
DETERMINING STRUCTURE BY NMR SPECTROSCOPY:

NMR spectroscopy has been  instrumental in determining high resolution structure of molecules along 
side with X-ray crystallography. Conceptually NMR differs from X-ray methods, by being an indirect 
method, which can only provide constraints, based on which the structures are calculated. For example, 
if three  nuclei i.e, A, B, C, are close to each other in space, through NMR experiments (NOESY) we 
can determine arbitrary distances between A-B, B-C, C-A. Using these distance information as 
constraint ( or condition), we can compute structures which doesn't violate the given constraints. If less 
number of constraints are used, large number of structures will result  satisfying these constraints, 
which would probably not exist in reality. To confine the solutions to more accurate ones, more 
constraints are given in the form of angles (dihedral angles; the phi and psi angles), hydrogen bonds 
formation and orientation of bond vectors. Before getting into details of structure calculation, we will 
briefly explain the basic principles behind NMR experiments and how they are employed in obtaining 
constraints like the inter atomic distances (nuclear distances), bond angle between two bond vectors 
(dihedral angle) and orientation of bond vectors in space. 

(Figure 
A): Three nuclei A,B,C in space and the corresponding distance constraint)



(Figure
B): Dihedral angle is determined by four atoms, i.e, the angle between two bond vectors connected via 
a single bond.)

Background information:

Since NMR deals with nuclei (subatomic particle), quantum mechanics is quint-essential in 
understanding  and interpreting the NMR experiments. Fortunately, physicists have developed two 
approaches to simplify this problem namely, product operator formalism and density matrix approach, 
which are one and the same in principle but differs only in the representation. 

Product operator approach is simple and effective to analyze the NMR spectrum without much 
calculations. Whereas complete experiments can be simulated using density matrix approach. (keeler, 
[1])

Forgoing the detailed theory in this section, we can state the objective of NMR experiments with 
structure determination in perspective, as to determine as many constraints as possible.  In order to use 
these constraints effectively we need to relate the obtained NMR spectral parameters to the structural 
parameters (A.Bain, [4]). For example, a peak in a NMR spectrum has four characteristics, namely, 

1) Frequency at which it appears (Larmor frequency)
2) Line width at half maximum
3) Area of the peak
4) Phase of the peak

these are considered as the spectral parameters, on the other hand the structural parameters would be 
what the position of one nuclei with respect to the others in the three dimensional space.

In addition to the above spectral parameters, if a nuclei is chemically bonded to an adjacent nuclei, the 
original peak would split in to multiple peaks (multiplets). The number of splitted peaks depends on the 
number of adjacent nuclei attached to it. For example, for a methyl proton, all the CH3 protons are 
magnetically equivalent, hence it should appear as a single peak with thrice the magnitude of intensity, 
but when a CH2 group is present nearby as in CH3-CH2-OH, then the two protons in CH2 group (n=2) 
would split the single peak of CH3 in to 3 (n+1 peaks). The magnitude of the distance between the 
splitted peaks is termed as the coupling constant (J) and is a measure of nature of the bond (i.e, single 
bond, double or triple bond etc. ) as well as the nuclei to which it is coupled or attached with. Infact 
coupling effect is due to interaction of electrons surrounding one nuclei with its adjacent nuclei, hence 
it is an indirect effect, which contrast with direct effects like dipolar effect, where one nuclei interacts 
directly with its adjacent nuclei that is spatially close to it. If the coupling or scalar or bond effect is 
strong, then the magnitude of peak splitting would be large, on the other hand if coupling is weaker, the 
splitting effect would be smaller or negligible. In many cases, the relationship between the spectral 
parameters and the structural parameters are not straightforward, but will become clear with the 
explanation of some of the well known NMR experiments.



(Figure 
The four basic characteristics of an NMR peak is highlighted in figure (A) and (B)
(C) shows how the J coupling splits the original peak into doublet. ) 

Fundamental property of Nucleus:

In NMR experiments the magnetic moment of  nuclei are manipulated using radio frequency pulses in 
the presence of a strong magnetic field to obtain the desired information. In order to understand how a 
nuclei gives rise to a peak in the spectrum, we need to understand what magnetic moment/ 
magnetization is and  how it is manipulated through experiments (Frank, [3]).  

Let us consider a protein molecule, where amino acids are bonded together through peptide amide 
bonds. Each amino acid in turn  has different nuclei like H,N,C,S,O. Further down each element like 
H ,C, N can exist in many isotope forms e.g, H can exist in H1 (proton), H2(deuterium), H3 (tritium) 
forms. In nature the ratio of H1:H2:H3 is 99.89:0.085:>0.0001 respectively.  Each isotope has its 
unique nuclear property called spin property, which is quantified in terms of spin quantum number. E.g 
H1 has ½ spin number, H2 has an integral spin number 1. The nuclei with spin number greater than 
zero are said to be spin active.

