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Область применения
спектроскопии ЯМР
Идентификация химического состава органических и 
биоорганических соединений в различных фазах.
Изучение пространственного строения, 
конформационных свойств и внутримолекулярной 
подвижности органических и биоорганических 
соединений в различных растворителях и лиотропных 
жидкокристаллических средах.
Исследование пространственного строения 
органических и биоорганических соединений в твердой 
фазе.
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История ЯМР
среда, 5 декабря 12 г.



Предистория
1922 — Опыт Отто Штерна 
и Вальтера Герлаха. Опыт 
подтвердил наличие у 
атомов спина и факт 
пространственного 
квантования направления 
их магнитных моментов.

1939 — Исидор Раби:  
резонансный метод 
измерений магнитных 
свойств атомных ядер. 
(Нобелевская премия по 
физике 1944 г.) 
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Открытие ЭПР
1944 — Евгений Константинович 
Завойский в Казанском 
университете впервые 
экспериментально наблюдал 
электронный парамагнитный 
резонанс.
Завойский наблюдал сигналы ЯМР 
в июне 1941 года, но результаты 
были плохо воспроизводимы. 
Начавшаяся вскоре война 
помешала продолжить 
исследования в этом направлении.
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1945 – 
открытие ЯМР

Две независимых группы –
Феликс Блох (Станфорский 
университет) и Эдвард 
Миллс Пёрселл 
(Гарвардский университет). 
Блох наблюдал 
резонансное поглощение 
на протонах в воде, а 
Парселл добился успеха в 
обнаружении ядерного 
резонанса на протонах в 
парафине.

Нобелевская  премия по 
физике за 1952 год. 

среда, 5 декабря 12 г.



Что такое ЯМР?
Ядра обладают угловым моментом 
и магнитным моментом 
Если ядро с угловым моментом 
количества движения и магнитным 
моментом поместить в статическое 
магнитное поле, то возникнет его 
прецессия вокруг направления поля 
с частотой
В магнитном поле ядро обладает 
энергией
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Таким образом, в магнитном 
поле происходит расщепление 
энергетических уровней ядра
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Что такое ЯМР?
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Если вещество находится в магнитном поле то 
возможно резонансное поглощение 
электромагнитной энергии – 
Ядерный Магнитный Резонанс
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Что нужно, чтобы получить сигнал:
1) Ядро с магнитным моментом 
2) Магнитное поле
3) Э/М излучение подходящей частоты

Ядерный магнитный 
резонанс

102 104 106 108 1010 1012 1014 1016 1018 1020 1022

ɑɚɫɬɨɬɚ��Ƚɰ

ɋȼɑ ɂɄ ɍɎ Ɋɟɧɬɝɟɧ JɊɚɞɢɨɜɨɥɧɵ

Видимый 
свет
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Развитие метода ЯМР

 23

2.1. ������� ���������� ��
��	 

 
000. )1( BBBB�� 		 ����      ����$     BZ= B0 ;  Bloc= B%� (2-1) 

 
	�������� ������������� 	 - ����!��� ����������'. � �!���� (2-1) 
��������� (1-12) �����������' � �����&"��:  

� � 01 1
2

B	
�
�� ��  

(2-2)

 

 
 


������ 2-1. 
 

��������� ������ ���#�����' ���"���� ������� � ����������� �� 
 ���!������ ��������' '���, ������������ �����!��� � ���������  
%�����������'. 
 
� = [(��� - ��� )/ ��� ] * 106  (2-3) 
 

NMR HistoryNMR History

11H NMR spectra ethanol H NMR spectra ethanol 
((First Observation of the 
Chemical Shift, 1951))

11H NMR spectra of water H NMR spectra of water 
((First NMR Spectra on Water, 1946))
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Развитие метода ЯМР
1951 – химический сдвиг.
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Развитие метода ЯМР
1951 – химический сдвиг.
Химическим сдвигом называется 
смещение сигнала в 
зависимости от химического 
окружения ядра.
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Развитие метода ЯМР
1951 – химический сдвиг.
Химическим сдвигом называется 
смещение сигнала в 
зависимости от химического 
окружения ядра.

