
1. Introduction

In the early 20th century, rapid progress in natural

sciences and the development of novel methods of syn-

thesis and structure determination of organic compounds

led to a situation where the search for novel drugs got a

strong chemical basis. Since then drug design has

involved the synthesis of novel structural analogues of

metabolites, endogenous compounds, hormones, etc.

rather than simple application of the empirical method

known since ancient times. A hundred years later the

science of novel drug design is based on biology rather

than chemistry. To date, key biological targets have been

established, methods for structure determination of bio-

molecules (X-ray crystallography, nuclear magnetic reso-

nance, cryoelectron microscopy) developed, genetic

engineering methods for production, isolation and puri-

fication of designed biomacromolecules, as well as meth-

ods of investigation of interactions between the targets

and potential drugs. Target-oriented methods of search

for novel lead compounds have become a basis for

modern drug design strategies.1, 2

Key factors simulating research activity in this field

include expansion of the list of diseases, drug resistance

and identification of new side effects of the known drugs.

The development of a novel drug is a multistep process

that requires huge, constantly growing time demand and

cost (Fig. 1).{ Leading pharmaceutical companies esti-

mate that the development of an innovative drug may

take 10 to 15 years and 41 billion US dollars.3 The

overall cost is mainly spent for long-term and expensive

phases of clinical trials of drugs, where cost reduction is

impossible since the requirements for the safety and

efficacy of the drugs being designed are continuously

toughened.4, 5 Up to 25% of time and cost are spent for

the initial steps of hit discovery and hit to lead optimi-

zation. These expenses can be reduced by using modern
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strategies of rational design of physiologically active

compounds based on information on biological targets.

Identification and validation of a new target are

carried out using methods of molecular biology,1 bioin-

formatics,6 genomics 7 and proteomics.8 In recent years,

high-tech methods of phenotypic screening on cell mod-

els, protozoa, or insects have been rapidly developed,

leading to the discovery of new biological targets.9, 10

Targets can include enzymes, transport proteins, recep-

tors, nucleic acids, as well as nucleoprotein com-

plexes.11, 12

Currently, a few hundred targets are involved in the

search for new drugs; a few thousands of potential

targets were identified.11 Having identified and charac-

terized a target, one can use target-oriented methods to

develop novel biologically active compounds (hits).13

Such methods are based on the design of chemical

compounds that can rather strongly bind to targets and

thus change their functional properties. Note that there is

no need to find compounds with extremely high affinity

for targets. The dissociation constants of the active

substances of drugs currently used in medical practice

from complexes with respective targets vary from 1074 to

10710 M with a maximum occurrence of about

*1078 M.14

Undoubtedly, there is vast gap between identification

of a hit compound capable of binding a target and

registration of a drug. The new hit compound can exhibit

toxic properties (this should be revealed during preclin-

ical testing and clinical trials), demonstrate poor absorp-

tion and extremely rapid excretion, undergo rapid metab-

olism, fail to penetrate blood ± tissue barriers in the

organism, etc. As a result, this compound can simply

not reach its pharmacological targets. Lipinski et al.15

analyzed the structure and physicochemical profiles of

most active substances used in medical practice and

devised a rule called the `Rule of 5'. An orally adminis-

tered active substance obeying this rule is expected to

have high bioavailability and a favourable pharmacoki-

netic profile. More exactly, Lipinski's `Rule of 5' for

orally administered active substances assumes at most

one violation of the following properties: the molecule

should

Ð contain not more than five hydrogen bond donors

(NH or OH groups);

Ð contain not more than ten hydrogen bond accept-

ors (N, O or S atoms);

Ð have a molecular mass of 500 Da or less; and

Ð have a calculated octanol ± water partition coeffi-

cient (logP) of at most 5.

Compounds meeting these criteria are thought to be

druglike. More recently, numerous extended versions of

the `Rule of 5' were reported, which include new criteria,

e.g., molecular surface area of a compound, number of

rotatable bonds, etc.16, 17 At present, screening or design

of new compounds is almost always carried out taking

account of these empirical rules.

Among experimental methods of investigation used in

the field of drug desing, nuclear magnetic resonance

spectroscopy holds a prominent place. In this review we

will discuss the application of NMR spectroscopy

methods in studies of protein ± ligand interactions and

modern NMR screening methods aimed at the design of

physiologically active compounds.

There is considerable recent literature on NMR

screening methods and NMR-based design of lead com-

pounds. Pioneering reviews on the title topic date back to

the years 1999 ± 2004.18 ± 26 They were followed by reviews

on NMR spectroscopy methods for quantification of

protein ± ligand binding,27 ± 29 application of the frag-

ment-based methods and NMR screening for the design

of high-affinity ligands,2, 30 ± 36 comparison of the poten-

tial of NMR spectroscopy and other biophysical methods

in the search for structural fragments.37, 38 Yet another

review 2 covers a two-decade evolution of fragment-based

drug discovery and presents a number of examples.

This review is devoted to fundamental aspects of

protein ± ligand interactions that are crucial for appro-

priate consideration of methods for detection of specific

ligand ± target binding. We will analyze the capabilities of

Target identiécation Target validation Hit énding Lead optimization

Lead discovery

Preclinical testing

Phase I ë III clinical trials

Drug

registration*30% is other expenses

*30%

*25%

*15%

Time /year

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 1. Average periods and expenses for main steps in the drug discovery process (in percentage terms).4, 5

Upper panel: key stages of target-oriented search for a novel physiologically active compound Ð drug candidate.
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NMR spectroscopy for monitoring protein ± ligand inter-

actions and NMR screening. In Section 7 we will discuss

the lead design strategies and present examples of either

approved compounds or those being in Phase II/III

clinical trials.

Notations are as follows:

ALARM-NMR Ð A La Assay to detect reactive

molecules by nuclear magnetic resonance;

BACE1 Ð b-secretase 1;

Bcl-2 Ð intracellular protein factor, regulator of

programmed cell death;

CDK2 Ð cyclin-dependent kinase 2;

CPMG Ð Carr ± Purcell ±Meiboom ±Gill pulse

sequence;

CRINEPT Ð cross-correlated relaxation-enhanced

polarization;

CSF1 Ð colony stimulating factor 1;

DHFR Ð dihydrofolate reductase;

DOSY Ð diffusion-ordered spectroscopy;

DSF Ð differential scanning fluorimetry;

DTT Ð dithiothreitol;

FAXS Ð fluorine chemical shift anisotropy and

exchange for screening;

n-FABS Ð n-fluorine atoms for biochemical screen-

ing (method is analogous to FAXS except that it uses a

number of chemically equivalent 19F nuclei);

FBDD Ð fragment-based drug design;

FBLD Ð fragment-based lead design;

GE Ð group efficiency;

HSQC Ð heteronuclear single quantum correlation;

HTS Ð high-throughput screening;

INPHARMA Ð interligand NOE for pharmacophore

mapping;

ITC Ð isothermal titration calorimetry;

NADP Ð nicotinamide adenine dinucleotide phos-

phate;

NADPH Ð reduced form of NADP;

NMR Ð nuclear magnetic resonance;

NMR-DOC Ð nuclear magnetic resonance docking

of compounds;

NMR-SOLVE Ð NMR structurally oriented library

valency engineering;

NOE Ð nuclear Overhauser effect;

NOESY Ð nuclear Overhauser effect spectroscopy;

RAMPED-UP NMR Ð rapid analysis and multiplex-

ing of experimentally discriminated uniquely labeled

proteins using NMR;

ROESY Ð rotational nuclear Overhauser effect spec-

troscopy;

PPAR Ð peroxisome proliferator-activated receptor;

PrOF NMR Ð 1D-protein-observed fluorine NMR;

SALMON Ð solvent accessibility, ligand binding,

and mapping of ligand orientation by NMR spectro-

scopy;

SAR by ILOE Ð structure ± activity relationships by

interligand Overhauser effect;

SAR by NMR Ð structure ± activity relationships by

NMR spectroscopy;

SHAPES Ð a NMR screening strategy based on the

use of a small but diverse library of ligand structures;

SLAPSTIC Ð spin labels attached to protein side

chains as a tool to identify interacting compounds;

SPR Ð surface plasmon resonance;

STD Ð saturation transfer difference;

TINS Ð target immobilized NMR screening;

TMP Ð trimethoprim;

TOCSY Ð total correlation spectroscopy;

trNOE Ð transferred NOE;

TROSY Ð transverse optimized correlation spectro-

scopy;

WaterLOGSY Ð water-ligand observed via gradient

spectroscopy.

Notations of main physical quantities:

kon Ð rate constant for ligand ± protein binding;

koff Ð rate constant for ligand dissociation from

complex;

Kd Ð dissociation constant;

Ka Ð binding constant;

DG Ð change in Gibbs free energy;

DH Ð change in enthalpy;

DS Ð change in entropy;

LE Ð ligand efficiency;

n Ð frequency of a signal;

d Ð chemical shift;

R2 Ð transverse relaxation rate;

T1 Ð longitudinal relaxation time;

T2 Ð transverse relaxation time;

I Ð signal intensity;

t Ð time delay;

tc Ð correlation time of rotational diffusion of a

molecule;

do Ð resonance frequency difference;

Robs
1r Ð relaxation rate in the rotating frame;

u Ð proportion of ligand;

g Ð gyromagnetic ratio;

tm Ð mixing time;

IC50 Ð inhibition constant.

2. Interaction of small molecules with target
proteins

2.1. Basic thermodynamic and kinetic aspects of the
interaction of low-molecular-mass ligands with proteins
Prior to discussing methods of search for compounds

capable of binding the target proteins and thus changing

their functional properties we will consider key factors

determining the protein ± ligand binding processes.

In the simplest case (one binding site) the interaction

of a ligand with the target protein is described by the

equilibrium between the free forms of the ligand (L) and

protein (P) and the protein ± ligand complex being

formed (PL)

The rate constant for protein ± ligand binding (ligand

association rate), kon, depends primarily on the ligand

diffusion rate and lies in the range of

(1 ± 3)6107 M71 s71, although it can vary significantly

depending on the size of the ligand and on the electro-

static properties of the ligand and protein.39 The rate

constant for ligand dissociation from complex, koff, is

determined by the strength of protein ± ligand interac-

tions.

The dissociation constant Kd and its reciprocal, the

binding constant Ka, are equal to the koff/kon ratio

koff

kon
P+L PL (1)
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Kd � Kÿ1a �
�P ��L�
�PL� �

koff
kon

(2)

The Kd constant is related to the change in the Gibbs

free energy upon formation of the protein ± ligand com-

plex:

DG � �Gfree
P � Gfree

L � ÿ Gcomplex
PL � ÿRT lnKd (3)

The calculated values of the parameters Kd, koff, DG
and the proportions of the bound form of the ligand

corresponding to formation of protein ± ligand complexes

of different strength are listed in Table 1.

The total change in the Gibbs free energy depends on

the enthalpy (DH) and entropy (TDS) contributions:

DG � DHÿ TDS � DHÿ T�S free
P � S free

L ÿ S complex
PL � (4)

The change in enthalpy, DH, is mainly due to inter-

atomic ligand ± protein interactions. Ligand-induced

structural rearrangements in the protein molecule may

also appear to be significant.40 Typical contributions of

key interatomic interactions to the free energy of pro-

tein ± ligand binding are listed in Table 2.41 ± 45 More

exactly, these interactions primarily contribute to the

change in enthalpy.

Hydrophobic interactions are determined by the

changes in the entropy of the system containing a large

number of water molecules. Nevertheless, hydrophobic

ligand ± protein interactions contribute to the binding

free energy DG similarly to Coulomb interactions or

hydrogen bonding. The contributions to the change in

the Gibbs free energy upon transfer of certain hydro-

phobic groups from aminoacyl-tRNA synthetase protein

to water are as follows:46

Group Me Et Pri

Energy /kJ mol71 13.8 27.2 40.2

The change in the entropy of the system on going

from free ligand and protein to their complex should also

be taken into account.41, 47 In the case in point, it leads to

a decrease in the free energy of protein ± ligand interac-

tion and consequently in decrease of Kd.

The entropy (TS) contributions of translational (I)

and rotational (II) motions of a small ligand molecule

(*200 Da), rotation about a single bond (III) and intra-

molecular vibrations (IV) to the Gibbs free energy (at

298 K) 41, 47 are given below.

Type of motion I II III IV

TS /kJ mol71 36 ± 45 127 34 2 ± 3 0.2 ± 2

As can be seen, the major contributions come from

the entropies of translational and rotational motions,

which decrease considerably upon complexation. It is

these effects that are responsible for well-known

enthalpy-entropy compensation of the total energy of

protein ± ligand interactions.41 The formation of a rela-

tively strong complex with Kd of the order of 1077 M

(i.e., DG of the order of 39 kJ mol71, see Table 1)

requires the formation of a network of intermolecular

interactions with energies in the range of 90 ± 120 kJ

mol71 in order to compensate the loss due to the change

in the translational and rotational entropy of the ligand

(50 ± 79 kJ mol71). Most often, the entropy contribution

appears to be even larger owing to molecular vibrations

and rotation about single bonds. The entropy contribu-

tion from rotation of ligand fragments about single

bonds can be evaluated using the Boltzmann formula

S= k lnW, (5)

where k is the Boltzmann constant and W is the number

of microscopic states. For most single C7C bonds, the

number of stable conformers equals three. As a result,

the free energy of the ligand decreases by *2 kJ mol71

(for 298 K), which is comparable with the energy of

Coulomb interaction. That is why rigid ligands are more

Table 1. Calculated values of parameters Kd, koff and DG for the
formation of protein ± ligand complex (T=298 K) and the proportion
of the bound form of the ligand assuming equimolar initial protein/
ligand ratio and concentrations of 1 mM for both protein and ligand.

Kd /M koff /s71 DG Proportion of the
/kJ mol71 bound form of ligand

Weak binding

1072 105 11.4 0.084

1073 104 17.1 0.382

1074 103 22.80 0.730

Moderately strong binding

1075 102 28.5 0.905

1076 10 34.2 0.969

1077 1 39.9 0.990

Strong binding

1078 1071 45.6 0.997

1079 1072 51.3 0.999

10710 1073 57.1 *1

Note. All values were calculated using Eqns (2), (3) and (13) (see

below); the koff values were determined for kon=1077 mol71 s71.

Table 2. Contributions of interatomic interactions to the free energy of
protein ± ligand binding.