Because of the presence of protons, nuclei inherently has some charge associated with it.  In 
addition if that nucleus is spin active, as it spins along an axis, it generates a circular current with  its 
associated magnetic field.  Hence, when a spin active nuclei is placed in a strong magnetic field (B0), it 
will behave like a tiny bar magnet and align itself along with the stronger magnetic field. The magnetic 
field of an individual nucleus is quantitatively defined as 'magnetic moment'(U). As the nuclei's 
magnetic moment (U) aligns along the main magnetic field, it will start precessing around the axis of 
the magnetic field (B0). This phenomenon is similar to a top that is spinning and precessing around an 
axis under the influence of the gravitational field. The rate or frequency at which nuclei precess, is 
defined as the Larmor frequency. Proton `H' precesses at 400*10^6 times/sec or 400 MHz , N15 at 
40.52 MHZ and C13 at 100.56 MHZ in 9.396 Tesla magnetic field.



(Figure to explain random orientation, aligning of magnetic moment, precession----
A) The random orientation of nuclei present in a sample of molecules, 

B) The same nuclei, when placed in a strong magnetic field, the spin active nuclei will majorly align 
along the magnetic field and minorly against the field. The residual nuclei that actually contribute to the 
signal is the difference between these two sets of orientations.)

(C) This figure explains how a spin active nuclei precess with respect to magnetic field B0 along 'z' 
axis)



Now when we consider all the protons ('H') nuclei present in different functional groups like 
NH2, CH3,CH2, CH, C6H6 (aromatic) in a protein molecule,  each proton has its own local 
enviornment defined by its functional group. In amino group,for example, NH2, 'H' nuclei is adjacent 
to 'N' whereas in CH3, 'H' nuclei is adjacent to 'C'. This results in protons experiencing different 
magnetic field from each another. Additionally, the protons may be well buried or exposed to the 
solvent in the structure. This also brings about the variation in the magnetic field experienced by the 
nuclei.  
The Larmor frequency is directly proportional to the strength of the external magnetic field it 
experiences. For example, a proton nuclei (A) which is present on the surface, experiences stronger 
magnetic field compared to a proton nuclei (B) which is at the center of the molecule. Thus A will 
precess faster than B, because of the differences in shielding or screening effect caused by the adjacent 
nuclei in its surrounding. Indirectly we get the picture of the surrounding of each nuclei from its lamor 
frequency. Chemical shift is the commonly used representation for  lamor frequency, where the lamor 
frequency of desired nuclei is expressed relative to a standard nuclei's lamor frequency and finally 
written in parts per million. In real cases the frequency range of protons would be 500MHz +– 30KHz 
at a 11.7 Tesla magnetic field.  C13 and N15 nuclei also behaves like H1, but its precession Larmor 
frequency would be around 125 and 50 MHZ respectively, note that naturally occuring C12 and N14, 
are not spin active hence  C,N are isotopically labelled through special means to enrich C13 and N15 
nucleus in proteins.

Let us consider H1 alone for the current discussion. If all the magnetic moments of the protons are 
aligned towards the magnetic field, they add up to give a 'bulk magnetization'. The magnetization by 
definition is the sum of all the individual magnetic moments.

(Figure explaining longitudinal components

(A) The magnetic moment of a set of nuclei precessing around 'z' axis is represented as red arrows . 
The direction of projecting these vectors onto 'z' axis is shown as grey arrows emanating from a light 
source. (B) The top view of the projections, showing the maximum 'z' component. (C) Shows the 
projected 'z' component as a vector also known as 'Bulk magnetization'.  



(Figure explaining, transverse components

(A,B) Projection of the same vectors onto x-y plane, with the light source placed perpendicular to the 
x-y plane. (C) Further projection of each vectors onto x axis  by placing the light source perpendicular 
to 'x' axis. (D) Simiar projection of vectors on to 'y' axis.)

If we apply a stronger magnetic field in 'x' or 'y' direction, in constrast to the main magnetic field 
already present along the 'z' direction, the bulk magnetization will tend to align with the stronger field 
placed along x/y axis. In practice this is what is effected by applying a strong radio frequency field 
instead of an alternate magnetic field. The Radio frequency waves being electro-magnetic in nature has 
both electric and magnetic component.  The nuclei flip from 'z' to x/y axes, will happen only if its 
Larmor frequency matches exactly with the frequency of the radio frequency field. The degree of flip 
inturn depends on the strength of the radio frequency field. Decades before, continuous wave 
experiment or sweep mehod was rotuinely used where the frequency of radio frequency (rf) waves are 
sequentially and continuously varied from higher to lower field. As the field is swept, only selective 
nuclei take up the radio frequency and show up in spectrum. Nowadays, this method has been replaced 
with pulsed technique, where a short pulse of rf field generates all the required frequencies 
instanstaneously along x/y axis. As a result all the nuclei with its Larmor frequency within the defined 
rf range absorbs and align along x/y axis.