С середины 50-х годом 
спектроскопии ЯМР становится 
массовым аналитическим 
методом
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NMR spectrometers

The first 40 MHz NMR spectrometer 
(Varian, 1953)

The first 90 MHz FTNMR 
spectrometer (Bruker, 1967)

Three Main SeriesThree Main Series

Varian INOVA

Bruker AVANCE

JEOL ECA

ЯМР
спектрометр

Первый серийный ЯМР 
спектрометр, фирма Varian, 
США, 1953 г.

(в Казани первый в Росии 
ЯМР спектрометр высокого 
разрешения  – 1959)
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ЯМР спектрометр
Недостатки 
спектрометров с 
непрерывной 
развёрткой:
Большое время 
записи спектра
Низкая 
чувствительность
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7–5

1 1 2 1 1 2 2 1 1−( ) +f t t f t tcos cos cos cosΩ Ω Ω Ω
The crucial thing is that the amplitude of the signal recorded during t2 is

modulated by the evolution during t1.  This can be seen more clearly by
imagining the Fourier transform, with respect to t2, of the above function.  The
cosΩ1 2t  and cosΩ2 2t  terms transform to give absorption mode signals centred
at Ω1 and Ω2 respectively in the F2 dimension; these are denoted A1

2( ) and A2
2( )

(the subscript indicates which spin, and the superscript which dimension).  The
time domain function becomes

1 1
2

1 1 2
2

1 1−( ) +( ) ( )f A t fA tcos cosΩ Ω
If a series of spectra recorded as t1 progressively increases are inspected it
would be found that the cosΩ1 2t  term causes a change in size of the peaks at Ω1

and Ω2 – this is the modulation referred to above.

Fourier transformation with respect to t1 gives peaks with an absorption
lineshape, but this time in the F1 dimension; an absorption mode signal at Ω1 in
F1 is denoted A1

1( ).  The time domain signal becomes, after Fourier
transformation in each dimension

1 1
2

1
1

2
2

1
1−( ) +( ) ( ) ( ) ( )f A A fA A

Thus, the final two-dimensional spectrum is predicted to have two peaks.  One
is at (F1, F2) = (Ω1, Ω1) – this is a diagonal peak and arises from those spins of
type 1 which did not undergo chemical exchange during τmix.  The second is at
(F1, F2) = (Ω1, Ω2) – this is a cross peak which indicates that part of the
magnetization from spin 1 was transferred to spin 2 during the mixing time.  It
is this peak that contains the useful information.  If the calculation were
repeated starting with magnetization on spin 2 it would be found that there are
similar peaks at (Ω2, Ω2) and (Ω2, Ω1).

The NOESY (Nuclear Overhauser Effect SpectrocopY) spectrum is recorded
using the same basic sequence.  The only difference is that during the mixing
time the cross-relaxation is responsible for the exchange of magnetization
between different spins.  Thus, a cross-peak indicates that two spins are
experiencing mutual cross-relaxation and hence are close in space.

Having completed the analysis it can now be seen how the EXCSY/NOESY
sequence is put together.  First, the 90° – t1 – 90° sequence is used to generate
frequency labelled z-magnetization.  Then, during τmix, this magnetization is
allowed to migrate to other spins, carrying its label with it.  Finally, the last
pulse renders the z-magnetization observable.

7.3 More about two-dimensional transforms
From the above analysis it was seen that the signal observed during t2 has an

amplitude proportional to cos(Ω1t1); the amplitude of the signal observed during
t2 depends on the evolution during t1.  For the first increment of t1 (t1 = 0), the
signal will be a maximum, the second increment will have size proportional to
cos(Ω1∆1), the third proportional to cos(Ω12∆1), the fourth to cos(Ω13∆1) and so

time

frequency
Ω

Fourier transform

The Fourier transform of a
decaying cosine function
cosΩt exp(–t/T2)  i s  an
absorption mode Lorentzian
centred at frequency Ω; the real
part of the spectrum has been
plotted.

