

the diagonal peak has antiphase structure and dispersive line shape, while
the cross peak has antiphase structure and absorptive line shape

both the diagonal and cross peak have in-phase structure and absorptive
line shape

the diagonal has in-phase structure and dispersive line shape and cross
peak have antiphase structure and absorptive line shape

Phase cycling in the DQF-COSY experiment

(a)
(b)
(©)
(d)

helps to improve the signal-to-noise ratio

helps in selection of coherence transfer pathway
helps to remove artefacts of pulse imperfections
helps to improve the resolution in the spectrum

In a two-dimensional NOESY experiment, the cross peak arises

(a)
(b)
(©
(d)

between J-coupled protons

between protons coupled by dipolar interaction
between chemically equivalent protons
between magnetically equivalent protons

[}

The intensity of a cross-peak between two protons separated by distance “r,” in
a two-dimensional NOESY spectrum, is proportional to

(a)
(b)
(©)
(d)

r
1/r

e
118

The CT-COSY experiment achieves

(a)
(b)
(©)
(d)

homonuclear broadband decoupling along the F; dimension
homonuclear broadband decoupling along the F, dimension
selective decoupling along the F'; dimension
selective decoupling along the F, dimension
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6.20 In CT-COSY experiment,

6.21

6.22

6.23

(a) J-coupling evolution does not occur during the #; period

(b) J-coupling evolution occurs for the same time A for all the #; increments

(c) chemical shift evolves through the constant time A

(d) J-coupling evolution occurs for the periods A—t#;, and the chemical shift
evolution occurs for the period #,

In the following pulse sequence,

902 1802 902

(a) chemical shifts appear scaled up in the indirect dimension

(b) J-values appear scaled up in the indirect dimension

(c) J-values appear scaled down in the indirect dimension

(d) both J-values and chemical shift are scaled up in the indirect dimension
In the given pulse sequence,

902 1802 902

(1 = a)t,

4
(a) chemical shifts are scaled up in the indirect dimension
(b) chemical shifts appear scaled down in the indirect dimension
(c) J-values appear scaled up in the indirect dimension
(d) J-values appear scaled down in the indirect dimension
In the TOCSY experiment, which of the following statements are true?
A. There is in-phase transfer of coherence.
B. There is relay of magnetization.
C. Transfer efficiency is worse than that in INEPT transfer.
D. Spin lock leads to isotropic Hamiltonian.
(a) All the statements are true.
(b) A, B, C are true.
(c) A, B, D are true.
(d) B, C, D are true.

6.24 In heteronuclear COSY experiment with the pulse sequence

90, ('H) — t; — 90,('H, *C) — #, — (acquisition),



276 6 Multidimensional NMR Spectroscopy

which of the following is true?

(a) The C-H cross-peak has no fine structure.

(b) The C-H cross-peak has fine structure along F, alone.

(c) The C-H cross-peak has fine structure along F; alone.

(d) The C-H cross-peak has fine structure along both F; and F;.

6.25 In a HSQC spectrum, which of the following statements are true?
A. There is no fine structure in the cross peaks
B. Signal-to-noise is much superior compared to direct X detection experiment
C. Signal-to-noise ratio is inferior to direct X detection experiment
D. Cross-peaks have fine structure along the F; axis
(a) A and B
(b) Band C
(¢c) Cand D
(d) only A
6.26 In the HMQC spectrum, identify the correct statement.
(a) The HX cross-peaks have no fine structure,
(b) The HX cross-peaks have mixed phases resulting from H-H coupling
evolutions,
(c) The resolution is superior compared to HSQC spectrum,
(d) The experiment takes less time than HSQC,
6.27 In a two-dimensional HSQC-TOCSY spectrum,
(a) TOCSY causes relay along the F, axis.
(b) TOCSY causes relay along the F; axis.
(c) TOCSY leads to amplitude alteration HX cross peaks.
(d) TOCSY leads to a phase alteration of HX cross peaks.
6.28 For a three-dimensional NMR experiment, recorded with 256, 512, and1024
data points along the #; #, and #; axes, respectively, with acquisition time of
0.2 s and relaxation delay of 1 s, the total acquisition time with four scans for
each FID will be approximately
(a) 1.5 days
(b) 3.5 days
(c) 7.3 days
(d) 11 days
6.29 In a three-dimensional experiment,
(a) the evolution time #; and #, are incremented simultaneously
(b) the evolution time #; and ¢, are incremented independently
(c) t; is increment synchronously with #3
(d) ¢, is increment synchronously with #;

Reference

Sanjay C. Panchal, Neel S. Bhavesh, and Ramakrishna V. Hosur (2001) Improved 3D triple
resonance experiments, HNN and HN(C)N, for HN and 15N sequential correlations in (13C,
15N) labeled proteins: Application to unfolded proteins. J Biomol NMR 20:135-147
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