Immediately after the pulse, the magnetic moment vectors that are coherently aligned along 'x' or 'y' 
axis, start precessing in the x-y plane at the same time gradually moving away from x-y plane towards 



(Figure explaining, single frequency fid and original  multiple frequencyNMR signal

(A) A dampened signal arising from a single nucleus. (B) The free induction decay signal arising from 
a set of nuclei.)

the initial equillibrium position along z axis. During this process, if a detector is placed perpendicular 
to the x-y plane, as the magnetization vector cuts across the coil, an induced current will be generated. 
This signal decays with time and is referred to as 'Free induction dacay' or the NMR time domain 
signal. 

Experiments are usually designed  to manipulate the magnetic moments in diverse ways using multiple 
pulses at various intervals, before the final FID is recorded. By doing so we transfer magnetization 
from one nuclei to another. One commonly used experiment called 'INEPT' (Indirect nuclei detection 
through polarisation transfer), transfers the magnetic moment from a proton nuclei to its immediately 
attached C or N nuclei. Through this experiment, the Larmor frequency of both the proton and its 
covalently attached C or N   are obtained. Further, advanced experiments are available which are built 
on modulating the magnetization through 'pulses'  and  'delays'  in a specific way. 

From all NMR experiments, we only get the time domain signal as shown in the following figures. In 
order to interpret, the signal has to be transformed to frequency domain using Fourier transformation. 
The characteristics of time domain signal is that it takes positive and negative values in a oscillating 
manner on progression with time. It also gets dampened or decay during the process.  The final 'FID' 
signal results not from a single nucleus, but from all the available nuclei each precessing at different 
frequencies. The FT mathematically resolves the contribution of each individual nuclei from the FID 
signal. FT is worked out by multiplying, the time domain signal with an unique test frequency signal. If 
the FID signal has any of its component signal matching the test frequency then they will add up 
constructively. Whereas, if the FID has no matching frequency then the summation would be 
destructive and result in zero value.  This following figures, explains this process in detail (Joseph [6]).



Figure (A) Construction of FID using three frequencies 1,2,3HZ. The resulting undampened signal. The 
same signal when multiplied with an exponential decay function gives the FID similar to NMR 
experimental data.

B) Fourier transformation is employed to transform time domain to frequency domain signal.



The FID is multiplied with 1Hz (test frequency) and 3HZ (test frequency). The resultant plot shows the 
intensity of 1HZ is positive where as 3HZ is negligible, as no such frequency is present in FID.
This intensity is plotted against the test frequencies used, the intensity of 2 HZ is twice compared to 
1HZ, as its amplitude is twice in time domain signal also. In NMR spectrum, this corresponds to two 
nuclei having the same resonant frequency.

In the final Fourier transformed spectrum peaks will appear at positions corresponding to the Larmor 
frequency of the nucleus present in the sample. The intensity of the peak corresponds to the number of 
nucleus present at the same frequency. ( In general, the Larmor frequency is referenced to a standard 
radio frequency wave, and expressed as offset value. i.e offset frequency () = Larmor frequency(standard 

frequency) - Larmor frequency(nucleus of interest) ).

The above explained principles applies to H1, C13, N15 and other spin active nuclei alike. If an 
experiment, considers and modulates only one type of nucleus, then such experiments are called as one 
dimensional experiments. If additional nuclei type are also included, then it becomes multidimensional 
experiment. Practically, the dimension of an experiment is not based on the number or type of nuclei 
involved, but by the number of 'evolution periods' present in the pulse sequence. The evolution period, 
also referred to as 'Delays' is critical, as only during this period, the correlation between different nuclei 
are established. Each nuclei type is specifically modulated through one of the evolution periods present 
in the experiment. Hence the number of 'evolution periods' also corresponds to the number of nuclei 
type being manipulated.

An NMR experiment, with 2  evolution period is called two dimensional and the experiments with 
increasing number of evolution periods  are accordingly called as three, four or higher dimensional 
experiments. 

 It is not necessary that the dimension number matches with the different hetero nuclear type present in 
the molecule. The hetero nucleus referred here can be any nucleus other than 'H'  like C, N, P, S  etc. 
Even `H' present in different functional group, but within the same molecule can constitute the other 
dimensions. e.g, In an amino acid, protons present in amide group, and protons attached to alpha or 
beta carbon can be considered as two different dimensions. Alternatively, amide proton of an amino 
acid and all the other protons present in its vicinity can also be considered as two different dimensions. 
In the former case the difference in the two types of protons is obvious as they are present in two 
different type of functional group. But in the latter case, the first dimension is straightforward as it is 
constituted by amide proton, but the second proton comes from all different functional groups 
including amide protons. Here, the second dimension is defined by the spatial proximity or vicinity 
rather than by according with functional group. Thus, the definition of the nucleus type corresponding 
to each dimension differs from experiment to experiment. 