Фурье-спектроскопия
1976 — Ричард Эрнст:
Импульсный спектрометр:
1) Возбуждаем систему
2) Регистрируем ССИ
3) После Фурье-преобразования 
получаем спектр

Нобелевская премия по химии 
1991 года

Время

Радиочастотный импульс
Сигнал (ССИ)
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NMR spectrometers

The first 40 MHz NMR spectrometer 
(Varian, 1953)

The first 90 MHz FTNMR 
spectrometer (Bruker, 1967)

Three Main SeriesThree Main Series

Varian INOVA

Bruker AVANCE

JEOL ECAФурье-спектроскопия

Первый серийный ФТ-ЯМР спектрометр, 
Bruker, Германия, 1967 г.
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Современный спектрометр ЯМР

Образцы все сложнее и 
сложнее, значит нужно 
сильное магнитное поле 
(лучше чувствительность и 
разрешение)

Обычные электромагниты 
уже не годятся — нужны 
сверхпроводящие магниты.
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Сверхпроводящий 
магнит
Не требует источника тока
Высокая стабильность поля
Требуется регулярная заливка 
жидким азотом и гелием
Главный параметр - частота 
резонанса на ядрах 1H
Очень дорогой
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резонанса на ядрах 1H
Очень дорогой
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Датчик
Как правило позволяет 
регистрировать сигналы сразу 
от нескольких типов ядер

Ядро Спин Природное 
содержание, %

Частота ЯМР, МГц
1H 1/2 99,98 500
2H 1 0,016 76,77
12C 0 98,9 -
13C 1/2 1,108 125,75
15N 1/2 0,37 50,69
17O 5/2 0,037 67,8
19F 1/2 100 470.592
31P 1/2 100 202,45
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+ много электроники
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Образцы
Необходимо использовать 
специальные ампулы 
Нужны дейтеро-растворители 
Объем – 0.6-0.7 мл
Концентрация - 
0.5 – 3 мМ
Образец должен быть 
однородным
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Если мы хотим 
добиться ширины 
линии в 0.5 Гц при 
частоте резонанса 
500 Мгц то поле 
дожно быть 
одинаковым с 
точностью 10-9

Проблема №1 – 
однородность поля

! = �B
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Сигнал от ядер дейтерия 2H:
- настройка однородности
- стабилизация магнитного поля 
во время эксперимента

Проблема №1 – 
однородность поля

Practical Aspects of Acquiring NMR Spectra 33

2.1.5 The Field-frequency Lock
All magnets drift in field strength, resulting in a small change in resonance fre-

quencies over time (1-10 Hz/hour for νH ). Since many NMR experiments require
extended acquisition times, it is critical to compensate for the field drift and maintain
the static magnetic field at a constant value. To adjust the Bo field, a small current is
passed through a coil (the Z0 shim, see below). The field-frequency locking circuitry
controls the amount of current passed through this coil, essentially ’locking’ the field
to a constant value, Bo+Z0, throughout the NMR experiment.

Changes in the magnetic field strength are detected by measuring the position of
a deuterium resonance from the sample. Hence, it is usually necessary to include a
deuterated ’lock-solvent’ in the sample. A buffered solution of 95% H2O/5% D2O is
commonly used for NMR studies on biomolecules. Both the absorptive and disper-
sive component of the deuterium resonance line are used in adjusting and maintaining
field homogeneity and stability, as illustrated in Fig. 2.4. The absorptive component
is utilized when optimizing the shim coils to obtain a homogeneous field while the
dispersive component is used to correct the field strength during data acquisition. If
the field is at the desired strength the deuterium signal will be on resonance and there
is no intensity in the dispersive component at the frequency of the deuterium trans-
mitter. However, if the field changes, then the position of the deuterium resonance
will change and either a positive or negative value will be detected from the dispersive
line. Therefore, the dispersive component gives both the direction and the magnitude
of the required change in the current in the Z0 shim coil to return the magnetic field
to its initial value. In order for this locking mechanism to function properly the signal
in the real channel of the deuterium receiver must have a pure absorption lineshape
for shimming while the signal in the imaginary channel must have a pure dispersion