Type of interaction Energy Ref.
(contribution) /kJ mol71

Hydrogen bond 11.7 ± 37.6 41, 43

Coulomb interaction 0.8 ± 4.2 41

p-Stacking interaction 2.0 ± 6.3 44, 45

Cation-p interaction 15.9 ± 71 42

Dipole ± dipole (orientation) 0.8 ± 2.0 41

interaction

Debye (induction) interaction 0.08 ± 2.0 41

London (dispersion) interaction a < 0.008 41

a The energies of particular dispersion interactions are low; however,

the total energy of dispersion interactions in the entire molecule can be

rather high and span the range of 1 to*50 kJ mol71.41
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tightly bound to the target proteins than conformation-

ally flexible ones, all other things being equal.

Bulkier ligands bearing a larger number of functional

groups that can participate in the interatomic interac-

tions with proteins always have higher binding energies

compared to small molecules. To take into account the

size of the ligand, the parameter `ligand efficiency' (LE)

was introduced. By default, LE equals the binding free

energy normalized to the number of heavier (non-hydro-

gen) atoms of the ligand (N),48

LE � ÿDG
N

(6)

Binding of a ligand with a molecular mass of the

order of 500 Da to its target with Kd* 10 nM requires

LE 41.3 kJ mol71. More recently, the parameter `group

efficiency' (GE) was introduced 49 to take into account

the contributions of particular functional groups to the

total ligand binding energy; the GE values are calclated

by analogy with LE ones.

2.2. Fragment-based lead design approaches
Target-oriented lead-finding strategies involve various

approaches. If the target structure is available, various

molecular docking (in silico) methods are most often

used, followed by experimental validation of the hits for

interaction with the target.50 High-throughput screening

(HTS) of large ligand libraries is also widely used.51

Recently, there has been rapid progress in fragment-

based frug design (FBDD) and fragment-based lead

design (FBLD).52, 53

Methods involving fragment-based screening, linking

and final structure optimization of the ligand molecule

have been widely used in recent years.53 ± 56 Practical

implementation of these methods does not require know-

ledge of the target structure (it is desired but not

necessary). In accordance with `The Rule of Three'

(analogue to Lipinski's `Rule of Five', see above),57, 58

molecular fragments should be small and usually have a

mass from 100 to 300 Da, a limited number of donors

and acceptors of hydrogen bonds (5 3) and sufficiently

rigid structures where the number of freely rotating

bonds is also at most three. To design a lead compound,

one should identify, optimize and correctly link two or

three structural fragments. This approach makes it pos-

sible to significantly increase the structural diversity of

the compounds studied. The HTS libraries rarely exceed

106 compounds; at the same time, this number of com-

pounds can be designed by combinatorial linking of three

fragments chosen from the library that includes only 100

compounds (Fig. 2).

Structural fragments of a potential lead compound

binds the target with relatively low affinity (dissociation

constants from the complex are in the range of 1074 to

1072 M). However, linking of even two fragments leads

to much more efficient binding since the translational

and rotational entropy of the newly formed molecule

differ only slightly from the entropy of a single fragment.

Thus an additional contribution to the binding free

energy appears due to the absence of undesired entropy

contribution of the second fragment.59 As mentioned

above, such an entropy contribution can be as large as

50 ± 80 kJ mol71 for a fragment with a molecular mass

*200 Da; this corresponds to a decrease in the dissoci-

ation constant by a few orders of magnitude. It should be

noted that a small molecular fragment can be comparable

with a large molecule in the parameter LE.60, 61 There-

fore, fragment screening can be performed with the same

criterion (LE> 1.3) as that used for large ligands (see

above), although binding between small fragments and

the target will be rather weak.

Only a few methods implemented in HTS protocols

can be used to monitor weak protein ± ligand interactions

observed in the case of structural fragments. One should

use methods that can distinguish between weak specific

interactions in the binding site of a protein and non-

specific binding with, e.g., charged amino acid residues

on the surface of the target protein. Inability to discrim-

inate specific and nonspecific binding leads to higher

false-positive rates. Main physical methods used to

search for structural fragments are characterized in

Table 3. These methods are well documented (see Refs

62 ± 69, 73 ± 78); each of them has its advantages and

drawbacks.

An analysis of the data presented in Fig. 3 allows one

to compare the methods mentioned above in ability to

detect protein ± ligand interactions and provide structur-

ally or functionally useful information provided that the

dissociation constants of ligands vary from a few mM71

to a few pM71. The frequency distribution of the binding

constants of marketed drugs to the target proteins has a

maximum at Ka& 108 M71. Besides, a large number of

compounds can bind to the target proteins more or less

tightly, the observed affinity differences being as high as

eight orders of magnitude and even more.

3. NMR spectroscopy methods to study
protein ± ligand interactions

NMR spectroscopy is one of the most informative meth-

ods of investigation of ligand ± target interactions. Owing

to the contribution of R.Ernst and K.WuÈ thrich, 1991 and

2002 Nobel Prize laureates in chemistry, and many other

researchers, this method has become a major tool in

structural biology. A distinctive feature of NMR spec-

100 fragments

106 compounds

Lead compound

Lead compound

synthesis

sy
nt
he
si
s

screening

screening

b

a

Figure 2. Approaches based on high-throughput screening (a) and
fragment-based lead design (b): a comparison.38

In case (a) one should synthesize a much larger number of
compounds for screening.
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Figure 3. Main methods used to detect ligand binding to protein targets.14

Shown are the ranges of the binding constant values corresponding to efficient application of the respective methods. The frequency
distribution of the binding constants of marketed drugs to target proteins (green rectangles) includes only the drugs with known Ka values
and explicit target associations.

Table 3. Characterization of methods for detecting fragment ± target interactions.

Method Ligand concentration Required amount Main advantages and drawbacks Ref.
/mM of protein /mg

X-Ray crystallography 1074 ± 10 (5 ± 50)6103 Information on 3D structure; high-quality protein 62 ± 64

crystals are required, withstanding the action of concen-

trated ligand solutions

Surface plasmon 1076 ± 102 1 ± 10 Information on the binding and dissociation kinetics; 65

resonance immobilization of proteins is required; high false-positive

rates

Biolayer interferometry 1076 ± 102 1 ± 10 Information on the binding and dissociation kinetics; 66

search for inhibitors of protein ± protein interaction;

high false-positive rates

Isothermal titration 1073 ± 1 50 ± 200 Information on thermodynamics of protein ± ligand 67

calorimetry binding and dissociation constants; high protein concen-

trations are required; false-positive results are possible

Differential scanning 0.1 ± 1 50 ± 200 Identification of structure stabilization of ligand-bound 68

fluorimetry proteins; not all proteins ca be studied by this method;

false-positive results are possible

Mass spectrometry 1075 ± 1 51 High-sensitivity; no need for binding to a surface or 69, 70

isotope labelling of targets; problems related to

aggregation of ligands; high false-positive rates

Microscale thermophoresis 1076 ± 102 1 ± 10 High sensitivity; the possibility of studying almost all 71,72

types of ligands and macromolecules; fluorescent labels

are required

NMR spectroscopy with 1073 ± 10 (5 ± 50)6103 Information on the ligand binding site and on the 23

detection of target structure of the complex; large amount of protein

resonances and protein labelling with stable isotopes are required

NMR spectroscopy with 1072 ± 10 50 ± 56103 Information on ligand ± target binding 38

detection of ligand

resonances
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troscopy is the possibility to identify specific interactions

between a ligand and the target protein even in the case

of weak binding. Various NMR spectroscopy techniques

allow one:

Ð to determine the structures of the target and

ligands interacting with it;

Ð to establish the conformation of the bound ligand;

Ð to map the interface of the target ± ligand interac-

tions;

Ð to determine the ligand ± target binding stoichiom-

etry;

Ð to evaluate the ligand ± target association con-

stants;

Ð to measure the kinetics of ligand ± target binding;

Ð to estimate the dynamic characteristics of the

target and ligands binding to it;

Ð to search for binding ligands; and

Ð to determine the mutual arrangement of two and

more ligands in the binding sites of the target.

The abundance of NMR data on protein ± ligand

interactions is based on the diversity of spectral param-

eters (Table 4). Undoubtedly, one of the most important

NMR parameters is the chemical shift. Signals of a

ligand or amino acid residues of a protein interacting

with the ligand change upon the formation of the pro-

tein ± ligand complex since the chemical environment of

the detected nucleus changes.73 Note that significant

changes in the chemical shifts are observed only in the

case of specific ligand ± protein binding. Nonspecific

interactions cause no marked changes in the chemical

shifts because the binding effects are averaged owing to a

wide variety of possible ligand arrangements relative to

the protein.

The choice of the measured parameters and corre-

sponding experimental NMR techniques depend on the

character of the protein ± ligand interaction and, first of

all, on the rate of exchange between the free and bound

forms. The NMR spectra of a ligand obtained for the

case of equilibrium between the free and protein-bound

forms, are presented in Fig. 4. When the rate constant for

ligand dissociation, koff (s71:Hz), is much smaller than

the frequency difference between the resonance signals

(nbound7 nfree), the signals of the free and bound forms

are observed separately. This range of koff values corre-

sponds to high strength of ligand ± protein binding (see

Table 1). The case koff44 (nbound7 nfree) corresponds to

low strength of ligand binding; as a consequence, an

averaged signal is observed. Between these limiting cases

one deals with pronounced conformational broadening of

signals with a coalescence point at koff& (nbound7 nfree),
which corresponds to moderately strong ligand binding

(see Table 1).

Most experimental (including NMR) studies of pro-

tein ± ligand interaction are carried out at different pro-

tein/ligand ratios. Often, NMR titration methods are

used (see below). Consider how resonances of the free

and bound forms of the ligand change depending on their

ratio (i.e., depending on the ligand/protein mole ratio).

The NMR spectra calculated for strong, moderately

strong and weak protein ± ligand binding are shown in

Fig. 5. As the ligand/protein mole ratio changes, either

the intensities of the corresponding resonances (see

Fig. 5 a for strong binding) or the resonance frequencies

of the averaged signal (see Fig. 5 b,c for weak or moder-

ately strong binding) change. In the case of moderately

strong binding at ligand/protein mole ratios of the order

Table 4. Key parameters extracted from NMR spectra of protein ± ligand complexes in solution.

Observed NMR parameters Information extracted

Chemical shifts The character of electron density distribution in the vicinity of atomic nuclei; the assignment

of protein and ligand signals; secondary structure of proteins, proximity and orientation of

aromatic fragments and(or) carbonyl groups; involvement of atoms in the formation of

hydrogen bonds; mapping ligand binding sites

Integrated intensities of signals The amount (proportion) of ligand and(or) protein, kinetic measurements

Spin ± spin coupling constants Characterization of chemical bonds (1J and 2J ), torsion angles and relative populations of

rotamers (3J ), position and strength of hydrogen bonds (2hJ and 3hJ ) (see a)

Nuclear Overhauser effects Internuclear distances (including distances between magnetic nuclei of ligand and amino

acid residues in the protein molecule), rotational diffusion rate of protein or ligand

molecule, mobility of protein chain

Magnetization transfer rate Rate constants for exchange between the free and bound forms of ligands, the size of the

molecules

Relaxation times The rate of rotational diffusion of protein or ligand molecules, the mobility of protein chain

or ligands, parameters of conformational exchange

Residual constants of dipole ± dipole interactions Spatial orientation of chemical bonds, dynamic characteristics

Translational diffusion rate The size and shape of molecules

The rate of exchange of mobile protons with Arrangement of hydrogen bonds, the folding and unfolding rates of protein globule and(or)

deuterons its fragments

a Parameters 1J, 2J and 3J are the spin ± spin coupling constants of atoms separated by one, two and three chemical bonds, respectively; parameters
2hJ and 3hJ are the spin ± spin coupling constants of atoms separated by two and three chemical bonds, respectively, one of them being a hydrogen

bond.
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of unity the resonance lines can disappear owing to large

broadeining.

Thus, the choice of particular NMR techniques for

studying protein ± ligand interactions depends strongly on

the strength of ligand binding. Now we will dwell on the

methods of investigation of strong and weak protein ±

ligand interactions.

3.1. NMR methods for studying tight protein ± ligand
complexes
The addition of a ligand to a protein resulting in

the formation of a tight protein ± ligand complex

[koff 55 (nbound ± nfree), see Fig. 5 a] leads to a duplication

of signals in the NMR spectrum. One set of signals

corresponds to the free form of the protein or ligand

(depending on what is in excess) while the other set

corresponds to the complex. At equimolar ligand/protein

ratio, the NMR spectra exhibit only the signals of the

protein ± ligand complex. Structure determination of the

complex can be performed using the full range of modern

multidimensional heteronuclear NMR techniques

(see Refs 79 and 80) and 13C- and 15N-enriched protein

(or deuterated protein in the case of large biomolecules,

see Ref. 81).

Carrying out structure determination of the protein ±

ligand complex requires identification of resonances of

the bound ligand and the assignment of the nuclear

Overhauser effects (NOE) between the ligand and protein

signals. In particular, unambiguous assignment of the

NOE at the protein ± ligand interface assumes the use of
13C- or 15N-labelled ligand (Fig. 6 a). This allows one to

measure the NOESY spectra with selection of protons

coupled to 13C or 15N nuclei (in particular, 2D or 3D
13C71H HSQC-NOESY spectra). For instance, the

assignment of methyl groups of antibacterial drug Tri-

methoprim (TMP) in its complex with bacterial DHFR

was reported (Fig. 7).82, 83

At the same time, labelling of small molecules with
13C or 15N isotopes is a time-consuming and expensive

process. Often, it is more convenient and cheap to obtain

proteins enriched with these stable isotopes using genetic

engineering methods.84 In this case, the NOE between the

ligand containing mainly magnetically inactive 12C nuclei

and the 13C-labelled protein (see Fig. 6 b) can be identi-

fied using isotope filtering.85, 86 As a consequence, the

nbound nfree

Fast

Slow

koff44 (nbound7 nfree)

koff55 (nbound7 nfree)

koff& (nbound7 nfree)

Figure 4. Simulated NMR spectra of a ligand at different strength
of the protein ± ligand complex. Calculated for the case of equili-
brium between the free and protein-bound forms of the ligand.28

The free/bound ligand ratio is 5 : 1. The natural linewidth (ignoring
the contribution of chemical exchange) is 2 Hz for the free and
20 Hz for the protein-bound ligand. The frequency difference
between the bound- (nbound) and free-ligand (nfree) resonances is
300 Hz.