Based on the nuclear types that constitutes the dimensions, NMR experiments can be generally 
classified as homonuclear or hetero nuclear experiments. E.g, In  (H-H) COSY (Correlation 
spectroscopy) experiment, all protons present in the molecule constitute the first dimension, where as 
protons that are two or three bonds away with respect to the first dimension protons, constitute the 
second dimension. As both the dimensions are constituted by the same nuclear types i.e. protons, this 
class of experiment is called homo nuclear experiment.  In (NH) HSQC experiment, proton forms the 
first dimension, where as the N15 hetero nuclei which are immediately attached to it through a covalent 
bond (i.e. a single bond away), constitute the second dimension. Since this type of experiment involves 
two different nuclei type i.e. proton and nitrogen, it is classified as hetero nuclear experiment.



NMR experiments can also be classified  based on the way the magnetization is transferred from one 
nucleus to other. For example, the magnetization can be transferred through the 'scalar or covalent 
bond' as in TOCSY experiments or 'through space' as in NOESY experiments.  TOCSY experiments are 
designed to identify, all the nuclei that are adjacent to a nuclei of interest, and are attached to it through 
scalar bond. Whereas in  NOESY, all nuclei adjacent to a nuclei of interest are identified, but the 
adjacent nuclei need not be covalently bonded to the nucleus of interest and must be spatially close to 
each other. To exemplify the difference, we can consider  a protein molecule, in which each residue or 
the aminoacid  is connected togeather through peptide bond.  In NMR jargon each residue is considered 
as an individual system called 'spin system'. A proton from a specific residue, say 7th amino acid will be 
adjacent to protons from residue 6 and 8. But it will be far away from residues numbered say 20 or 35. 
But if the protein is folded in such a way that residue 100 is present adjacent to residue 7, then by 
sequence (covalent bonding ~ 93 peptide bonds) they are far apart, but by structure they are 'spatially' 
close. Hence in NOESY spectrum, we can see contribution of 100 th residue to the 7th residue, and vice 
versa. The same effects cannot be seen in TOCSY spectrum as it is designed only to identify and 
correlate protons that are present within a single spin system or amino acid.

(A simplistic figure to differentiate TOCSY and NOESY.

The pink peak corresponds to the NMR signal from 7th and 100th residue at an arbitrary chemical shift 
value, which is not mentioned here. TOCSY spectrum shows only peaks corresponding to residues 7 
and 100. NOESY shows 'cross peaks' at symmetrical coordinates, shown in red, which is an evidence 
that 7 and 100 are correlated via spatial proximity. The figure is highly simplified to explain the 
difference between NOESY and TOCSY experiments. None of the x,y scale has meaning in practical 
sense. )  



One dimensional experiment:

Let us consider the following structure with two amino acids. Each amino acid is considered as an 
individual system or  'spin system'.  It is possible to relate or correlate a nuclei from one spin system to 
another nuclei within the same spin system (intra-correlation, e.g, TOCSY) or to another nuclei present 
in adjacent spin system (inter-correlation  e.g NOESY). The correlation can be made either through 
scalar bond  or  spatial proximity/nearness. In a less complicated one dimensional experiment, one 
particular nuclei type is manipulated and observed  without making any correlation with another nuclei 
type. If we are to record an NMR experiment for the above two amino acid peptide, we will get a 
spectrum as shown below (Cavanagh [3]).

(Figure : structure of a dipeptide containing alanine and lysine)  

(Figure : 1D spectrum of the dipeptide)  

In the above1D spectrum we see a pair of peaks corresponding to '' and '' protons from 1, 2 spin 
systems i.e, Alanine and lysine respectively and a single peak corresponding to each    of 2nd spin 
system. The labelling in the figure has been done for convenience, but in practice, we don't know which 
peak belongs to which functional group and also from which spinsystem. The process by ehich each 
nucleus is designated to respective spin system is called “Assignment”. 2D and 3D experiments are 
commonly used for the asignment purpose. 



Further sophisticated 1D experiments are available that are designed  to observe nuclei  in specific 
functional group. E.g, Experiments designed to observe only the amide and amine  protons, eliminating 
methyl, methylene, methyne and aromatic protons  in the spectrum. The problem with one dimensional 
experiments is that, it suffers from poor resolution,  with increase in number of protons in the molecule. 
For example, if only two protons are present in a molecule, it will propably appear as distinct, well 
resolved peaks. On the other hand if hundred such protons are present, then, the spectrum would be 
crowded with 100 peakswithin the same spectral width or 'ppm' interval. To overcome the resolution 
problem, higher dimensional experiments were developed, the concept behind extension of higher 
dimensional experiments from lower dimensional experiments are detailed in the figures().

Two dimensional experiments

For the same molecule, if we want to identify the H and H that are directly correlated, we make use of 
2D experiment called COSY (Correlation spectroscopy).  In this experiment we get two characteristic 
peaks namely 'diagonal' and 'cross peaks'.  If we consider two nuclei that are covalently bonded 
togeather but two or three bonds seperated, and if we let '1' and '' to be its chemical shift value 
(analogously, Larmor frequency). A diagonal peak will appear at (1,) and (,)  coordinates in a 
x-y axis system for first and second nuclei respectively. This does not contain any information, other 
than that two nuclei are present one at 1 and other at  position. Since the two nuclei are correlated 
through bond, two cross peaks will also appear at (1,) and (,) coordinates. This contains the 
structural information, that nuclei one is covalently attached to nucleus 2 and vice versa. In other 
words, cross peaks are peaks that are seen at the intersection of two different resonances, which are 
correlated, whereas,   diagonal peaks are the peaks that are seen at the intersection of same resonance. 
As each nucleus is related or correlated to itself, each nucleus will give rise to a single diagonal peak in 
the 2D spectrum.