B   drift

νD νD
νD νDνD

A B

o
Adjust

shims
Adjust

shims

Adjust Zo

Figure 2.4. Adjustment of the magnetic field homogeneity and strength using the deuterium
lock signal. Panel A illustrates the use of the deuterium absorption line to monitor the increase
in magnetic field homogeneity during shimming. As the homogeneity increases (left to right)
the deuterium linewidth decreases, resulting in an increase in the intensity of the deuterium
resonance at νD (the intensity of the “lock signal”). Panel B shows the use of the deuterium
dispersion line to automatically adjust the magnetic field strength during a measurement. When
the field is locked (left spectrum), the magnetic field is adjusted such that the observed deuterium
resonance position is equal to the deuterium transmitter frequency, νD . Consequently, the zero-
crossing of the dispersion signal occurs at νD . If the field drifts, the zero-crossing point will
shift and the dispersion signal will be non-zero at νD . In the example shown in the right part
of Panel B, the magnetic field has increased, consequently the deuterium dispersion signal is
greater than zero at νD . A positive value for the deuterium dispersive signal at νD will signal
to the field-frequency lock circuitry to decrease the Z0 shim, until the overall magnetic field is
restored to its original value.
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Источники информации в спектре:
1) Химические сдвиги
2) Константы КССВ
3) Интегральные интенсивности
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Химические 
сдвиги

Для каждого химического 
окружения - свое характерное 
значение ХС
Слабо, но зависят от среды 
(растворителя, температуры и 
т. п.)

24 PROTEIN NMR SPECTROSCOPY
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Figure 1.16. Distribution of carbon and proton chemical shifts. The distribution of observed
carbon (A, left) and proton (B, right) chemical shifts in proteins. The solid circles (•) mark the
average chemical shift. The solid lines indicate ±3σ; 95% of the observed chemical shifts fall
within this range. The gray boxes indicate nominal chemical shift ranges for α, β, and methyl
atoms. In the case of carbon shifts, these ranges separate the atom types quite well. Note that
there are a few exceptions, for example, the β-carbons of Ser and Thr fall in the α-region and the
α-carbon of Gly can fall in the β-carbon region. The large range of β-carbon shifts for Cys is
due to the fact that both free and disulfide bonded residues are included in this figure. In the case
of proton shifts, the separation by atom type is not as clean due to the extensive chemical shift
overlap between the various atom types. Data from the BioMagResBank database of chemical
shifts [52].
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Константы КССВ

Взаимодействие через 
хим. связи
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Figure 7.3. Scalar coupling to multiple equivalent protons. The effect of scalar coupling to
two (A) or three (B) equivalent protons on the carbon spectrum is shown. The possible arrange-
ments of two (labeled A B) or three protons (labeled A B C) are shown in the upper part of each
panel (1H spin-states). The resultant shift in the frequency of the attached carbon is indicated
by ∆ν. The final carbon spectrum is shown in the lower part of each panel. In both cases the
splitting, or separation between the lines, is equal to 1JCH . The intensity of each line depends
on the number of molecules in the sample with a particular spin state; a 1:2:1 ratio will be found
for two coupled protons and a 1:3:3:1 ratio is found for three coupled protons.

local field that occurs when the magnetic dipoles from all of the protons are aligned in
the same direction is ± 3

2J . When the magnetic dipoles of two protons are oriented in
the same direction, while the third is pointing in the opposite direction, the frequency
shift is ± 1

2J since the opposing pairs cancel each other’s effect on the local magnetic
field at the carbon nucleus. Again, the relative intensity of each line is proportional to
the number of atoms that give a particular frequency shift, in this case the four lines in
the quartet will have a relative intensities of 1:3:3:1.

Homonuclear, proton-proton, couplings are analyzed in a similar way. For example,
consider the NMR spectrum of ethanol, shown in Fig. 2.6. In this example, all of the
carbons are 12C and are therefore NMR inactive. The two CH2 protons are split into a
quartet by the three equivalent methyl protons. Likewise, the three methyl protons are
split into a triplet due to coupling to the two equivalent CH2 protons.