7150 150 Hz

a b

7150 150 Hz 7150 150 Hz

c

bound : free

1 : 10

1 : 2

1 : 1

10 : 1

2 : 1

Figure 5. Ligand signals in simulated NMR spectra at different bound/free ligand ratios provided that both forms of the ligand are at
equilibrium.28

Formation of tight protein ± ligand complex, koff=0.5 s71 (a); moderately strong protein ± ligand binding, koff=500 s71 (b); and low
ligand affinity for protein, koff=56105 s71 (c). The natural linewidth (ignoring conformational broadening effects) is 2 Hz for the free and
20 Hz for the protein-bound ligand.
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NOESY or TOCSY spectra will exhibit only signals of

the protons bound to 12C atoms, while signals of protons

from 1H713C pairs will be filtered out. If the isotope

filtering is not applied on the indirect axis of the 2D

spectrum, one can observe the NOE between the ligand

and protein protons in the resulting NOESY spectrum. A

fragment of the 13C-filtered 2D NOESY NMR spectrum

of the ternary complex of human 13C,15N-dihydrofolate

reductase (DHFR) with coenzyme nicotinamide adenine

dinucleotide phosphate (NADPH) and antibacterial drug

Trimethoprim is shown in Fig. 8. An analysis of the

cross-peaks in this spectrum made it possible to deter-

mine numerous NOEs between the protein and both

ligands and to use them as a basis for calculating the

3D structure of the complex (see Fig. 7 a).87

The approaches mentioned above were employed for

structure determination of a few hundred complexes of

small ligands with proteins whose structures are available

from the Protein Data Bank (http://www.rcsb.org). Three

examples of the structures of the complexes of pharma-

cologically important proteins with small ligands are

presented in Fig. 9.

NMR structure determination of protein ± ligand

complexes is simplified if the structures of complexes of

this protein or its close analogues with other ligands are

known. In this connection, a ligand docking method

using restraints extracted from NMR data was pro-

posed.90 Yet another recently proposed technique,

NMR2 (Nuclear Magnetic Resonance Molecular

Replacement), does not require the assignment of protein

signals but needs information on the structure of the

complex of a homologue.91, 92 This reduces the time

a b

Protein

Ligand Ligand

Protein

13C

C
C C

CC
H

H H

HH

H

C

13C 13C
13C

13C13C

H

H H

HH

H

Figure 6. Types of isotope substitution for identification of
nuclear Overhauser effects between the ligand and protein protons
in the protein ± ligand complex.19

When using isotopically enriched ligand (a), NMR experiments
with isotope selection are carried out. In the case of totally
isotopically labelled protein (b), an unlabelled ligand and isotope-
filtered NMR experiments are used. In both cases, only
12C7H$H713C NOE are observed.

a b
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1H, Ï.Æ.

Figure 7. Structural fragment of a complex of L. casei dihydrofolate reductase
(DHFR) with coenzyme nicotinamide adenine dinucleotide phosphate (NADPH) and
antibacterial drug Trimethoprim (a) and a fragment of the 2D 13C71H NOESY-HSQC
spectrum of the complex DHFR±NADPH±TMP containing TMP labelled with 13C at
methyl groups in positions 30 and 50 (b).82
(a) Shown are the TMP molecule, the nicotinamide moiety of NADPH and the amino
acid residues in the TMP binding site.

H8A H2A H2N H6T H1,2TH6N H5N

5

4

3

2

1

9 8 7 6 1H /ppm

1H /ppm

Figure 8. Fragment of 13C-filtered 2D NOESY spectrum of a
complex of human dihydrofolate reductase with coenzyme
NADPH and antibacterial drug Trimethoprim.87

Vertical axis: proton signals of the ligands (NADPH and TMP)
bound to nonmagnetic 12C atoms. All 1H713C signals of the
labelled protein are suppressed. Positions of protons of the cofactor
NADPH and inhibitor TMP are shown on the upper horizontal
axis.
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necessary to determine the structure of the new complex

from a few months to a few days.

Determination of ligand binding constants in tight

ligand ± protein complexes using NMR spectra is a chal-

lenge since in this case one deals with quantitative ligand

binding to the protein (see Table 1). However, it is

possible to determine the ratio of the Ka constants for

two competitively binding ligands and then obtain the

unknown quantity provided that one Ka constant is

known. If two ligands, L1 and L2, competitively bind to

protein P, the binding constant ratio is given by

KL1
a

KL2
a

� �PL1�
�PL2�

�L2�
�L1�

(7)

Assuming initial equal molar concentrations of the

protein and ligands

[P]0= [L1]0= [L2]0, (7a)

after equilibration one gets

�PL1�
�PL2�

� �L2�
�L1�

(7b)

This equality holds for zero concentration of the free

protein, being a good admission in the case of strongly

binding ligands. Then Eqn (7) can be simplified:93

KL1
a

KL2
a

�
��PL1�
�PL2�

�2

�
� �L2�
�L1�

�2

(8)

The expression for the binding constant ratio at

arbitrary concentrations of the protein and two compet-

itively binding ligands L1 and L2 can be derived:

KL1
a

KL2
a

� �PL1�
�PL2�

��PL1�
�PL2�

m�mÿ 1

���PL1�
�PL2�

�nÿ 1� � n

�ÿ1
(9)

where n and m respectively denote the ratios of the

concentrations of the ligands L1 and L2 to the total

concentration of the protein

�L1�0 � n�P�0 (10)

�L2�0 � m�P�0 (10a)

The concentration ratio of the complexes PL1 and

PL2 or free ligands L1 and L2 can be estimated from the

integrated intensity ratio of the corresponding character-

istic signals in the NMR spectra. The binding constant of

antitumour drug trimetrexate to DHFR determined by

this method was *26108 M71.93

3.2. NMR methods to study weak ligand binding to proteins
The most interesting application of NMR methods for

the detection of weak protein ± ligand interaction is to

search for structural fragments that specifically interact

with the target protein since small fragments usually have

low binding constants. In the case of moderately

strong or weak ligand binding to a protein

[koff> (nbound7 nfree), see Fig. 5 b,c], the NMR spectra

exhibit signals with averaged parameters (chemical shifts,

relaxation rates, etc.). For instance, the observed

exchange-averaged chemical shift (dobs) is given by

dobs � PPLdPL � �1ÿ PPL�dfree (11)

where PPL is the proportion of the bound form of the

protein or ligand and dPL and dfree are the chemical shifts

of the signal from the protein ± ligand complex and from

the free form, respectively. This equation allows one to

derive the expression for the proportion of the bound

form PPL, which can be calculated from the chemical

shift dobs provided that the chemical shifts for the free

form and for the complex are known, namely

b c

PIP-1

DSV

TMP

NADPH

a

Figure 9. Solution NMR structures of tight protein ± ligand complexes.
Ternary complex of human DHFR (186 amino acid residues, *20 kDa) with coenzyme NADPH and antibacterial drug Trimethoprim 87

(a); binary complex of N-terminus of MDM-2 oncoprotein (125 amino acid residues, 14.1 kDa) with PIP-1 inhibitor of protein ± protein
(MDM-2 : p53) interaction 88 (b); and complex of the catalytic domain of human matrix metalloprotease MMP-12 (165 amino acid residues,
18.3 kDa) with enzyme inhibitor DSV [N-(Dibenzo[b,d]thiophene-3-sulfonyl)-valine] and two zinc ions 89 (c).
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PPL �
dobs ÿ dfree
dPL ÿ dfree

� Ddobs
Ddmax

(12)

where Ddmax is the chemical shift difference between the

complex and the free form.

Equations (11) and (12) are applicable to both the

ligand signals at dfree: dL and the protein signals at

dfree: dP. Note that PPL= [PL] : [P]0 if the NMR experi-

ments involve measurements of protein signals and

PPL= [PL] : [L]0 if the ligand signals are measured.

3.2.1. Determination of ligand binding constants in the case of weak

protein ± ligand complexes

Starting with self-explanatory relationships

[P]0=[P]+[PL] and [L]0=[L]+[PL], expression (2) for

the dissociation constant Kd can be transformed with

ease into a quadratic equation with the following solu-

tion for [PL]:

�PL� � 1

2

�ÿ
Kd � �P�0 � �L�0

�ÿ (13)

ÿ
�ÿ
Kd � �P�0 � �L�0

�2 ÿ 4�P�0�L�0
�1=2�

Equations (13) and (12) should be used together in

order to evaluate the proportion of the bound form of

the protein from the chemical shifts measured in the

NMR titration experiments. Then, the Kd values can be

determined using nonlinear regression methods. For

instance, if protein signals are measured under titration

with the ligand, one has

Ddobs �
Ddmax

2�P�0

�ÿ
Kd � �P�0 � �L�0

�ÿ (14)

ÿ
�ÿ
Kd � �P�0 � �L�0

�2 ÿ 4�P�0�L�0
�1=2�

An analysis of changes in the chemical shifts in the

NMR titration experiments gives not only Kd, but also

the parameter Ddmax. The changes in the chemical shifts

of the protein 1H signal during titration with ligands

having binding constants in the range from 103 to

107 M71 calculated using formula (14) are demonstrated

in Fig. 10.

As can be seen, different patterns of the changes in

the chemical shifts are only observed for the binding

constants of at most 106 (i.e., for ligands with

Kd4 1 mM). Most often, the protein concentration is

maintained at a certain constant level during NMR

titration experiments, the ligand concentration being

varied. Here, one should take account of the decrease in

the total protein concentration with increasing volume of

the solution during the titration process. An alternative

approach involves variation of both ligand and protein

concentrations.94 This makes it possible to increase the

accuracy of the ligand dissociation constant.

Most often, the chemical shifts of particular atoms in

the protein molecule are measured in the NMR titration

experiments using 2D heteronuclear spectroscopy. In this

case, one can detect the chemical shifts of protons and

heavier nuclei (15N or 13C) for each signal whose position

varies upon adding a ligand. The constant Kd can be

calculated using parameters corresponding to the

weighted chemical shifts d(1H) and d(13C) or d(1H) and

d(15N) for each protein signal under study.73

Not only nonlinear regression methods, but also

graphical methods based on conversion of experimental

data to more convenient systems of coordinates can be

used to analyze the results of NMR titration experiments.

For instance, the Scatchard transformation has the

form 95

Ka �
1

Kd

� �PL��L��P� �
�PL�

�L�ÿ�P�0 ÿ �PL�� (15)

�PL�
�L� � ÿ

�PL�
Kd

� �P�0
Kd

(16)

If the ligand is present in excess, one has [L]& [L]0.

Using expression (11), one can go from Eqn (16) to the

experimentally measured parameters of the NMR spec-

trum:

Ddobs
�L�0

� ÿDdobs
Kd

� Ddmax

Kd

(17)

As an example, Fig. 11 shows the Scatchard plot of

changes in the characteristic signals of histidine Hb
residue during titration of a fragment of human b-
amyloid peptide with ZnCl2 solution in the course of

formation of a complex between the peptide and zinc

ion.96 Nonlinear portion of the plot is observed at high

Zn2+ concentrations, which is due to the deviation of the

binding stoichiometry from 1 : 1.

The results of NMR titration experiments are often

analyzed using the Benesi ± Hildebrand and Scott coor-

dinates.97 In the former case, the plots of (Ddobs)71 vs.

1

2

3

4

5

Ddobs /ppm

0.4

0.3

0.2

0.1

0 1 2 3 4 5 [L]0 : [P]0

0.5

Figure 10. Changes in 1H chemical shifts of a protein during
titration with increasing amount of ligand. The chemical shifts
were calculated for 1 : 1 binding stoichiometry, initial protein
concentration of 0.2 mM and titration with the ligand solution
(ligand concentration is 4 mM) assuming Ddmax=0.5 ppm for the
protein 1H signal under study. Calculations were carried out with
inclusion of the increase in the solution volume in the course of
titration process, which leads to a decrease in the total concen-
trations of the protein and ligand. Calculated using Eqn (14) for
ligand binding constants of 103 (1), 104 (2), 105 (3), 106 (4) and
107 M71 (5).
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([L]0)71 are constructed; in the latter case, the [L]0 :Ddobs
ratio is plotted vs. [L]0.

1

Ddobs
� Kd

�L�0Ddmax

� 1

Ddmax

(18)

�L�0
Ddobs

� Kd

Ddmax

� �L�0
Ddmax

(19)

However, the Scatchard, Benesi ± Hildebrand and

Scott transformations are no longer routinely used since

nonlinear regression methods for direct analysis of

Eqn (14) are now available. Software packages and algo-

rithms for 1D and 2D total lineshape analysis of NMR

signals under exchange between the free and bound forms

of protein and ligand were developed (for 1D spectra, see

Refs 94 and 98; for 2D spectra, see Refs 99 ± 101).

3.2.2. Methods for the determination of the rate constant for ligand

dissociation from it complex with the target protein

NMR spectroscopy techniques can be used to determine

the rate constant for ligand dissociation koff . As men-

tioned above, this parameter along with Kd characterizes

the strength of the ligand ± target binding and specifies

the residence time of the ligand in the bound state,

t=1/koff.102 Measurements of koff are possible since the

width of the ligand signal depends on this quantity (see

Figs 4 and 5). The rate constants for ligand dissociation

were determined using traditional methods of total line-

shape analysis for 1D or 2D NMR spectra.100, 103, 104

Quite recently, it was proposed to determine the koff
values in the NMR relaxation dispersion experiments.

We will briefly outline the principles of this method.

The width of the NMR signal is governed by the

transverse relaxation rate R2= 1/T2 . Most often, this

parameter is measured using the Carr ± Purcell ±Mei-

boom ±Gill (CPMG) pulse sequence representing a train

of equidistant 180-degree pulses (Fig. 12).