The number of covalent bond between the correlated nuclei can vary from 2 to 3, depending on which 
the intensity of the peak will decrease. The shorter the distance, the stronger the correlation and 
intensity.  



(Figure : construction of 2d spectrum from 1d spectrum

(A)One dimensional experiment showing four amide protons of a protein. (B) The 2D experiment for 
the same amide protons, now a new dimension 'N' perpendicular to 'H' is introduced. In the 2D, the 
ppm of protons are identical as seen with 1D experiment, but have been spread out in the second 
dimension, according to which 'N' it has been correlated.)  



(Figure : 2d spectrum of COSY, Uncorrelated spins, sequentially correlated spins, non-sequentially 
correlated spins
(A) Construction of 2D COSY from two 1D spectrum, which are placed perpendicular to each other 
and along 'x' and 'y' axes. This also corresponds to 2D COSY for four nuclei which are not correlated 
with each other. The diagonal peaks are shown as D1,D2,D3,D4.
(B) 2D COSY for a molecule containing four nuclei, in which cross correlation is seen between (1,2); 
(2,3);(3,4); shown as peaks  (C12,C21);(C23,C32);(C34,C43). 
(C) 2D COSY for a similar molecule but here the correlation is seen between (1,3) and (2,4), shown as 
peaks (C13,C31) and (C24,C42) respectively. 

)  

In addition to correlating proton to proton type, there are experiments available that can correlate 
proton with heteronuclei like C13 or N15. N15 HSQC (Hetero nuclear single quantum coherenc or 
correlation) experiment,  correlates amide proton with its respective amide nitrogen connected through 



a single scalar bond (figure -2D color pict).

TOCSY stands for 'total correlation spectroscopy', is a powerful experiment, which can correlate all the 
nuclei present within a single spin system to itself.
For example consider,



(Figure : of a simple 5 spin systems
An hypothetical spin system with 5 different nuclei connected through bonds, shown as curves, the 
inter-nuclear distance between pair of nuclei is different from each other shown in arrows. 

)  



(Figure : TOCSY spectrum of the same spin system
TOCSY spectrum for the above spin system. We see 5 diagonal peaks  corresponding to 5 nuclei 
present in the spin system. As all the nuclei within a spin system are covalently correlated, despite the 
number of bonds seperation, we see cross peaks for each bonded nuclei. E.g, nuclei 1 has a diagonal 
peak D1 and cross peaks (C12,C13,C14,C15) and its symmetrical counterpart (C21,C31,C41,C51). 
Unlike COSY, in TOCSY, the corralation is not confined to one or two bond seperation, it extends to 
even 5 or more bonds apart, but present within the same spin system.  

)  

NOESY (Nuclear Overhausseur spectroscopy) is another important experiment, which correlates all the 
nuclei that are adjacent to the nucleus of interest through space, not necessarily be connected to it 
through scalar bond.  



(Figure : NOESY spectrum of a same spin system
Unlike TOCSY, the NOESY spectrum shows variation in intensity of cross peaks that correlates two 
nuclei. This intensity is related to the inter nuclear distance between them. Nuclei 1 has a diagonal peak 
at D1 , and cross peaks at (C12,C13) and (C21,C31). Though nuclei 3,4,5 are covalently bonded to 
nucleus 1, since they are far apart (>5 A) spatially, we dont see any cross peak for these nuclei. Please 
note that,  though the pattern of appearance and disappearance of cross peaks varies among these 
experiments the coordinate or  position of both the diagonal and cross peaks are identical and does not 
change.
)  

To compare TOCSY and NOESY, the former gives the details of all nuclei present within a spin 
system, but  NOESY, information on all the nuclei that are present within a spin system as well as its 
adjacent spin systems but spatially proximal. This makes NOESY more useful in terms of the structural 
information it contains. The intensity of each cross peak in NOESY spectrum is related to the nuclear 
distance between the correlated nuclei. So the distance information on a pair of nucleus can be 
deciphered from the cross peaks's intensity. The determined intensity is used as a distance constraint in 
further structure calculation. In contrast to NOESY, correlation experiments like TOCSY, COSY are 
used to identify and assign peaks to its respective nuclei type.



(Figure: Explaining the concept of 3D with planes

The 3D experiments include one more dimension perpendicular to the two dimensions seen in a 
conventional 2D experiments. The third dimension is shown as a series of planes along 'z' axis. Each 
dimension represents a nuclei type which are magnetically non equivalent. 
)

Like two dimensional experiment increases the resoution of peaks in one dimensional experiment; 
three and four dimension experiments further extends the resolution of two dimensional experiments. 
The construction of higher dimensional experiments from two dimensional experiments is illustrated in 
the figure.