The effect of coupling to multiple spins on an NMR spectral line can be easily
obtained from Pascal’s triangle, as illustrated in Fig. 7.4. Each row of the triangle

n=0

n=1

n=2

n=3 1

1

1 1

1 2 1

1 3 3

Figure 7.4 Analysis of J-coupling using Pascal’s tri-
angle. Pascal’s triangle can be used to readily evaluate
the effect of coupling to multiple equivalent spins on
the appearance of a resonance line. The top of the tri-
angle represents the resonance line from a spin with no
coupling partner (n = 0) and each subsequent row rep-
resents the spectra that would be obtained as a result of
coupling to one, two, or three additional spins.
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Проблема №2 – шум
Особенно важно 
для редких ядер, 
например 13С 

Решение - 
многократное 
накопление 
сигнала 

Сигнал/шум растет как квадратный корень 
из числа накоплений
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Двумерные спектры

7–5

1 1 2 1 1 2 2 1 1−( ) +f t t f t tcos cos cos cosΩ Ω Ω Ω
The crucial thing is that the amplitude of the signal recorded during t2 is

modulated by the evolution during t1.  This can be seen more clearly by
imagining the Fourier transform, with respect to t2, of the above function.  The
cosΩ1 2t  and cosΩ2 2t  terms transform to give absorption mode signals centred
at Ω1 and Ω2 respectively in the F2 dimension; these are denoted A1

2( ) and A2
2( )

(the subscript indicates which spin, and the superscript which dimension).  The
time domain function becomes

1 1
2

1 1 2
2

1 1−( ) +( ) ( )f A t fA tcos cosΩ Ω
If a series of spectra recorded as t1 progressively increases are inspected it
would be found that the cosΩ1 2t  term causes a change in size of the peaks at Ω1

and Ω2 – this is the modulation referred to above.

Fourier transformation with respect to t1 gives peaks with an absorption
lineshape, but this time in the F1 dimension; an absorption mode signal at Ω1 in
F1 is denoted A1

1( ).  The time domain signal becomes, after Fourier
transformation in each dimension

1 1
2

1
1

2
2

1
1−( ) +( ) ( ) ( ) ( )f A A fA A

Thus, the final two-dimensional spectrum is predicted to have two peaks.  One
is at (F1, F2) = (Ω1, Ω1) – this is a diagonal peak and arises from those spins of
type 1 which did not undergo chemical exchange during τmix.  The second is at
(F1, F2) = (Ω1, Ω2) – this is a cross peak which indicates that part of the
magnetization from spin 1 was transferred to spin 2 during the mixing time.  It
is this peak that contains the useful information.  If the calculation were
repeated starting with magnetization on spin 2 it would be found that there are
similar peaks at (Ω2, Ω2) and (Ω2, Ω1).

The NOESY (Nuclear Overhauser Effect SpectrocopY) spectrum is recorded
using the same basic sequence.  The only difference is that during the mixing
time the cross-relaxation is responsible for the exchange of magnetization
between different spins.  Thus, a cross-peak indicates that two spins are
experiencing mutual cross-relaxation and hence are close in space.

Having completed the analysis it can now be seen how the EXCSY/NOESY
sequence is put together.  First, the 90° – t1 – 90° sequence is used to generate
frequency labelled z-magnetization.  Then, during τmix, this magnetization is
allowed to migrate to other spins, carrying its label with it.  Finally, the last
pulse renders the z-magnetization observable.

7.3 More about two-dimensional transforms
From the above analysis it was seen that the signal observed during t2 has an

amplitude proportional to cos(Ω1t1); the amplitude of the signal observed during
t2 depends on the evolution during t1.  For the first increment of t1 (t1 = 0), the
signal will be a maximum, the second increment will have size proportional to
cos(Ω1∆1), the third proportional to cos(Ω12∆1), the fourth to cos(Ω13∆1) and so

time

frequency
Ω

Fourier transform

The Fourier transform of a
decaying cosine function
cosΩt exp(–t/T2)  i s  an
absorption mode Lorentzian
centred at frequency Ω; the real
part of the spectrum has been
plotted.

1D За счет усложнения 
эксперимента в 2D 
спектрах можно 

получить информацию о 
наличии взаимодействия 

между ядрами

2D
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7 Two-dimensional NMR†

7.1 Introduction
The basic ideas of two-dimensional NMR will be introduced by reference to the
appearance of a COSY spectrum; later in this chapter the product operator
formalism will be used to predict the form of the spectrum.