Each 180-degree pulse creates a spin echo signal with

the retention of coherence in the plane perpendicular to

the direction of external magnetic field. By measuring the

dependence of the intensity of the NMR signal on

variable number of the 180-degree pulses and(or) on the

time delay between them one can calculate the transverse

relaxation rate. However, if chemical exchange occurs

between states with different resonance frequencies nA
and nB, refocussing of the spin echo signals becomes

impossible since the precession rate changes upon tran-

sition of the atomic nucleus from the state A to the state

B and vice versa. Note that the longer the time delay

between the 180-degree pulses the higher the probability

of these transitions. Therefore, in the system with chem-

ical exchange the Robs
2 values measured at different time

delays between the 180-degree pulses of the CPMG

sequence will be different. Usually, relaxation dispersion

measurements are carried out with fixed duration T of

the CPMG pulse sequence and variable number of the

180-degree pulses (see Fig. 12). For each CPMG

sequence one can obtain the effective radiofrequency

(rf) field strength (nCPMG) determined by the duration

of the time delays (t) between the 180-degree pulses 106

nCPMG �
1

2t
(20)

The apparent (effective) transverse relaxation rate

Robs
2 for each nCPMG value can be estimated from the

ratio of the signal intensity measured after application of

the CPMG pulse sequence to the signal intensity meas-

ured immediately after application of the first 90-degree

pulse,

I
nCPMG

T � I0e
ÿTR obs

2 ) Robs
2 � ÿT ÿ1 ln

�
I
nCPMG

T

I0

�
(21)

The parameter Robs
2 depends on the rate constant for

chemical exchange ka, on the resonance frequency differ-
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d/
[P
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Figure 11. Changes in the chemical shift of Hb signal of the His6
amino acid residue of isoD7-Ab1 ± 10 fragment of human b-amyloid
peptide during titration with ZnCl2 solution plotted in the Scatch-
ard coordinates.96

The initial peptide concentration is 1.0 mM and the maximum
[Zn2+] : [peptide] mole ratio is 10. The calculated dissociation
constant of zinc ion from the complex with the peptide is
0.84� 0.04 mM.

908 1808 1808 1808 1808

2 t 2 t 2 t 2 t t

T

Figure 12. Pulse scheme employed to measure relaxation dispersion
profiles using the GPMG pulse sequence.105

A series of experiments involves measurements with increasing
number of refocussing 180-degree pulses within constant-time
interval T of the GPMG pulse sequence. The effective rf field
strength increases with increasing number of pulses.
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ence, Do, between the states A and B and on the time

delay tCPMG

Robs
2 � R2 � ka � ka

sin�Do; tCPMG�
DotCPMG

(22)

where R2 is the transverse relaxation rate in the absence

of chemical exchange.

Figure 13 illustrates chemical exchange between the

states A and B occurring at different rates and presents

the plots of Robs
2 values measured in the model experi-

ments (see above) vs. CPMG field strength. The curve

calculated using ka= 0 corresponds to the absence of

chemical exchange. In this case the linewidth is deter-

mined by the parameter R2 only. At nonzero exchange

rates, the linewidth increases by ka.106 As can be seen, the

linewidths vary only slightly with increasing ka ; however,

the Robs
2 values appear to be much more informative. It

should be noted that the resonance frequency difference

Do can be determined by measuring the intensity of a

single line, A or B. However, this is a difficult task

involving a series of measurements at low field strength

nCPMG (i.e., at long time delays tCPMG); in most cases this

is impossible because at least one 180-degree pulse should

be applied within the time T.

The principles underlying the NMR relaxation dis-

persion measurements can be used to study the ligand

exchange between the free and protein-bound forms.107

In this case the rate constant for exchange, kex, which can

be determined in the relaxation dispersion experiments, is

related to the constants kon and koff for equilibrium (1)

between the free and protein-bound forms of the ligand:

kex � koff � kon�P� � koff
ÿ�P�K ÿ1d � 1

�
(23)

The binding of 15N-labelled peptide to its target,

human prothrombin, was studied by measuring the relax-

ation dispersion of 15N nuclei in amide groups using

heteronuclear NMR spectroscopy methods.108 The

authors not only measured the rate of peptide dissocia-

tion from its complex with prothrombin, but also

revealed the existence of two conformations of the

bound peptide, which undergo interconversion at a rate

of *100 s71. The kinetic parameters of ligand ± target

binding were determined from the analysis of 1H (15N,
13C, 19F) NMR relaxation dispersion experiments with

the magnetic nuclei in ligands.109 ± 112

It was proposed 113 to carry out relaxation dispersion

measurements in the rotating frame Robs
1r , i.e., to use spin-

locking rather than the CPMG sequence to hold the

magnetization in the perpendicular plane. The authors

emphasized that the spin-locking allows one to detect

higher rates of ligand dissociation. Like the CPMG-

experiments, this approach also requires a series of

measurements at different spin-locking rf field strength

(oeff) values. To measure the Robs
1r value, two NMR

spectra are recorded, one at very short (*5 ms) and the

other at long (from 600 to 1000 ms) spin lock time. The

parameter Robs
1r depends on oeff:

Robs
1r � R2 �

�
PLPPL�dL ÿ dPL�2o2

0

��
koff �

o2
eff

koff

�ÿ1
(24)

Here PL and PPL are respectively the proportions of

the free and bound forms of the ligand, dL and dPL are

the chemical shifts of the free-ligand and bound-ligand

resonances, respectively, and o0 is the Larmor frequency.

Having done a series of Robs
1r measurements at different

oeff values, one can calculate the rate constant for ligand

dissociation koff.

3.2.3. Determination of protein ± ligand binding stoichiometry

Prior to determining the binding constant, one should get

the information on the protein ± ligand binding stoichi-

ometry. NMR spectroscopy along with isothermal titra-

tion calorimetry and spectrophotometric methods can be

efficiently used for determination of stoichiometry. Usu-

ally, one uses the method of isomolar titration, or Job's

method, which was initially proposed to determine the

complexation stoichiometry of inorganic compounds by

3
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Figure 13. Chemical exchange between states A and B.106

(a) Spectra of the A and B states calculated for different exchange rates; Do=300 Hz, T2=0.1 s; (b) relaxation dispersion (Reff
2 ) plots vs.

nCPMG (CPMG field strength); Do=300 Hz, R2=10 s71, calculated using Eqn (22) for ka=0 (1), 0.5 (2), 1 (3), 2 (4), 3 (5) and 5 s71 (6).

V.I.Polshakov, E.A.Batuev, A.B.Mantsyzov Russ. Chem. Rev., 2019, 88 (1) 59 ± 98 71



spectrophotometric methods.114 The technique is based

on the measurements of NMR spectral parameters

(chemical shifts, signal intensities or other characteristic

parameters listed in Table 4) for a series of samples with

variable proportion of the ligand (u) provided that the

total concentration of the protein and ligand in each

sample is constant

u � �L�0
�L�0 � �P�0

(25)

�L�0 � �P�0 � C (25a)

Most often, this is achieved by mixing variable vol-

umes of stock solutions of the protein and ligand of the

same concentration when preparing constant-volume

samples. Clearly, the proportion of the ligand can vary

from 0 to 1. Generally, the protein ± ligand interaction

can be described by the equation

mP� nL>PmLn (26)

The concentration of the complex PmLn being formed

can be expressed through u and C (see Ref. 115):

�PmLn�
Ka

� �P�m�L�n � (27)

� �C�1ÿ u� ÿm �PmLn�
	m ÿ

Cuÿ n�PmLn�
�n

The maximum proportion of the complex PmLn at

different ligand content is achieved at d([PmLn])/du=0.

Differentiation of Eqn. (27) with respect to u gives the

expression for the mole fraction of the ligand which

corresponds to the maximum concentration of the com-

plex,116

umax �
n

m� n
(28)

Since the concentration of the complex is propor-

tional to the product of Ddobs by the total concentration

of the protein, [P]0 [see Eqn (11) and comments], the

binding stoichiometry can be determined using the plot

of Ddobs[P]0 vs. mole fraction of the ligand. Information

on the amount of the complex formed can be extracted

from not only chemical shifts, but also signal intensities;

this is useful if tight protein ± ligand complexes are

formed.

The calculated isomolar titration curves for a number

of protein ± ligand complexes of different stoichiometry

are presented in Fig. 14 a.

It should be noted that expression (28) does not

include binding constant, i.e., the maximum value is

attained at any binding constant value that allows one

to identify the complexation-induced changes in the

chemical shifts, signal intensities or other NMR spectral

parameters. However, the shape of the curve depends on

the binding constant. For instance, the isomolar titration

curves calculated for five Ka values lying in the range

from 103 to 107 M71 (see Fig. 14 b) pass through a

maximum at u=0.5. The maximum is clearly seen if a

tight protein ± ligand complex (Ka4 106 M71) is formed

and becomes less pronounced for weak ligand binding.

The method of isomolar NMR titration can be used

to determine the stoichiometry of the interaction of

proteins, peptides and other biomolecules with various

ligands including metal ions. As an example, Fig. 15

demonstrates the results obtained in studies of the inter-

action between zinc ions and the metal-binding fragment

of human b-amyloid peptide containing the so-called

English (H6R) mutation.96, 118

The addition of zinc ions to the peptide

H6R-Ab(1-16) results in a mixture of two peptide ± zinc

complexes, one with a relatively low and the other with a

higher metal binding constant. The NMR spectra of the

first complex exhibit signals with the chemical shifts

averaged between the free and bound forms of the

peptide, while the spectra of the second complex demon-
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Figure 14. Isomolar titration curves calculated for protein ± ligand complexes of different stoichiometry (a) and for a binary PL complex
using different ligand binding constants (b).117

(a) DXobs is the change in the NMR spectral parameter (chemical shift, signal intensity of the complex, relaxation time, etc.) on going from
free to bound protein; (b) the Ddobs values calculated for Ddmax=0.5 ppm and [P]0+[L]0= 0.5 mM. Ka=103 (1), 104 (2), 105 (3), 106 (4) and
107 M71 (5).
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strate additional signals.118 The concentration of the

bound form of peptide can be determined from the

changes in the chemical shifts for the first complex and

from the integrated intensities of the new signals for the

second complex. Isomolar NMR titration experiments

revealed the formation of a peptide complex with one

zinc ion in the former and a zinc-bound peptide dimer in

the latter case.96

4. NMR screening methods

As mentioned above, NMR spectroscopy allows one to

identify specific binding of small molecules to biomolec-

ular targets of potential drugs even if the affinity of the

interaction is low. This is particularly useful for the

methods involving fragment-based screening. Identifica-

tion of the interaction of low-molecular-mass compounds

with the protein target is based on the detection of

changes in the chemical shifts of the signals from the

protein or from the ligands binding to it, in the relaxa-

tion and cross-relaxation rates of atomic nuclei, in the

translational diffusion constant and other parameters

that are sensitive to the formation of protein ± ligand

complexes.

4.1. Differences between NMR spectral parameters of large
targets and small molecules
Many NMR spectral parameters of small molecules are

significantly different from those of high-molecular-mass

target proteins. The majority of modern NMR screening

methods are based on these differences. A number of key

parameters used in NMR studies of small and large

molecules are listed in Table 5.

The NMR spectra of small molecules are character-

ized by narrow resonance lines and a relatively small

range of changes in the 1H chemical shifts for most

functional groups. Contrary to this, the NMR spectra

of proteins exhibit broad signals with half-widths (Dn1/2)
of tens (and even hundreds for large proteins) Hertz.

Besides, the chemical shifts of signals of structured

proteins change in a much wider range compared to the

changes in the chemical shifts of corresponding groups in

small molecules due to the effect of ring currents of

closely spaced carbonyl groups and aromatic rings. For

instance, 1H resonances of proteins are often observed

both in the region of negative proton chemical shifts and

in the downfield region (d>10). Differences in the line-

widths of low- and high-molecular-mass compounds

originate from large differences between corresponding

transverse relaxation rates.

The longitudinal (T1) and transverse (T2) relaxation

times of 1H nuclei are plotted vs. correlation time of

rotational diffusion of molecules (tc) in Fig. 16 a. On

going from low-molecular-mass compounds

(10712< tc< 10710 s) to high-molecular-mass ones

(1079< tc< 1077 s) the transverse relaxation time T2

decreases by four to five orders of magnitude. The NMR

linewidths increase correspondingly. Even more pro-

Table 5. Main differences between NMR spectral parameters of low-molecular-mass compounds and high-molecular-mass biomolecules.

1H chemical shifts Transverse relaxation 1H ± 1H nuclear Magnetization Rate constant for
rate Overhauser effect transfer rate translational

diffusion

Low-molecular-mass compounds

Typically, the chemical shift Low (narrow signals; Positive values (the Low rate constants for High

values span the range from linewidth less than 1 Hz) limiting value is +0.5) cross-relaxation and

*+1 to*+9 ppm spin diffusion

for most compounds

High-molecular-mass protein targets

Wider range of chemical shift High (linewidths of Negative values High rate constants for Low

values, from72 to +12 ppm the order of tens of Hz) (the limiting value is71.0) cross-relaxation and spin

for proteins and to +15 ppm diffusion

for nucleic acids
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Figure 15. Results of the Zn2+ isomolar NMR titration of the
metal-binding domain of b-amyloid peptide containing the so-
called English pathogenic mutation (H6R).118

The interaction of the peptide with Zn2+ ions results in monomeric
and dimeric forms of the complex; curves 1 and 2 correspond to the
former and latter, respectively. The ordinate axis shows the product
DX[P0], where DX is either the change in the relative integrated
intensity, DI, of the Val12 Hg signal at 0.2 ppm corresponding to
zinc-induced peptide dimer (curve 2) or the change in the chemical
shifts, Dd, of histidine Hd2 signals observed upon the formation of
monomeric peptide ± zinc complex (curve 1). The stoichiometry of
the peptide ± zinc interaction is 1 : 1 for curve 1 and 2 : 1 for curve 2.
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nounced differences are observed for the cross-relaxation

rates and the Overhauser effects related to them. Fig-

ure 16,b presents the plots of the cross-relaxation rates

(s) between 1H nuclei and the NOE vs. tc . Assuming

isotropic rotational motion of a molecule with the corre-

lation time tc, the cross-relaxation rate (sij) between

protons i and j depends on the internuclear distance (rij)

and on the Larmor frequency (o) as follows:

sij �
g4�h=2p�2

10r6ij

�
6tc

1� 4o2 t2c
ÿ tc

�
(29)

where g is the gyromagnetic ratio of proton.

Small molecules (tc<0.2 ± 0.4 ns) are characterized by

positive NOEs and sij (see inset in Fig. 16 b).

As the correlation time tc increases, the NOE quite

rapidly reaches a limiting value of 71.0 (at tc& 2 ns). At

long correlation times tc (i.e., o0tc44 1), the first term in

the rightmost bracketed expression in Eqn (29) becomes

negligible and the parameter sij is thus proportional to

7tc; therefore, the absolute values of the cross-relaxa-

tion rates continuously increase with increasing tc (i.e.,

with increasing molecular mass of the protein). This leads

to an increase in the rate of magnetization transfer

between 1H nuclei by the cross-relaxation mechanism,

i.e., to more efficient spin diffusion. Thus, spin diffusion

appears to be highly efficient mechanism of magnetiza-

tion transfer between nuclei in large biomolecules con-

taining numerous closely spaced pairs of protons. In the

case of small molecules this phenomenon can be ignored.