(Figure: Explaining the concept of 3D from 2D, and 4D from 3D



(A)  3D spectrum with the third dimension represented by 'C'. The four peaks seen in the 2D is spread 
along 'C' dimension into different planes, corresponding to which 'C', each amide proton and nitrogen 
are attached with. Each plane corresponds to one chemcal shift value of 'C' dimension. 

(B) 4D spectrum, where the 3D cubes are extended and resolved along one more dimension, 'H' (4th 

dimension). The fourth dimension is shown as linear axis below the cuboids represented at each ppm. 
Like each plane corresponds to one 'C' resonance value, each cuboid corresponds to one 'H' resonance 
value in 4 D experiment.

)

Structure determination:

The determination of protein strucuture is carried out in two steps,
1) Assignment of each resonances or peaks in the spectrum
2) Structure calculation using structural restraints obtained from the spectral parameters.

Assignment involves identifying all the chemical shifts of H, N, C shifts of all the nuclei present in 
each spin systems or residues. 

Once we have the assignment, then we can identify and assign all the peaks in the NOESY spectrum 
and get information on inter-nuclear distance from the peak intensity. To emphasize, though different 
experiments are performed on the same sample resulting in different spectra, the chemical shift of each 
nuclei will be the same in all the spectrum. i.e, a amide proton with a chemical shift 7.7 ppm will show 
up a peak identically at the same resonance in COSY, TOCSY, NOESY. Hence unique information 
concerning the same proton is obtained from each of these different experiments.

The assignment step itself is carried out in two steps,
1) Back bone assignment
2) Side chain assignment

The backbone assignment involves assignment of protons like H(N), H(Cα), and the hetero nuclei  C 
and N which are bonded to it (i.e, (H)N, (H)Cα, C'(O),). In the above notation, the nucleus whose 
chemical shift is determined is outside the bracket, and the nucleus associated with it is placed within 
the bracket. A set of correlation based experiments that correlates a specific nuclei from one spin 
system (ith residue) to another specific nuclei in either its preceding  (ith-1 residue) or its subsequent 
spin system (ith+1 residue) is used for backbone assignment. CB-CA-(CO)-NH, HN-CA-CB , HN-CO 
and CO-(CA)-NH  are some of the routinely used backbone assignment experiments.



(Figure: 
(A) Shows the back bone nuclei present in four consecutive residues, which are assigned through 
backbone experiments.
(B) Shows the side chain nuclei present in four consecutive residues, which are assigned through side 
chain experiments.

)

In the side chain assignment protons like H(Cα), H(Cβ), H(Cγ), H(Cδ), H(Cε) etc. and its associated 
heteronclei like (H)Cα, (H)Cβ, (H)Cγ, (H)Cδ, (H)Cε  are identified and assigned through TOCSY based 
correlation experiments. 

Now we can take a look at the details of how the backbone experiments are used for identifiaction and 
assignment of peaks. CB(i-1)-CA(i-1)-(CO)(i-1)-N(i)H(i) and  H(i)N(i)-CA(i)-CB(i) is a pair of experiments used 
for correlating ith residue with its ith-1 residue. In CB(i-1)-CA(i-1)-(CO)(i-1)-N(i)H(i)  experiment,  the 
magnetization  starts with amide proton H(i)  of ith residue and transferred to its immediately attached 
amide  N(i)  of the same residue (i). From N(i)  the magnetization is transferred to Cα (i-1) and then to Cβ (i-1) 

of the preceding residue (i-1), through the linking carbonyl group (CO(i-1)) of (i-1 th) residue. During 
this process of magnetization transfer, the time domain signal is labelled with the larmor frequency of 
the amide proton (H(i)), amide nitrogen (N(i) ) and finally with both Cα (i-1)  and Cβ (i-1).  Similarly,  its 
complementary experiment, HN-CA-CB, transfers signal starting from H(i) to  N(i) , then to CA(i) / CB(i) 

all within the same residue. 

In both these experiments, three different nuclei are involved during magnetization transfer, hence 
when such a time domain signal is Fourier transformed, once for proton, once for nitrogen and finally 
for carbon dimension, the resulting frequency domain spectrum would result in a set of x-y planes 
stacked upon each other along the z direction. This is clearly illustrated in the figure how 



mutidimensional experiments result from single dimensional experiments. For CB(i-1)-CA(i-1)-(CO)(i-1)-
N(i)H(i)  experiment the peaks will appear at the coordinate of (H(i), N(i) ,Cα (i-1)  / Cβ (i-1)), but for   HN-CA-
CB, the peaks will appear at the coordinate of (H(i), N(i) ,Cα (i)  / Cβ (i)). Sometimes we can also see the 
peaks of (H(i), N(i) ,Cα (i-1)  / Cβ (i-1)) in  HN-CA-CB, but its intensity will be much weaker than the (H(i), 

N(i) ,Cα (i)  / Cβ (i)) peaks. 