Conventional NMR spectra (one-dimensional spectra) are plots of intensity
vs. frequency; in two-dimensional spectroscopy intensity is plotted as a function
of two frequencies, usually called F1 and F2.  There are various ways of
representing such a spectrum on paper, but the one most usually used is to make
a contour plot in which the intensity of the peaks is represented by contour lines
drawn at suitable intervals, in the same way as a topographical map.  The
position of each peak is specified by two frequency co-ordinates corresponding
to F1 and F2.  Two-dimensional NMR spectra are always arranged so that the F2

co-ordinates of the peaks correspond to those found in the normal one-
dimensional spectrum, and this relation is often emphasized by plotting the one-
dimensional spectrum alongside the F2 axis.

The figure shows a schematic COSY spectrum of a hypothetical molecule
containing just two protons, A and X, which are coupled together.  The one-
dimensional spectrum is plotted alongside the F2 axis, and consists of the
familiar pair of doublets centred on the chemical shifts of A and X, δA and δX

respectively.  In the COSY spectrum, the F1 co-ordinates of the peaks in the
two-dimensional spectrum also correspond to those found in the normal one-
dimensional spectrum and to emphasize this point the one-dimensional
spectrum has been plotted alongside the F1 axis.  It is immediately clear that
this COSY spectrum has some symmetry about the diagonal F1 = F2 which has
been indicated with a dashed line.

In a one-dimensional spectrum scalar couplings give rise to multiplets in the
spectrum.  In two-dimensional spectra the idea of a multiplet has to be
expanded somewhat so that in such spectra a multiplet consists of an array of
individual peaks often giving the impression of a square or rectangular outline.
Several such arrays of peaks can be seen in the schematic COSY spectrum
shown above.  These two-dimensional multiplets come in two distinct types:
diagonal-peak multiplets which are centred around the same F 1 and F 2

frequency co-ordinates and cross-peak multiplets which are centred around
different F1 and F2 co-ordinates.  Thus in the schematic COSY spectrum there
are two diagonal-peak multiplets centred at F1 = F2 = δA and F1 = F2 = δX, one
cross-peak multiplet centred at F1 = δA, F2 = δX and a second cross-peak
multiplet centred at F1 = δX, F2 = δA.

The appearance in a COSY spectrum of a cross-peak multiplet F1 = δA, F2 =
δX indicates that the two protons at shifts δA and δX have a scalar coupling

                                                
† Chapter 7 "Two-Dimensional NMR" © James Keeler 1998 and 2002
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Schematic COSY spectrum for
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appearance of a COSY spectrum; later in this chapter the product operator
formalism will be used to predict the form of the spectrum.

Conventional NMR spectra (one-dimensional spectra) are plots of intensity
vs. frequency; in two-dimensional spectroscopy intensity is plotted as a function
of two frequencies, usually called F1 and F2.  There are various ways of
representing such a spectrum on paper, but the one most usually used is to make
a contour plot in which the intensity of the peaks is represented by contour lines
drawn at suitable intervals, in the same way as a topographical map.  The
position of each peak is specified by two frequency co-ordinates corresponding
to F1 and F2.  Two-dimensional NMR spectra are always arranged so that the F2

co-ordinates of the peaks correspond to those found in the normal one-
dimensional spectrum, and this relation is often emphasized by plotting the one-
dimensional spectrum alongside the F2 axis.

The figure shows a schematic COSY spectrum of a hypothetical molecule
containing just two protons, A and X, which are coupled together.  The one-
dimensional spectrum is plotted alongside the F2 axis, and consists of the
familiar pair of doublets centred on the chemical shifts of A and X, δA and δX

respectively.  In the COSY spectrum, the F1 co-ordinates of the peaks in the
two-dimensional spectrum also correspond to those found in the normal one-
dimensional spectrum and to emphasize this point the one-dimensional
spectrum has been plotted alongside the F1 axis.  It is immediately clear that
this COSY spectrum has some symmetry about the diagonal F1 = F2 which has
been indicated with a dashed line.