The relaxation properties of molecules described

above depend on the rates of their rotational motions.

At the same time, going from low-molecular-mass to

high-molecular-mass compounds also causes changes in

the translational diffusion rate; this parameter can be

measured in the DOSY experiments.120 ± 122

Upon the binding to large target, a small ligand

acquires all properties of the large, i.e., its chemical shifts

change, the resonance lines are broadened, the cross-

relaxation rate increases considerably, while the rate of

translational diffusion decreases. This allows one to

distinguish between signals from the binding and non-

binding ligands. Binding of a ligand to a biomolecule can

be detected by monitoring changes in the NMR signals of

either the target or ligand. These two groups of

approaches serve a basis of modern NMR screening

methods.

4.2. NMR screening methods based on detection of protein
signals
Chemical shifts represent the main source of information

on the ligand binding when the protein signals are

detected. Complexation of biomolecules with small

ligands is accompanied by insignificant changes in the

parameters determined by the rates of rotational or

translational motions. However, the chemical shifts pro-

vide valuable information when using biomolecules

labelled with the stable isotopes 13C and(or) 15N.

4.2.1. Mapping the ligand binding site using changes in chemical

shifts

Ligand-induced changes in the chemical shifts of biomo-

lecules are usually monitored using 2D heteronuclear

correlation NMR spectra (HSQC or TROSY). The addi-

tion of unlabelled ligand to a protein enriched by the

stable isotopes 13C and(or) 15N can cause the changes of

chemical shifts of protein signals. This can be illustrated

using a series of 2D 15N ± 1H HSQC spectra of a complex

of L. casei dihydrofolate reductase with antibacterial

drug Trimethoprim measured during titration with inor-

ganic phosphate (Fig. 17).

Most signals retain their position as the concentration

of phosphate ions increases; however, certain resonance

from protein backbone or side-chain amide groups (the

assignment is indicated in Fig. 17) exhibit considerable

changes in the 1H and(or) 15N chemical shifts.

Dihydrofolate reductase (DHFR) has two binding

sites, one for the substrate (or inhibitor, as in this case)

b
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Figure 16. Longitudinal and transverse relaxation times of 1H nuclei (a) and the NOE (solid line) and cross-relaxation rate (dashed lines)
between two 1H nuclei separated by a distance of 2 �A plotted vs. correlation time of rotational diffusion of the molecule (b). Calculated
using Eqn (29) and expressions for T1 and T2 (see Refs 22 and 119) assuming isotropic rotation of the molecule and a proton resonance
frequency of 600 MHz.
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and the other for the coenzyme NADPH containing three

phosphate groups.83 The binary complex of the enzyme

with TMP used in the NMR titration experiments had

unoccupied coenzyme binding site. Having specified the

amino acid residues that noticeably changed their posi-

tions with increasing concentration of the inorganic

phosphate, one can see that almost all of them surround

three phosphate groups of the missing ligand, NADPH

(Fig. 18).

This example clearly illustrates the potential of NMR

spectroscopy in the detection of binding between small

fragments of larger ligands and proteins. In spite of low

binding constant of inorganic phosphate to DHFR,

NMR titration experiments enable quite accurate map-

ping of the environment of phosphate groups within

NADPH molecule (interaction of protein with this coen-

zyme was optimized evolutionarily).

4.2.2. The SAR by NMR method

Mapping the binding site of the ligand to the target

protein based on monitoring of changes in the chemical

shifts (see above) underlies establishment of structure ±

activity relationships by NMR spectroscopy (SAR by

NMR). The principle of this method (Fig. 19) was for-

mulated in 1996 by the researchers from the Stephan

Fesik group.123

The binding site of a small molecule is mapped by

chemical shift changes for particular amino acid residues

of the protein in the NMR titration experiments. Meas-

urements of 15N71H or 13C71H HSQC spectra usually

take at most 10 ± 30 min. If a protein has two pockets (1

and 2 in Fig. 19 a,b) separated by a relatively short

distance, two different fragments binding in these pockets

can be identified after two series of titration experiments

(see Fig. 19 e, f ). Fragment libraries for NMR screening

experiments are usually created using the results of

virtual screening. Successful implementation of the SAR
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Figure 17. A series of 2D 15N71H HSQC spectra of a binary complex of L. casei DHFR with antibacterial drug Trimetoprim measured
during titration with inorganic phosphate (the phosphate : protein mole ratio increased from 0 to 20). The protein concentration was 2 mM.
Shown are the signals of protein backbone and side chain amide groups, which change the chemical shift upon the interaction with
phosphate ions.

Figure 18. Structure of ternary complex of L. casei DHFR with
antibacterial drug Trimetoprim and coenzyme NADPH.83

Shown is the NADPH molecule in the binding site of the protein
(shown as the molecular surface). Positions of three phosphate
groups of NADPH are specified. The DHFR amino acid residues
characterized by considerable changes in the 1H and 15N chemical
shifts of amide groups in the 15N71H HSQC spectra of the binary
complex of L. casei DHFR with TMP during titration with inor-
ganic phosphate are given in red.
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by NMR method requires information on the assignment

of protein signals in the heteronuclear correlation spectra

and on the 3D structure of the protein. Having identified

both fragments, one can optimize their structures to

increase the efficiency of binding (see Fig. 19 c). Even-

tually, the two fragments should be linked appropriately

(see Fig. 19 d ). The molecule thus designed contains two

affinity fragments, which creates prerequisites for high

binding constant of the new compound to the protein.

Numerous examples of successful application of the

SAR by NMR method are available. Some of them will

be demonstrated in Section 6 of this review. Here we

present a schematic of the discovery of an inhibitor of the

matrix zinc-dependent metalloprotease stromelysin-3

(Fig. 20) 124 as one of the first examples. The lead design

took less than six months. First, two small fragments

were identified using NMR titration experiments (see

Fig. 20). One fragment binds to the zinc atom in the

active site of enzyme and has a relatively low affinity

(Kd= 17 mM). The second, larger, fragment binds in the

adjacent pocket and has a dissociation constant of

20 mM. Structure optimization of the system comprising

two fragments and a linker led to a compound with a

dissociation constant of 15 nM and much higher bioavail-

ability compared to the previously found peptide inhib-

itors of stromelysin-3.124

NMR titration experiments with relatively small tar-

get proteins are most often carried out using 2D 15N71H

HSQC spectroscopy or a faster version of this hetero-

nuclear method, SOFAST-HMQC.125 In the case of

larger proteins (4 30 ± 40 kDa), deuteration is combined

with the TROSY (Ref. 126) or CRINEPT-TROSY

(Ref. 127) methods. Very large proteins (hundreds of

kDa) are studied in the 13C71H TROSY experiments

using perdeuterated samples whose leucine, valine and

isoleucine amino acid residues contain 13CH3 groups.128

Here, selective labelling is achieved by adding one or

more selectively labelled amino acid biosynthesis inter-

mediates, e.g., [3-13C]-pyruvate, [4-13C]-a-ketobutyrate or

[4,40-13C]-a-ketoisovalerate to the expression medium.84

This approach made it possible to assign methyl groups

of the key hydrophobic residues of thermophilic archaea

proteasome 129 and more recently to design a new pro-

teasome inhibitor, the drug bortezomib 130 approved by

the US Food and Drug Administration.
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Figure 19. The SAR by NMR method: an outline.123

Identification of the first (a) and second (b) fragments binding to
the target pockets 1 and 2, respectively, using NMR titration
methods (spectra e and f ); structure optimization of the identified
fragments aimed at increasing their affinity for the target protein
(c) and bridging two fragments by the linker providing high binding
constant of the newly designed molecule (d).
Spectra e and f shown the resonance lines of the amino acid
residues i ± l surrounding pocket 1 (given in green) and m ± p
surrounding pocket 2 (given in blue). These lines change their
positions when the concentration of the corresponding fragment
increases.

Stromelysin

Stromelysin

Kd=17 M

Kd=0.02 mM

Kd=15 nM

Zn

Zn

Zn

N

O N
OH

O

H

OH

N

Me N
OH

O

H

Stromelysin

Figure 20. Design of efficient inhibitor of matrix zinc-dependent
metalloprotease stromelysin-3 using the SAR by NMR method.124
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The SAR by NMR method is highly informative and

has been used to design a rather large number of novel

biologically active compounds.131 However, the approach

is expensive since it involves the preparation of 15N- and
13C-labelled protein samples and signal assigmnent in the

NMR spectra of proteins.

4.2.3. Application of proteins selectively labelled with stable isotopes

Recently, new versions of the SAR by NMR method

based on the use of proteins selectively labelled with the

stable isotopes 13C, 15N and 19F were proposed. One of

them, RAMPED-UP NMR, assumes operation with

proteins in which certain amino acid residues are labelled

with 13C and(or) 15N isotopes.132 Such proteins are

obtained by, e.g., expression of a protein in a cell-free

system containing only particular types of 13C- and
15N-enriched amino acid residues.133 Combinatorial

selective labelling of proteins is also suitable.134 In this

case the HSQC or TROSY spectra of the protein are

significantly simplified and one can simultaneously study

a mixture of proteins. It is possible not only to detect

selective binding of a compound to a certain protein from

the mixture in hand, but also to monitor protein ± protein

interactions.132 It should be noted that efficient applica-

tion of the RAMPED-UP NMR method is only possible

having signals of all proteins assigned and the ligand

binding sites determined.

Fluorine-19 atoms are highly sensitive sources of

information obtained using NMR spectroscopy methods.

Rather efficient methods for introducing 19F-labelled

amino acids (mainly aromatic ones) into protein mole-

cules have been developed.135, 136 In this case even 1D

NMR spectroscopy provides valuable information for

monitoring the interaction between 19F-labelled proteins

and low-molecular-mass ligands. The PrOF NMR

method135, 137 was developed for screening ligands capa-

ble of binding to 19F-labelled proteins. It was tested

using, e.g., bromodomains Brd4 and BrdT;137 transcrip-

tion factor binding domain KIX;138 the SPRY domain of

SPSB2 protein regulating the activity of inducible NO

synthase,139 and AMA1 protein, a target of antimalarial

drugs.140 In all cases, proteins containing either 5-fluo-

rotryptophan or 3-fluorotyrosine were obtained. The

method is characterized by high sensitivity and perform-

ance (screening of hundreds compounds within a few

hours) and allows one to determine the lead binding

constants.

4.2.4. Application of ligands containing spin labels or paramagnetic

ions

Yet another extended version of the SAR by NMR

method involves the use of ligands containing spin

labels 141 or lanthanide ions.142 A considerable paramag-

netic contribution to the transverse relaxation rate as

well as the effect of pseudocontact paramagnetic shift

observed for Tb, Dy, Ho, Eu and Yb atoms and much

exceeding the effects of ring currents enable the detection

of signals from protein domains surrounding labelled

ligands. For instance, the binding site of anesthetic

agent sevoflurane to calmodulin was located 143 using

ligands attached to a chelate complex of Dy3+. It was

reported that this approach may appear to be efficient

for locating the binding sites of various ligands interact-

ing with low affinity target proteins.

4.2.5. Comparison of the NMR screening methods based on

monitoring the target signals

Protein ± ligand interactions are monitored using highly

sensitive heteronuclear spectroscopy methods, namely,

HSQC for relatively small and TROSY for large protein

molecules. Practical implementation of both methods

requires isotopic labelling of proteins with 15N, 13C and
2D (for large proteins), information on the assignment of

protein signals in the NMR spectra and on the structure

of the protein target. Methods based on monitoring of

protein signals are highly informative. They enable map-

ping of the ligand binding site and provide direct infor-

mation for subsequent structure optimization. Selected

parameters of these NMR screening methods are listed in

Table 6.

As to the drawbacks, the SAR by NMR method is

expensive since it involves the use of relatively high

concentrations of labelled proteins and limits the molec-

ular mass of the biomolecules under study. Nevertheless,

progress in NMR spectroscopy and methods of isotope

labelling of proteins 81 makes it possible to study large

macromolecules. For instance, the SAR by NMR experi-

ments using 15N-enriched proteins can be used to study

systems with molecular masses up to 25 ± 30 kDa and this

limit can be increased to 100 ± 150 kDa when using

deuterated proteins and the TROSY (Ref. 144) and

CRINEPT (Ref. 127) methods.145 The use of deuterated

proteins selectively labelled with 13C at methyl groups of

isoleucine, leucine, valine and alanine residues 129 enables

further increase in the molecular mass of the objects of

interest. An example, the interaction of 20S-proteasome

(750 kDa) with a series of low-molecular-mass com-

pounds including bortezomib, the only approved protea-

some inhibitor, was studied 130 using NMR spectroscopy

methods.

4.3. NMR screening methods based on detection of the ligand
signals
Compared to other biophysical methods, NMR spectro-

scopy gives the best results in studies of the interaction

between proteins and compounds with relatively low

binding constants (see above). In this case one deals

with equilibrium between the free and protein-bound

states of the ligand. If the ligand is present in excess,

the chemical shifts of its signals are almost unaffected by

the interaction with a protein. Therefore, monitoring of

the protein ± ligand interaction requires information on

other parameters, namely, the rate of magnetization

transfer, the sign of the NOE, the translational diffusion

coefficient of ligand molecules and the transverse relax-

ation rate (see Table 5). These parameters are signifi-

cantly different for low-molecular-mass compounds and

large biomolecules. When bound to a protein, the ligand

acquires the properties of a high-molecular-mass com-

pound. Clearly, under equilibrium between the free and

bound states of the ligand the value of an observed

parameter (Aobs) in the NMR spectrum of the ligand is

given by

Aobs � Af�1ÿ pb� � Abpb (30)

Here Af and Ab are the NMR spectral parameters of

the free and bound forms of the ligand, respectively, and

pb is the proportion of the bound form of the ligand.

V.I.Polshakov, E.A.Batuev, A.B.Mantsyzov Russ. Chem. Rev., 2019, 88 (1) 59 ± 98 77



Even if the p value is small, but the property of the ligand

differs significantly upon binding to the biomolecule, the

Aobs value will differ appreciably from Af. It follows that

by detecting the properties of the ligand one can reliably

identify its interaction with the biomolecule. In the text

below we describe main methods for monitoring the

protein ± ligand interaction via detection of the ligand

signals.