(Figure: 
(A) Spectrum of CBCA(CO)NH experiment. The CA and CB of the (i-1)th residue appear at 52.3,20.3 
and correlated with HN of ith residue at 7.5,115.3



(B) Spectrum of HNCACB experiment. The CA and CB of the (i)th residue appear at 42.7,33.4 and 
correlated with HN of the same residue at 7.5,115.3

)
It is to be noted that the amide proton resonance in both of these experiments belong to the ith residue, 
i.e,, hence the (x, y) coordinate corresponding to (H(i), N(i)) chemical shift value would be identical in 
both these spectrums. The difference comes only in the carbon dimension i.e the 'z' axis. In CB-CA-
(CO)-NH,  we can identify two peaks along carbon dimension (z)  for the same  (H(i), N(i)) chemical 
shift value. These peaks corresponds to the CA and CB of the preceeding residue (i-1). The HN-CA-
CB,  also shows two peaks along the carbon dimension, at the same (H(i), N(i)) coordinates. These peaks 
correspond to CA and CB of the same (ith) residue . The amide proton of residue 'i' helps us to correlate 
CA,CB of its own spin system and to its  preceeding spin system or residue. 

We can consider the following table where the peak pairs (CA,CB) identified from both experiments 
through its common amide proton resonance.

Peak no HN-CA-CB CB-CA-(CO)-NH

H(i) N(i) CA(i) CB(i) H(i) N(i) CA(i-1) CB(i-1)

1 7.5 115.3 42.7 33.4 7.5 115.3 45.7 -

2 6.8 107.3 62.4 65.4 6.8 107.3 57.4 45.2

3 8.3 121.5 53.4 20.3 8.3 121.5 62.4 65.4

4 7.1 119.8 57.4 45.2 7.1 119.8 42.7 33.4
  

Here the peak numbers are arbitrary and does not correspond to the sequential number of the amino 
acid. We can see the CA/CB pairs sharing the chemical shift on both sides highlighted in different 
colors. On matching these values, as shown below we can identify which spin system or residue 
preceeds it in terms of arbitrary number.



Arbitrary no CA/CB of ith residue CA/CB of i-1 th residue

1 7.5, 115.3, 42.7, 33.4 7.5, 115.3, 45.7, -

4 7.1,119.8, 57.4, 45.23 7.1, 119.8, 42.7, 33.4

2 6.8, 107.3, 62.45, 65.47 6.8, 107.3, 57.4, 45.23

3 8.3, 121.5, 53.4, 20.3 8.3, 121.5, 62.45, 65.47

After connecting all the residues through their arbitrary number, we have to match it with its sequence 
through the clue from unique resonance pattern observed for residues like alanine, serine/threonine and 
glycine. Alanine has the lowest CB value compared to all the other amino acids and usually would not 
exceed 20ppm. In the above table looking at the first column corresponding to ith arbitrary residue, the 
residue no '3' would be  alanine. Serine and threonine has its CB resonances higher than the CA value, 
constrasting all the other amino acids whose CA> CB. Also, CB of serine and threonine would be in 
the range 65 to 72ppm. Analyzing the table again, residue '2' would be either serine or threonine. 
Glycine is unique among other amino acids that it has only CA and no CB. The CA of glycine usually 
appear around 45 ppm. Hence we surmise the residue preceeding '1' would be glycine.

If we represent the above matched residues with its guessed amino acid type, then the sequence is

Preceeding residue(Glycine) -- 1 (not identifiable) – 4 (not identifiable) – 2 (S/T) – 3 (Alanine)

If we compare this pattern with the partial amino acid sequence of the protein,

TEEDLCSWQGFYSAHRGVLKGLP

we can identify that the section GFYSA, matches with the linked pattern of peaks, NG 1x 4x 2S 3A. 
By repeating this with all the available peaks, we can assign the CA,CB, N(H),H(N) of most of the 
amino acids in the sequence. The complete process starting from arbitrary alignment to final 
comparison with amino acid sequence and identifying the spin systems correctly, is referred to as 
backbone assignment.
 

Side chain assignment:

The side chain assignment is carried out using H(CC) (CO)NH and (H)CC(CO)NH – TOCSY based 
experiments. Both these experiments are similar to backbone experiments, except that the correlation is 
TOCSY based. As explained in earlier section, TOCSY gives the correlation between all the nuclei that 
are present within a spin system, and its implementation through experiment is unique. Instead of 
transfering magnetization sequentially from one nuclei to another, the magnetization gets mixed up by 
matching with 'Hartman Hann condition'. In a 3D H(CC) (CO)NH - TOCSY experiment, all the H 
(C)nuclei from different functional type (etc.) transfers their magnetization to its 



immediately attached carbon and then to all carbons present within that spin system. After this 'mixing 
up' process, the magnetization is transferred to the amide nitrogen and then to the amide proton.
The (H)CC(CO)NH -TOCSY is similar to the former TOCSY, except that carbon are detected rather 
than protons. In the former experiment, the first and second dimension would be H(N) and (H)N, and 
the third dimension would be proton that are attached to carbons i.e, H(C), and in the latter experiment, 
the third dimension would be carbon that present in the side chain i.e, (H)C. 