In a one-dimensional spectrum scalar couplings give rise to multiplets in the
spectrum.  In two-dimensional spectra the idea of a multiplet has to be
expanded somewhat so that in such spectra a multiplet consists of an array of
individual peaks often giving the impression of a square or rectangular outline.
Several such arrays of peaks can be seen in the schematic COSY spectrum
shown above.  These two-dimensional multiplets come in two distinct types:
diagonal-peak multiplets which are centred around the same F 1 and F 2

frequency co-ordinates and cross-peak multiplets which are centred around
different F1 and F2 co-ordinates.  Thus in the schematic COSY spectrum there
are two diagonal-peak multiplets centred at F1 = F2 = δA and F1 = F2 = δX, one
cross-peak multiplet centred at F1 = δA, F2 = δX and a second cross-peak
multiplet centred at F1 = δX, F2 = δA.

The appearance in a COSY spectrum of a cross-peak multiplet F1 = δA, F2 =
δX indicates that the two protons at shifts δA and δX have a scalar coupling
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Современные задачи
Курт Вютрих - Нобелевская премия по 

химии 2002 года 
«За разработку применения ЯМР-
спектроскопии для определения 

трехмерной структуры биологических 
макромолекул в растворе»

В последнее время метод ЯМР широко используется для 
определения пространственной структуры больших 

биологических молекул, в частности белков 
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Chapter 1

NMR SPECTROSCOPY

Figure 1.1. Protein struc-
ture determined by NMR
spectroscopy. Four struc-
tures of a 130 residue pro-
tein, derived from NMR
constraints, are overlayed to
highlight the accuracy of
structure determination by
NMR spectroscopy.

Nuclear magnetic resonance (NMR) spectroscopy is
a powerful technique that can be used to investigate the
structure, dynamics, and chemical kinetics of a wide
range of biochemical systems. Due to the complexity
of this technique it can be challenging for the novice to
become a practicing NMR spectroscopist. This text is
primarily designed to provide a practical, as well as the-
oretical, guide to modern NMR spectroscopy.

A brief survey of the important features of NMR
spectroscopy is provided in Chapter 1. The acquisition
and processing of one-dimensional NMR spectra are de-
scribed in the following two chapters. Sufficient theoreti-
cal background to understand modern multi-dimensional
NMR spectroscopic methods is developed in Chapters 4
through 12. Three appendices provide information on
Fourier transforms and other mathematical tools. The
last appendix describes building blocks of NMR experi-
ments, facilitating the analysis of complex NMR experi-
ments. The resonance assignment process, an important
step in the analysis of protein NMR spectra, is described
in Chapters 13 and 14. Chapter 15 guides the reader
through the process of acquiring and processing multi-
dimensional NMR spectra.

The remaining chapters of the text discuss several important applications of NMR
spectroscopy: structure determination, molecular dynamics, and chemical kinetics.
Protein structure determination by NMR spectroscopy is discussed in Chapter 16. This
method can be be used to determine the atomic level structure of proteins in solution,
often providing structures as accurate as those determined by X-ray diffraction (see
Fig. 1.1). Although structure determination by NMR is limited to proteins with mole-
cular weights less than 40-60 kDa, NMR techniques provide an alternative method for
structure determination if a protein cannot be crystallized, or if there is concern that
crystal packing has distorted the true structure in solution.