4.3.1. The STD and WaterLOGSY methods

The difference spectroscopy methods STD and Water-

LOGSY are based on the high rate of spin diffusion in

large molecules; they are suitable for studying the inter-

action of mixtures containing two to ten ligands and a

target. These experiments require a proper choice of

compounds in order to identify resonances of all ligands,

i.e., their signals should not overlap in the 1D spectrum.

In the STD method 23, 146 one or more resonance

frequencies of a protein are selectively saturated using a

series of frequency-selective pulses (Fig. 21 a), while the

resonance lines of ligands remain untouched. This can be

done in almost all cases since the range of the chemical

shifts for proteins is much wider than for ligands and

protein resonance(s) in the upfield (d5 0) or downfield

(d4 10) regions can be found with ease.

Saturation of a protein signal over a period of 2 ± 5 s

causes rapid transfer of the magnetization over the entire

biomolecule by the spin diffusion mechanism until the

protein-bound ligand is reached (Fig. 21 b). As a result,

the intensities of signals of the ligand that appeared

repeatedly at the binding site of the protein during the

long saturation time decrease. This is also favoured by

slow relaxation of magnetic nuclei of the free ligand that

leaves the complex with the protein upon dissociation.

These effects are not observed for the nonbinding

ligands. Reliable identification of binding is achieved

using the difference spectroscopy method. To this end,

the spectrum measured under saturation of a protein

resonance (`on') is subtracted from the spectrum meas-

ured under irradiation of the empty region where no

NMR signals are observed (`off'). Thus the difference

spectrum exhibits only the ligand signals whose inten-

sities decrease upon saturation of protein resonances

(Fig. 21 c). The protein signals are suppressed using the

T1r-filter, i.e., a low-intensity rf pulse that causes the

magnetization to hold in the perpendicular plane during

ba

T1r-élter
n
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90�f1

d

f2 t2

Gz
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off on dif

Figure 21. Pulse sequence (a), a schematic (b) and spectra (c) illustrating the
principle of the STD method.25

(a) d1 is relaxation delay (3 ± 5 s), d is the short time delay (1 ms) between
selective (sel) saturation pulses, f1 and f2 are respectively the read pulse
and spin lock phases (mutually orthogonal) and t2 is the signal acquisition
time; (b, c) stars and circles denote binding and nonbinding ligands,
respectively. A series of selective pulses is used to saturate protein signals.
Efficient spin diffusion leads to partial saturation of signals of the protein-
bound ligand; this can be detected using difference spectroscopy method.

Table 6. NMR screening methods based on monitoring of signals in the NMR spectra of the target and knowledge of its 3D structure.

Method Molecular mass Number of Working concentration /mM Note
of protein /kDa ligands in

the mixture protein ligand

HSQC < 30 < 5 a *0.05 ± 0.5 *0.2 ± 5 13C and(or) 15N-labelled protein

TROSY and CRINEPT < 100 < 5 a *0.05 ± 0.5 *0.2 ± 5 2D, 15N and(or) 13C-labelled protein

RAMPED-UP NMR < 30 < 3 b *0.1 ± 0.5 *0.5 ± 5 15N and(or) 13C selectiely labelled

protein

PrOF NMR < 30 < 10 *0.05 ± 0.5 *0.5 ± 5 Protein containing 19F-modified

amino acid residues

(5-F-Trp, 3-F-Tyr)

Note. Numerical values were taken from Refs 29, 37, 38, 132 and 135. a Typically, one ligand is studied in a particular experiment. bUsually, one

ligand and a number of proteins are studied in a particular experiment.
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the time interval necessary for relaxation of nuclei pro-

ducing broad signals.

The STD method is of paramount importance to the

search for compounds capable of binding to tar-

gets.75, 147 ± 149 Wide use of this approach is accompanied

by its modifications. In particular, optimal methods for

selective saturation of target signals were devel-

oped 136, 150 to improve the sensitivity of the STD

method. The resolution can be enhanced using 2D meth-

ods STD-TOCSY and STD-HSQC.151,152 Protocols for

determining the ligand binding constants from the STD

data were developed and the applicability range of the

STD method for measurements of binding constants Ka

was established.153 ± 155 A heteronuclear version of the

STD method with saturation of protein protons followed

by magnetization transfer to 19F nuclei of the bound

ligand was elaborated.156 The technique offers a rather

high resolution and sensitivity in studies of weak specific

binding of carbohydrates and their mimetics to lectins.

The evolution of the STD experiments continued with

the development of the saturation transfer double differ-

ence (STDD) spectroscopy.157 This approach allows one

to identify the ligand signals in complex mixtures, e.g.,

cell suspensions or cell lysates containing large amounts

of small molecules. Two STD spectra of the mixture of

interest are measured in the STDD experiments, one in

the absence and one in the presence of a ligand. Then,

one spectrum is subtracted from the other. This proce-

dure was used in a study of the binding of the cyclic

pentapeptide cycloRGDfV to the glycoprotein aIIbb3 of

intact blood platelets.157 A similar method was used to

identify ligands that bind to the protein regulating the

modification of sialic acid residues on the surface of cell

membrane.158 These STDD experiments were carried out

using a Sepharose-immobilized protein.

Yet another difference NMR spectroscopy method

widely used in NMR screening experiments is

WaterLOGSY (Fig. 22).159 It enables highly sensitive

detection of the interaction of proteins with low-molec-

ular-mass compounds and does not require pre-satura-

tion of protein signals.

In WaterLOGSY experiments, the main source of

information on the change in the molecular mass of the

studied ligand upon its binding to the target protein is

the rate of cross-relaxation of the ligand protons with

water molecules. As mentioned above, the signs of the

cross-relaxation rates responsible for the magnitude of

the NOE are different for low-molecular-mass com-

pounds and proteins (see Fig. 16 and Table 5). The

WaterLOGSY experiment involves inversion of the

water proton magnetization that is transferred to the

ligand protons by the cross-relaxation or chemical

exchange mechanism during the mixing time (see

Fig. 22 b). By subtracting this spectrum from the spec-

trum with the equilibrium signal of water protons it is

possible to differentiate between the binding and non-

binding ligands from the signs of their signals in the

difference spectrum (see Fig. 22 c). The subtraction is

performed automatically during the acqusition of the

WaterLOGSY spectrum. Like in the STD experiments,

a mixture of ligands in the presence of the target protein

is studied. Typical concentrations are a few tens of mM
for the protein and hundreds mM for ligands (Fig. 23).

Efficient use of the WaterLOGSY pulse sequence

requires that the magnetization of water protons have

the time to relax. As a consequence, a long relaxation

delay before application of the pulse sequence is needed.

To improve the water polarization recovery, a polar-

ization optimized PO-WaterLOGSY NMR experiment

was proposed.160 It allows one to considerably reduce

the relaxation delay and thus the duration of the pulsed

experiments (by a factor of five to six). Yet another

modification of the method is the aroma-WaterLOGSY

technique 161 based on selective excitation of signals of

aromatic protons only. On the one hand, this precludes

identification of ligand binding from resonances of the

tmix
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Figure 22. Pulse sequence (a), a schematic (b) and spectra (c)
illustrating the principle of the WaterLOGSY method.25

Stars and circles denote binding and nonbinding ligands, respec-
tively. Application of selective pulse (sel) causes inversion of the
water signal. During the mixing time (tmix) inverted magnetization
is transferred to the protein nuclei and then to the nuclei of the
bound ligand through chemical exchange and cross-relaxation
(NOE). Analogous cross-relaxation effects for nonbinding low-
molecular-mass compounds have opposite sign. Scans without
and with inversion of the water signal (H2Oeq and H2Oinv, respec-
tively) are summed and subtracted. Eventually, binding and non-
binding ligands differ in the sign of their signals in the difference
spectrum (dif).
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ligand aliphatic protons. On the other hand, signals of

aromatic protons are usually well-resolved, rather narrow

and intense. Besides, aromatic fragments are most often

deeply buried into the binding site of the biomolecule and

thus the most pronounced effects in the WaterLOGSY

NMR spectra are observed for just these resonance lines.

The aroma-WaterLOGSY NMR approach also allows

one to utilize proton-containing buffers and additives

(TRIS, HEPES, glycerol, DTT, etc.) that are of limited

use in conventional NMR experiments.

The sensitivities of the STD and WaterLOGSY meth-

ods were compared for three model ligand ± protein

systems, namely, ketoprofen ± bovine serum albumin

(69 kDa), tert-butylhydroquinone ± influenza hemaggluti-

nin (*170 kDa) and chloramphenicol ± ribosome (70S, a

few MDa).162 The WaterLOGSY method was found to

be more sensitive than the STD method for all systems

studied, viz., by a factor of about three for relatively

small albumin and by a factor of nearly 16 for the larger

systems. The reason is that inversion of the water signal

in the WaterLOGSY experiment simultaneously influen-

ces numerous protons of the biomolecule that act as

sources of cross-relaxation with ligand protons (cf. satu-

ration of only one or a few protons in the STD experi-

ment). At the same time the attainment of optimum

results using the WaterLOGSY method requires a more

thorough choice of parameters (e.g., mixing time and

relaxation delay).

A heteronuclear 19F WaterLOGSY method is similar

to the heteronuclear 19F STD modification (see above)

and can be used to detect the binding of fluoro-contain-

ing ligands to biomolecules.163

The STD and WaterLOGSY approaches are suitable

not only for detection of ligand ± protein binding, but

also for determination of the binding constant Ka.

This requires a series of measurements at different

ligand : protein mole ratios. Most often these experiments

are carried out to study an individual compound rather

than a mixture of ligands. In the WaterLOGSY experi-

ments the intensity of the ith signal of the ligand, Ii ,

depends on the efficiency of magnetization transfer from

water protons to protons of the free (L) and protein-

bound (PL) forms of the ligand and, to a first approx-

imation, is given by

Ii ! sPL�PL� � sL�L� (31)

sPL �
X
j

sboundij �
X
k

sboundik �
X
w

sboundiw (31a)

sL �
X
j

sfreeij �
X
w

sfreeiw (31b)

Here sPL and sL are the rates of magnetization

transfer from water protons to protons of the bound

and free ligand, respectively; the subscript j denotes

ligand exchangeable protons (they can exchange with

protons from water molecules, OH and NH groups,

etc.), the subscript k denotes the protein protons near

the ligand in the complex being formed; and the subscript

w refers to water protons near the ligand.159 The con-

tribution of the free ligand form to the intensity of the ith

signal in the WaterLOGSY spectrum (I0i = sL[L]) can be

measured in a blank experiment in the absence of the

protein. In this case, the intensity difference of the ith

signal of the ligand (DIi) in the WaterLOGSY experi-

ments carried out in the presence and in the absence of

the protein is given by the simple equation

DIi � Ii ÿ I0i � sPL�PL� (32)

Expression (32) can be used along with Eqn (13) to

determine the dissociation constants. Changes in the

intensity of a signal of the ligand bound to C. freundii

methionine-g-lyase are presented in Fig. 24.

A correct determination of the constant Kd in the

WaterLOGSY experiments requires a thorough choice of

experimental conditions. An important role is played by

the concentration of the protein, which should be mini-

mum but sufficient to provide for reliable measurements

of signal intensities in the NMR spectra. An increase in

the protein concentration leads to overestimation of the

dissociation constants.165, 166

The STD and WaterLOGSY methods and their

numerous modifications are the main tools of NMR

screening.

4.3.2. Methods based on detection of 19F signals

Recently, there has been rapid progress in 19F NMR

methods since they are characterized by amazingly high

STD

WaterLOGSY

4.0 3.5 3.0 ppm8.0 7.5 7.0 ppm
b

c

a

Figure 23. Examples of STD and WaterLOGSY spectra of a model
mixture containing L-tryptophan (Trp, 3.2 mM) and glucose (Glc,
3.2 mM) in the presence human serum albumin (HSA, 62 mM). The
protein : ligand mole ratio is 1 : 50 for both ligands. Blank 1D
spectrum of the mixture (a); STD spectrum (b) and WaterLOGSY
spectrum (c). Tryptophan can bind to HSA. Its signals (asterisked
in spectrum a) are clearly seen in the STD spectrum while the
signals of glucose (nonbinding ligand) are very weak. In the
WaterLOGSY spectrum, these groups of signals have different
signs.
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sensitivity comparable with that of fluorescence methods

for monitoring protein ± ligand interactions. The reasons

are as follows. First, the 19F isotope is almost absent in

natural biological objects and thus the 19F NMR spectra

are rather simple. Next, the gyromagnetic ratio of 19F

nucleus is comparable with that of proton and thus

ensures a close sensitivity. Third, the 19F resonances are

observed in a very wide range of chemical shift values, so

even minor changes in the environment of a 19F nucleus

cause remarkable change in the position of the resonance

line. Finally, the relaxation properties of 19F nucleus are

suitable for monitoring the interaction of 19F-labelled

ligands with targets. A research group headed by Dal-

vit 167, 168 developed two methods, FAXS and n-FABS,

that utilize unique properties of fluorine nuclei. Both

methods are based on the choice of a small ligand (often,

oligopeptide) containing fluorine atoms that can bind to

the target under study (Fig. 25).