Since we have already identified the chemical shifts of amide protons to its spin system, by going 
through the respective coordinate, we get the chemical shift of both carbon and protons of  
etc. types present in the side chain.

With the help of backbone assignment and side chain assignment, we can assign each peak present in 
the NOESY spectrum. Usually 3D or 4D NOESY experiments are used to avoid peak overlapping 
problem, though at the cost of losing some sensitivity. 3D H-HN – NOESY , starts with magnetization
from all protons being transferred to its adjacent protons, through a 'mixing' delay, which is different 
from TOCSY's  Hartman Hann mixing (where series of pulses used). During the mixing time, through a 
process called 'relaxation', the magnetization from a nucleus starts leaking to its enviornment. If 
adjacent nuclei are present in close proximity to the relaxing nucleus, the magnetization transfer will 
take place.  Unlike the conventional transfer through bonds, this process is space and distance 
dependent, hence the term 'through space' experiment. Following the proton to proton transfer, the 
magnetization is allowed to transfer to its attached amide nitrogen. During this process, only amide 
protons which has taken up the magnetization in previous step persists, whereas the rest of the protons 
will go undetected. On fourier transformation, we get both the first dimension and second dimesion to 
be proton types and the third dimension is (H)N. 

Structure calculation:

Using chemical shifts of CA and HA alone, we can predict the secondary structure of the protein. Based 
on the fact that the CA/HA's chemical shifts for three different forms namely, the random coil, alpha 
helix and beta sheet are unique. But for determining the tertiary structure we need more of structural 
constraints obtained through experiments. 

The distance constraint for each nucleus with respect to its neighbor nuclei are directly obtained from 
NOESY experiment. Another important constraint, the  dihedral angle, is obtained indirectly using a 
software called 'Talos', that uses two criteria to predict the phi and psi angles for each residue (Nmrpipe 
[5]). A standard database, which has solved structure of proteins and highly accurate chemical shift 
values is used for this purpose . The test residue whose dihedral angle has to be predicted from its 
chemical shift value , is blasted against this database,  considering its flanking residues also. The 
resulting best sequences are taken and their structural aspects are obtained from another data base.  The 
dihedral angle of the best search, is then averaged and used as constraint for the residue in hand. 

The hydrogen bond constraints, is obtained by performing experiments such that those residues which 



form hydrogen bonds will retain their amide protons, while the others will exchange it with the solvent. 
In the spectrum, we can see prominent peaks for 'the residues forming H' bonds  and slowely vanishing 
peaks for the rest. This valuable information is translated into distance information and used for 
structure calculation.

The structure calculation, is more of a optimization problem, making use of simmulated annealing or 
genetic algorithms. The objective is to get a globally energy minimized structure starting from random 
coordinates, satisfying all the provided experimental constraints. Both these algorithms, start with a set 
of random coordinates for all nuclei, and through a random operation, the nuclei are then moved 
slowely in a direction, which minimizes its overall energy.  After each move, the potential energy of the 
molecule is calculated, along with a check on whether the experimental constrains are satisfied for the 
current state or structure, if so the current move will be highly favoured and proceeds further. On the 
other hand, if either, the energy of the molecule increases or the constrains are violated, then penalty 
will be imposed for such moves. This process is repeated several times till a set of convergent 
structures are obtained.

Protein expression for NMR studies:

In Protein NMR, it is quite routine to express/produce proteins in an highly controlled environment like 
recombinant bacteria , mammalian cells or in vitro systems. Which culturing such cells, the media will 
contain N15 ammonium chloride and C13 glucose as the sole nitrogen and carbon source. Thereby the 
proteins expressed/produced is labeled with nmr sensitive N15 and C13 nuclei.

The expressed protein is purified and concentrated to 1mM or higher, in an appropriate buffer 
optimized for protein solubility and good spectrum. Usually 20 to100mM of phosphate buffer with 
sodium chloride or other salts (for solubility and stability reasons) and sodium azide (0.02% -anti 
fungal agent) is used. For small molecules (<=2kDa) 1Dimensional or 2Dimensional experiments  are 
good enough to get the required constraints. For medium sized molecules (>2KDa to <25KDa) 
3Dimensional and higher experiments are necessary. For large proteins (>25KDa), the protein is 
expressed in deuteriated medium rather that aqueous medium, while culturing the bacteria, this process 
is called as perdeuteriation; as a result all the protons in the protein will be replaced with deuterium. 
This is to circumvent the signal relaxation problem, quite often faced in NMR experiments (relaxation 
rate is directly proportional to molecular weight of molecule). Special group of experiment called 
TROSY (Transverse relaxation optimized spectroscopy) is used for structure determination. 
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