Функция белков напрямую связана с их 
пространственной структурой, а метод ЯМР 

— практически единственный способ 
определить эту структуру в растворе.
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Figure 13.1. Overview of the resonance assignment strategy.
Step 1: Resonances are collected into spin-systems. In this example, a spin-system is assem-
bled based proton-proton scalar coupling, either in a COSY experiment (resonances connected
by solid line) or in a TOCSY experiment (resonances boxed and connected by dotted line.). The
large gray dots represent main-chain atoms, the large black dots represent methyl groups, and
the square black boxes represent β-carbons. The spin-systems are given arbitrary labels, e.g.
a − q at this point.
Step 2: Spin-systems are then grouped based on their most likely amino acid type. For exam-
ple, the spin-system defined in panel 1 (spin-system h) is likely a Val residue because of its two
methyl groups. Many amino acid types, for example Gly, have characteristic chemical shifts and
are readily grouped together. The last grouping shown in this illustration, labeled Cβ , includes
all residues that possess a β-carbon/proton that is not scalar coupled to another atom besides
the α-carbon/proton. This group includes Ser, Cys, Asp, Asn, as well as the aromatic residues.
In the case of Tyr, Phe, Trp, and His, the aromatic protons are not coupled to the Hβ protons,
making it difficult to correlate the aromatic protons to the remainder of the resonances in the
spin-system. Not illustrated are non-methyl containing spin-systems with Cγ carbons, such as
Glu, and Gln. Met is also contained in this group since the scalar coupling of its methyl group
to the rest of the sidechain is quite weak. spin-systems that contain long side-chains, such as
Lys and Arg, are also not shown.
Step 3: Adjacent spin-systems are connected either through space via dipolar coupling
(homonuclear methods), or through-bond via scalar coupling (heteronuclear methods). For ex-
ample, spin-systems l and c would be connected based on the presence of a NOESY crosspeak
between their amide protons, indicating that these two protons are within 5 Å of each other. If
the HNCA experiment was used to connect spin-systems then the inter-residue Cα shift of spin-
system c would be equal to the intra-residue Cα shift of l. This process is extended to include
spin-systems e and then g into the sequence of connected spin systems.
Step 4: The likely amino acid assignment of the collected spin-systems is used to guide the
placement of the connected segment on to the primary sequence. For example, the segment
l−c−e−g consists of spin-systems whose amino acid type match residues 6-9. Note that no as-
signments are possible for Pro10 since it lacks an amide proton. Ala15 remains also unassigned
because no corresponding spin-system was detected, possibly due to exchange broadening of
its amide resonance (see Chapter18).

1) Сбор спектральной информации (хим. сдвиги, КССВ). 
Отнесение сигналов к соответствующим спиновым системам. 
2) Предварительное приписание сигналов аминокислотам по их 
типу.
3) Анализ информации о взаимном расположении аминокислот.
4) Окончательное приписание сигналов по отдельным остаткам. О
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Figure 17.13. Stages in the structure determination of Rho130. Each panel shows the superpo-
sition of the four lowest energy structures after final energy minimization. The β-strand domain,
which forms the lower part of the structure in this presentation, was used to define the align-
ment. Panel A shows the set of structural models generated from the initial set of constraints.
Panel B and C show improvement in the structural models by the addition of hydrogen bonds as
well as torsional angle and additional distance constraints. Panel D shows the effect of utilizing
residual dipolar couplings as additional constraints. Note that the relative alignment of the two
sub-domains is not well defined until Panel C and becomes more precise with the addition of
the RDCs.

Hydrogen bond constraints could not be utilized during stage A of structure de-
termination. Although potential hydrogen bond donors had been identified by virtue
of slow amide exchange kinetics, the identification of the acceptors required initial
models. A similar situation also existed for the use of φ torsional angle constraints.
Although most of the coupling constants had been measured for the three bond HN -
Hα coupling, only approximately one-third (30/91) were above 9 Hz and could be
used without concern of conformational averaging of the coupling constant.

Residual dipolar couplings for the H-N and H-Cα bond vectors were obtained from
samples aligned using filamentous bacteriophage. Both couplings were obtained by
measuring the oscillation of peak intensity as a function of time and then fitting the
data to a damped cosine function to determine the value of the coupling constant.
In the case of H-N coupling, pulse sequence B in Fig. 16.14 was used. The C-H
couplings were measured using a modification of the HA(CACO)NH experiment as
described by Hitchens et al [73]. These constraints were not used for refinement until
the final stage, when reasonably accurate structures became available.

The lowest energy model structures that were obtained from step A showed good
agreement within each sub-domain of the protein. The structural similarity can be
characterized by the root-mean-squared deviation RMSD. The RMSD is a measure of
the similarity of one structure to another and is defined as follows:

RMSD =
1
N

N Atoms∑

i=1

√
[(xij − xik)2 + (yij − yik)2 + (zij − zik)2] (17.24)

Чем больше информации можно извлечь из данных 
ЯМР – тем точнее структура
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