A free compound S (`spy' compound according to

Dalvit et al.) has a rather narrow 19F signal. Therefore,

its peak intensity is high (Fig. 25 a). The signal of the

bound spy compound (i) changes the chemical shift and

(ii) is significantly broadened (Fig. 25 b). The broadening

is to a great extent due to high chemical shift anisotropy

of 19F nuclei. If the bound and free forms of compound S

are at equilibrium, the signal in the 19F NMR spectrum

of S is broadened to so high extent that the resonance

becomes almost indistinguishable (Fig. 25 c). This solu-

tion represents a test system in the search for compounds

that can efficiently compete for the same binding site in

the target. Binding of a ligand with higher affinity causes

reappearance of the 19F resonance line of the free com-

pound S competitively displaced by the new ligand

(Fig. 25 d). The method enables screening of multicom-

ponent mixtures within short times. The sensitivity of the

FAXS method using compounds containing a single

fluorine atom is comparable with that of the STD and

WaterLOGSY methods. However, the spy compound can

contain a number of chemically equivalent fluorine atoms

(structures 1 ± 4), which significantly increases the sensi-

tivity of the n-FABS method.168 ± 170

The methods based on the detection of 19F signals

proved to be versatile; they are used in studies of soluble

and membrane proteins in the lipid environment,171 as

well as cell lysates and intact cells.172 In particular, the

n-FABS method was employed to study living human

cells expressing the membrane enzyme FAAH and iden-

tified inhibitors capable of binding to this enzyme in a

wide range of affinity values.172

The key advantage of the FAXS and n-FABS meth-

ods is high sensitivity that allows targets to be studied at

much lower concentrations. Indeed, the protein concen-

tration 4 100 mM is necessary for the SAR by NMR

methods, 10 mM for the STD and WaterLOGSY methods

and can be as low as a few tens of nM for the n-FABS

method. A 3-FABS experiment using highly sensitive 19F

cryogenic probe revealed the formation of a proteolysis

product of a polyfluoro-substituted peptide under the

action of only 200 fM of trypsin.168 Screening of enzyme

inhibitors whose action did not lead to product forma-

tion was performed with a test system containing a

fluorinated peptide and trypsin.
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Figure 24. Integrated intensity of the 1H signal of the ligand bound
to C. freundii methionine-g-lyase in the WaterLOGSY spectra
plotted vs. ligand concentration. Curve 1 corresponds to the experi-
ments carried out in the presence of the protein (46 mM). Curve 2
corresponds to the experiments carried out in the absence of the
protein. Calculations with inclusion of changes in the intensity
difference between curves 1 and 2 led to Kd=2.15� 0.58 mM.164
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Figure 25. The FAXS and n-FABS methods: a schematic.167
19F NMR spectrum of free low-molecular-mass (S, `spy') com-
pound S (a); 19F NMR spectrum of bound spy compound (b);
broadening to disappearance of the 19F signal at equilibrium
between the bound and free compound S (c); adding a high-affinity
binding ligand L causes displacement of molecule S from the
complex and re-appearance of the signal of free compound S in
the 19F NMR spectrum (d ).
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4.3.3. Methods involving spin-labelled proteins and proteins

complexed the lanthanide ions

A number of methods based on modification of the

target proteins with spin labels or lanthanide ions that

induce paramagnetic relaxation enhancement are avail-

able. This effect significantly changes the relaxation

properties of nuclei in the ligands bound to the modified

protein, which allows one to identify them using NMR

spectroscopy methods.

A SLAPSTIC approach 173 proposed to this end

involves modification of the protein with 2,2,6,6-tetrame-

thylpiperidin-1-oxyl (TEMPO, structure 5) or 2,2,5,5-

tetramethylpyrrolidine-1-oxyl (PROXYL, structure 6)

derivatives containing isocyanate, maleimide or 2-iodo-

acetamide residues as substituents. These groups can

respectively bind to the side-chain of lysine, cysteine

and methionine residues on the surface of the protein

under mild conditions. This is a route to proteins modi-

fied with one or more stable radicals.

The paramagnetic properties of the unpaired electron

manifest themselves as a remarkable increase in the

transverse relaxation rate (and, hence, broadening of

signals) of atomic nuclei located within *15 ± 20�A from

spin label.173, 174 This broadening can be reliably detected

using a T1s- or T2-filter that passes only narrow signals.

Broad signals characterized by high transverse relaxation

rates disappear within the duration of the rf pulse in the

T1s-filter experiments or a series of 180-degree CPMG

pulses in the T2-filter trains. Next, by using the difference

NMR spectroscopy techniques one can detect only sig-

nals of the ligand bearing the free-radical label broad-

ened as a result of binding to the protein (Fig. 26).

It should be noted that the introduction of free-

radical labels and subsequent analysis of the nuclear

relaxation rates are widely used for protein structure

determination. In particular, an approach involves engi-

neering of a series of mutant forms of a membrane

protein bearing cysteine residues attached to particular

atoms and subsequent modification of these residues with

paramagnetic labels.175, 176 Amino acid residues sur-

rounding the modified cysteine can be identified from

the changes in the nuclear relaxation rates of 1H, 15N and
13C of the protein resonances. This method was used to

determine the structures of certain protein ± RNA com-

plexes.177, 178 Often, the role of paramagnetic label is

played by complexes with paramagnetic metal ions (e.g.,

Mn2+, Cu2+, Gd3+) rather than nitroxides.178

4.3.4. Comparison of NMR methods based on detection of ligand

signals

NMR methods based on the detection of the ligand

signals and used to identify ligand capable of binding to

the target biomacromolecules (Table 7) are much more

sensitive than methods based on the detection of the

biomacromolecule signals (see Table 6). Yet another dis-

tinction between these methods is the possibility to detect

the binding event using a mixture of ligands; this signifi-

cantly improves the performance of the screening proce-

dure. Besides, methods with detection of the ligand

signals have no limitation on the size of the biomolecule

target and the observed effects are even more pronounced

in the case of large biomolecules. The STD, Water-

LOGSY and SLAPSTIC methods are only applicable to

weakly binding ligands undergoing fast exchange between

the free and bound forms. No effects of binding to the

target biomolecule will be observed in the case of slow

exchange between these forms. Contrary to this, the

FAXS and n-FABS methods are applicable under strong

binding conditions since the 19F-containing `spy' mole-

cule can be competitively displaced from the binding site

by a certain ligand only in this case.

The TINS method was proposed for screening of

ligands that can bind to Sepharose-immobilized tar-

gets.179 The ligands capable of binding are identified

from changes in the ligand resonance linewidth in the

absence and in the presence of Sepharose resin used as

support. The technique is not highly sensitive but allows

the same target sample to be reused in a large series of

5 (TEMPO)
6 (PROXYL)

N

R

O

MeMe

Me Me

N

O

R

MeMe

Me Me

R=NCS, , N

O

O

N
I

O

H

Structures 5, 6

b

c

a

8.0 7.5 7.0 ppm 4.0 3.5 ppm

Figure 26. Results of SLAPSTIC experiment using a model mix-
ture containing tryptophan (Trp, 3.2 mM) and glucose (Glc,
3.2 mM) in the presence of 2-iodoacetamide-modified human
serum albumin (HSA, 62 mM). The protein : ligand mole ratio is
1 : 50 for both ligands. Blank 1D spectrum of the mixture (a);
T2-filtered spectrum (200 spin echo repetitions within 204 ms) (b)
and the difference spectrum (c). The difference spectrum exhibits
signals of tryptophan bound to HSA (asterisked in spectrum a) and
no signals of glucose (nonbinding ligand).
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experiments. Besides, the method can be implemented in

flow probe NMR detection. Binding of the small ligands

to high-molecular-mass targets is also identified by meas-

uring the rate of translational diffusion using gradient

DOSY NMR methods.180, 181 The DOSY approach is

based on a decrease in the diffusion coefficient of the

ligand molecules bound to the large low-mobile target

molecules. Being not highly sensitive, DOSY-based meth-

ods may appear to be rather informative in some

cases.117, 119, 182

Selected characteristics of the described above NMR

screening methods based on the detection of the spectral

parameters of ligands are listed in Table 7.

5. NMR spectroscopy methods for lead design

The NMR screening methods described in the preceding

Sections enable identification of small molecules as

molecular fragments of a potential lead compound. In

the next steps of lead design an increase in their affinity

for the target is achieved by modifying functional groups

or by linking a number of fragments into a single

compound. Strictly speaking, NMR screening can be

treated as a process utilizing various methods for (i)

detection of specific binding of ligands to the biomacro-

molecular target and (ii) rational modification of the

ligand structure in order to increase the ligand affinity.

5.1. NMR methods for mapping bound ligand epitopes
Methods based on the observation of NMR signals of a

target, in combination with information about its three-

dimensional structure, allow a rational design of the lead

compound using the selected fragments. This can also be

done if only the signals of small molecules are detected in

the NMR experiments. In this case information on 3D

structure of a receptor or its complex with a certain hit

compound is also useful. However, necessary information

not always can be obtained by X-ray crystallography or

NMR spectroscopy methods owing to sophisticated

experiments and high labour costs.

The NMR spectroscopy methods based on the detec-

tion of ligand signals include INPHARMA,183 SAR by

ILOE,184, 185 SALMON,186 and STD.187 They enable

mapping ligand epitopes {, i.e., determining the ligand

fragments immediately involved in the interaction with

the biomolecule. Besides, they allow one to obtain infor-

mation on mutual orientation of various structural frag-

ments in adjacent binding sites of the target. Similarly to

the STD method (see above) these approaches are effi-

cient in the case of ligands with fast exchange between

the free and receptor-bound forms. Experiments are

carried out using biomolecular targets with molecular

masses 420 kDa provided that the ligand is present in a

10 ± 100-fold excess. Typically, the concentration of the

target is in the range of 10 ± 25 mM.

In addition to the methods based on structural infor-

mation on the ligand binding site on the protein surface,

strategies based on rational modification of the ligand

structure are available, namely, SHAPES, NMR-SOLVE

and ALARN-NMR. They allow compounds with high

affinity for the target protein cost-efficient design of.

5.1.1. The INPHARMA method

The INPHARMA method provides information on the

mutual orientation of two ligands competitively binding

in the same receptor pocket.183 A sample containing a

macromolecular target and two ligands (we denote them

A and B) is exposed to a conventional proton 2D

NOESY experiment. During the mixing time in NOESY

experiment, protons of the ligand A bound to the

receptor transfer their magnetization to the target

(Fig. 27). As ligand A leaves the receptor binding pocket,

ligand B binds to the receptor and the magnetization of

A-protons is transferred from the target to B-protons by

the spin diffusion mechanism. As a result the NOESY

spectrum will exhibit cross-peaks between A-protons and

Table 7. NMR screening methods based on the observation of spectral parameters of ligands.

Method Number Working concentration Note
of ligands
in the mixture protein /mM ligand /mM

STD 2± 20 20 ± 200 0.1 ± 5 One of the most widely used methods; applicable in the case

of weakly binding ligands

WaterLOGSY 2 ± 20 20 ± 200 0.1 ± 5 More sensitive method compared to STD; applicable in the

case of weakly binding ligands

SLAPSTIC 2 ± 10 20 ± 200 0.1 ± 5 Highly sensitive method that requires modified proteins;

applicable in the case of weakly binding ligands

FAXS, n-FABS 5 ± 20 1073 ± 50 561072 ± 1 Most highly sensitive methods; applicable to detect strongly

binding ligands

DOSY 2 ± 10 100 ± 250 0.2 ± 1 Method based on the decrease in translational diffusion rate

of the ligand upon binding to the target

TINS 2 ± 10 250 0.2 ± 0.5 Search for ligands binding to targets immobilized on

Sepharose support; one sample of a target protein can be

repeatedly used to screen a number of ligand libraries

Note. Numerical values were taken from Refs 29, 38, 120, 154, 162, 168, 173 and 179.

{ The term `ligand epitope' was introduced by analogy with the term

`antigen epitope' denoting the part of an antigen that is recognized by

macromolecules of the immune system.
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B-protons since both ligands are located in the same

binding pocket in the case of successive binding to the

receptor.

Exact ligand/target mole ratios and the NOESY mix-

ing time (tm) should be chosen experimentally depending

on a particular system under study. For large targets

(molecular mass >400 kDa) one can use tm< 100 ms,

while experiments with small receptors (molecular mass

*20 kDa) require long mixing time (4500 ms).188 The

exchange rates of both ligands in the receptor binding

pocket should be comparable since the most pronounced

INPHARMA effects are observed at equal ligand disso-

ciation constants koff .188

When interpreting the INPHARMA effects, one

should take account of the fact that the magnetization

can be transferred through the receptor spin system to a

distant-from-the-ligand-proton region of the binding site

by the spin diffusion mechanism.183 Therefore, the cross-

peak between A-protons and B-protons might be an

artifact not necessarily indicating spatial proximity of

these atoms to the same receptor site. Exact pathway of

magnetization transfer in the protein ± ligand complex

can be determined using the full relaxation matrix

approach.189 This requires knowledge of the structures

of the complexes of both ligands and allows the

INPHARMA method to be used for selecting correct

ligand conformations among the models obtained by

molecular docking.2, 188, 190

The INPHARMA method was for the first time

applied in the binding studies of epothilone A and

baccatin III to tubulin.183, 191 More recently, crystallo-

graphic conformations of competitive ligands in a model

system with protein kinase A as target were reproduced

using the INPHARMA data.2 The method was success-

fully used in many other studies of protein ± ligand

systems.192 ± 195 In particular, rational optimization of

the inhibitor of platelet receptor glycoprotein VI

(GPVI) revealed 192 that the angiotensin II receptor

antagonist Losartan and a 12 amino acid peptide (pep-

10L peptide) compete for binding to GPVI; however, the

peptide affinity appeared to be higher. The peptide and

Losartan fragments bound to the same receptor pocket

were determined and their mutual orientation was estab-

lished by the INPHARMA method. Based on these data

and on information on the structure of the bound peptide

form the Losartan molecule was modified to reproduce

key interactions of the pep-10L pharmacophore. Optimi-

zation led to a novel inhibitor of GPVI whose affinity

was comparable with that of the peptide pep-10L.

5.1.2. The SAR by ILOE method

The SAR by ILOE method allows determining mutual

orientation of two ligands bound in the adjacent receptor

pockets.185, 196, 197 Like INPHARMA, this approach is

based on 2D NOESY NMR experiment. The spectrum is

measured for a sample containing a target and a number

of ligands. If ligands A and B simultaneously bind to the

target in the adjacent binding pockets, the NOESY

spectrum should exhibit cross-peaks between proximate

protons of these ligands (Fig. 28).

The NOESY mixing time is usually varied in the

range of 600 ± 800 ms.198 It should be noted that the

intermolecular cross-peaks in the ILOE spectrum appear

as a result of direct dipole ± dipole interaction between

protons from two ligands separated by distances shorter

than 6 �A . In contrast to the INPHARMA method, spin

diffusion is the source of artifacts for the SAR by ILOE

experiment; therefore, it is recommended to use perdeu-

terated target samples.197

The SAR by ILOE method was successfully employed

for rational design of protein inhibitor Bid involved in

the control of the apoptotic signal cascade.185, 199 A series

of NOESY experiments using samples containing a target

protein and mixtures of 6 to 24 ligands selected from a

library consisting of 300 various structural fragments

revealed a number of binding ligands and those which

had ILOE cross-peaks were detected. Based on analysis

of the changes in the receptor 1H and 15N chemical shifts

during titration with molecular fragments, the binding

sites of the hit ligands in the hydrophobic groove on the

surface of the protein were mapped. The structure of the

optimal linker for connecting two hit fragments was

chosen using the results of molecular docking and ILOE

data.

5.1.3. Application of the STD method to epitope mapping

The STD method (see above) can be used to map the

ligand epitope and to reveal functional groups playing a
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Figure 27. Schematic representation of the principle of the INPHARMA method (a) and NOESY spectrum exhibiting cross-peaks between
protons of ligands A and B due to magnetization transfer through the receptor (b).183
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key role in the interaction with the receptor.187 Satura-

tion transfer from the target to the ligand occurs at

different rates depending on the distance between the

ligand protons and receptor protons. Therefore, in the

1D STD spectrum, peaks corresponding to the protons in

the vicinity of the target will be more intense than peaks

from distant protons. To observe this effect, the resi-

dence time of the ligand in the receptor binding pocket

should be short (dissociation rate should be of the same

order of magnitude or higher than the rate of saturation

transfer from the receptor to the ligand); otherwise, all

STD peaks will look identically as a result of spin

diffusion.187 The design and analysis of the STD experi-

ment also require taking account of longitudinal relaxa-

tion of the ligand in the presence of receptor. If the

ligand proton times T1 differ appreciably from one

another, being shorter than the saturation time of the

spin system of the target, the magnetization transfer by

the longitudinal relaxation mechanism begins to compete

with cross-relaxation between the target and ligand and

contributes largely to the observed STD effects.200

To determine the absolute magnitude of the STD

effect, the STD amplification factor ( fSTD) 187 is calcu-

lated:

fSTD �
I0 ÿ ISTD

I0
n (33)

where I0 is the intensity of a signal in the 1D reference

spectrum of the ligand (no saturation of the receptor),

ISTD is the intensity of a signal in the STD spectrum with

saturation of the receptor and n is the molar excess of the

ligand relative to the receptor. As the ligand excess

increases, the receptor pocket is saturated and the ampli-

fication factor reaches a plateau.187 Like in the case of

the INPHARMA experiment, quantitative interpretation

of the amplification factors requires full relaxation

matrix calculations for the receptor ± ligand complex.

The results obtained can be used to validate the results

of docking.201 ± 203

The STD mapping of ligand epitope is mainly used

when studying large ligands, viz., sugars, peptides, pepti-

domimetics or vitamins.193, 203 ± 209 The problem of signal

overlap in the 1D STD spectra of large molecules can be

solved using 2D experiments, e.g., 2D STD

TOCSY 187, 207 and 2D STD HSQC.209

Yet another version of the STD technique called SOS-

NMR 210 is based on the use of a series of deuterated

proteins and allows the ligand binding site to the bio-

molecule as well as ligand arrangement in the binding site

to be determined from spectral data. Practical implemen-

tation of this method requires the synthesis of perdeu-

terated proteins containing certain types of selectively 1H

labelled amino acid residues (e.g., Ile, Val, Leu, Trp); this

can be done by expression of the protein in the deuter-

ated medium in the presence of excess amount of corre-

sponding amino acids. A series of STD experiments can

be used to identify the type of amino acid residues bound

to the ligand in the binding site. Also, there is no need

for information on the assignment of the protein signals

and on the 3D structure of the protein.

5.1.4. The SALMON method

The WaterLOGSY experiment can be used to determine

the ligand fragments that are in direct contact with the

solvent in receptor ± ligand complex.186 A WaterLOGSY

study of the binding of tretazicar to quinone oxidoreduc-

tase 2 revealed that certain protons of the bound ligand

show a positive NOE (typical of the free form of the

ligand) in the presence of receptor, whereas other protons

exhibit negative signals typical of the bound form.186 A

more detailed investigation showed that protons with

positive NOE belong to the aziridine group oriented

from the surface of the target towards the solution. To

sum up, the magnetization is transferred from water

molecules to ligand protons inside the receptor pocket

through protein atoms, whereas protons of the ligand

groups distant from the protein surface directly interact

with highly mobile solvent molecules (Fig. 29). This

method for mapping solvent-accessible ligand fragments

was named SALMON.

5.1.5. Determination of the bound ligand conformations using the

trNOE method

Transferred NOE (trNOE) experiments are carried out

considering an equilibrium between free and protein-
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Figure 28. Schematic representation of the principle of the SAR by ILOE method (a) and NOESY spectrum exhibiting cross-peaks between
protons of ligands A and B due to their direct interaction in the protein ± ligand complex (b).185
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bound states of the ligands and only under fast exchange

conditions, which corresponds to observation of a single

set of averaged signals in the NMR spectrum of the

ligand. Typically, the method requires a rather large

excess of the ligand with respect to the protein. Like in

most other NMR screening methods, the observed

trNOE effects are based on a considerable difference

between the correlation times of rotational diffusion of

the free and protein-bound forms of the ligand. For the

free form, the NOE between ligand protons are positive

and small, while for the bound form, they are large and

negative (Fig. 30). As the magnetization did transfer to

the free ligand as a result of exchange between the bound

and free forms, it can be conserved for long since the

relaxation rates of the free-ligand signals are low. Thus,

by measuring the NOE between ligand protons in the

NOESY spectra we in fact determine the conformation of

the protein-bound ligand. This is of particular impor-

tance when studying conformationally flexible ligands.

The theoretical background of the trNOE approach

and methods for the most accurate determination of

proton ± proton distances were developed in the early

studies (see, e.g., Ref. 211). To this end, a few measure-

ments with different mixing times are carried out or a

combination of the NOESY and ROESY methods is

used.212

The trNOE method was used to determine the con-

formation of the cofactor NAD+ in the complex with

yeast alcohol dehydrogenase (*150 kDa).213 The con-

formations of acetylcholine analogues bound to the M2

muscarinic acetylcholine receptor (M2 mAChR) were

determined by analyzing the signal intensities in their

trNOE spectra.214 A trNOE study 215 of the interaction of

furylacryloyl amino acid derivatives with angiotensin-

converting enzyme (130 kDa) allowed one to map the

active site of the enzyme to which the substrate and

inhibitor (captopril drug) bind. The structures of disac-

charides in complexes with Aleuria aurantia agglutinin

were determined by the trNOE method.216 This technique

was developed long before other NMR screening meth-

ods, but still remains in demand for studies of protein ±

ligand interactions.

5.2. NMR-based lead design strategies
Methods for detection of the binding of molecular frag-

ments and mapping ligand epitopes can be used to design

high-affinity lead compounds interacting with targets in

functionally important sites. There are various lead

design strategies involving NMR spectroscopy methods

and based on the detection of signals from small mole-

cules, viz., SHAPES, NMR-SOLVE, ALARM-NMR, etc.

5.2.1. The SHAPES strategy

The SHAPES strategy 217 is based on the use of a

relatively small but diverse library of small molecules 218

for NMR screening, which includes privileged scaffolds

and key substituents. Initially, the SHAPES library

included only 132 compounds. The basic molecular

frameworks and key side-chain substituents used in this

library of chemical compounds 218 are presented below.

The libraries for the SHAPES strategy are composed

by simultaneously optimizing various factors including

the cost of compounds, synthetic availability, solubility

in water, the absence of signal overlap in the NMR

spectra of the fragments as well as structural diversity.217

In the first step, one or more hit compounds with the

most frequently occurring molecular frameworks are

selected and ranked with respect to their ability to bind

to a target (including low affinity compounds). Then, the

hit structure is complicated by optimizing the arrange-

ment of substituents and(or) their structures and by

gradually complicating the structure of substituents. For

instance, a search for p38 MAP kinase inhibitors by

NMR screening methods 217 began with imidazole as the

starting point, although this compound does not bind to

the enzyme of interest. Bicyclic compounds 7 ± 9 obtained

in the next step were found to have much higher affinity.
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Figure 29. Schematic representation of the principle of the
SALMON method (a) and corresponding WaterLOGSY difference
spectrum of ligand (b).186

(a) A-ligand molecular fragments with negative NOE are given in
colour, while A-ligand molecular fragments with positive NOE are
unshaded.
(b) Ligand protons in the receptor pocket (Hx) have negative NOE
and positive signals in the spectrum; protons oriented from the
receptor surface towards the solution (Hy), have positive NOE and
negative signals in the spectrum.
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Figure 30. Schematic representation of the principle of the trNOE
method.36

Shown is the ligand that can change its conformation when bound
to the biomolecule. In the absence of a target the intensities of
positive NOE between ligand protons is low. Binding to a target
causes the NOE sign to change and the signal intensities in the
NOESY spectra to increase.
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Substituents in other positions of the central ring were

introduced to construct and test imidazole analogues

10 ± 12. Combining the chosen substituents in three posi-

tions of the imidazole ring led to compound 13 with

Kd= 200 nM.

A SHAPES screening was used to select the structures

of compounds binding with high affinity to human fatty

acid binding protein (FABP-4).24 The SHAPES library

was employed to find a lead series that specifically bind

to RNA target (P4 ± P6 domain of the Tetrahymena

thermophila Group I intron) using with WaterLOGSY,

STD and trNOE NMR screening methods.219 There has

been progress in methods for optimization of compound

libraries for NMR screening 220 and selection of com-

pounds having minimal signal overlap.221 A statistical

analysis of the structures of small ligands using the

results of NMR-based screening 222 made it possible to

select privileged molecules (in particular, biphenyl deriv-

atives) for high-affinity binding to biomolecular targets.

5.2.2. The NMR-SOLVE, NMR-DOC and ALARM-NMR

methods

Screening strategies for obtaining structural information

on the ligand binding sites in target proteins using

relatively small anount of spectral data are available.

The NMR-DOC method 223 based on a rapid protocol for

obtaining of structural information by selective detection

of key interactions in the binding site of the target

protein. To implement this protocol, the protein is

deuterated and 13CH3 groups are introduced into partic-

ular amino acid residues (see Section 4.2.2).128 The

protocol provides structural information on protein ± li-

gand complex even for large multimeric proteins with

molecular masses 4100 kDa. The NMR-DOC method

was used to map the binding site of tetrameric enzyme

dihydrodipicolinate reductase (DHPR, 120 kDa).223 In

the case of proteins with two closely spaced binding

sites (this is typical of enzymes possessing cofactors),

structural information on the first binding site can be

used to design a linker reaching the second binding site.
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To solve this problem, the authors of the NMR-DOC

method proposed yet another strategy, NMR-SOLVE,

and illustrated its potential in relation to the design

of 1-deoxy-D-xylulose-5-phosphate reductoisomerase

(DOXPR, 174 kDa) inhibitor.223 It was reported that

the NMR-SOLVE method is efficient in studies of large

proteins and proteins with unknown 3D structure. The

NMR-SOLVE strategy is based on deuteration and

selective isotopic labelling of particular amino acid resi-

dues and analysis of information on inter-ligand contacts

extracted from the NOESY spectra. Structural informa-

tion on metal-binding proteins can also be obtained

though detection of ligand (and protein amino acid

residue) line broadening upon binding of paramagnetic

metal ion probes.

Screening of ligand binding to target proteins requires

identification of false-positive results 224 that can be

caused by not only features of the methods for detecting

protein ± ligand interactions (see Table 3), but also the

effect of low-molecular-mass compounds on the protein,

which leads to its oxidation, alkylation, aggregation, etc.

Often, protein-related problems originate from thiol

groups of cycteine residues that can be oxidized or

modified. A method for reliable identification false-pos-

itive results called ALARM-NMR 225 is based on com-

parative detection of the interaction between the ligand

under study and the protein in the absence and in the

presence of a large excess of dithiothreitol (DTT) or

similar reducting agents. If a highly specific ligand bind-

ing to the protein does occur, the reducing agents remain

silent. However, if the ligand modifies thiol groups of the

protein, the binding process is inhibited in the presence

of DTT.226

An ALARM-NMR study 227 of a few tens of com-

pounds known as histone acetyltransferase inhibitors

showed that most of them are nonselective inhibitors

and either bind to thiol groups or induce enzyme aggre-

gation. A method was proposed 228 for producing a
13C-enriched reporter protein and using the ALARM-

NMR approach to analyze the interaction of HTS-

selected hits with the protein in order to identify selec-

tively binding ligands.

6. Examples of application of fragment-based
approach and NMRmethods to the design of novel
drugs

Although target-oriented methods for search of new

physiologically active compounds are rather young, doz-

ens of new drugs have been designed using them.12

Among these approaches, FBDD seems to be the young-

est. Taking into account long-term obligatory clinical

trials, the list of approved drugs thus designed is rather

short. However, there are two approved drugs and tens

of compounds that are now in late-stage clinical trials

(Table 8). Besides, twenty or more compounds success-

fully passed preclinical testing and are now in Phase I

clinical trials.2

6.1. Vemurafenib
Vemurafenib is a selective inhibitor of B-Raf kinases with

activating mutations in the V600E codon. It was devel-

oped at Plexxikon and Genentech for the treatment of

late-stage melanoma. The name `vemurafenib' originates

from V600E mutated BRAF inhibition. The V600E

mutation is one of the most frequently occurring onco-

genic mutations in protein kinases;229 this is a driver

mutation of the B-Raf-oncogene responsible for the

development of most melanomas. A search for of selec-

tive inhibitor of V600E B-Raf kinase began at Plexxikon

in the early 2005, the lead compound was found in 2011

and then approved having passed through all the phases

of clinical trials. The stages of the design of vemurafenib

are illustrated in Scheme 1.230 Shown are the structures

of the intermediate fragments and the lead compound (I)

and the V600E B-Raf kinase inhibition constants (IC50).

The starting point, fragment 14, has several binding sites

to the target protein, while fragment 15 has only one

binding site. Compound 16 binds with high affinity not

only to the target, but also to other protein kinases.

Eventually, compound I selectively binds to the V600E

B-Raf kinase only. Screening of the starting fragments

and their modification were carried out using biochem-

ical methods and X-ray crystallography. The crystal

structure of the complex of vemurafenib with the target,

viz., mutant form of V600E B-Raf kinase was estab-

lished.230

6.2 Venetoclax
Venetoclax developed at AbbVie and Genentech selec-

tively binds to intracellular protein factors from the Bcl-2

family Ð regulators of programmed cell death. Unlike

Vemurafenib designed within a short period of six years,

the design of Venetoclax took nearly two decades. In

1996, the structure of Bcl-xL protein, a representative

member of the Bcl-2 family, was determined by NMR

spectroscopy methods and X-ray crystallography.231 Sub-

sequent research using the SAR by NMR method over a

period of a few years led to inhibitor of Bcl-xL
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Table 8. Drugs based on the lead compounds discovered using the FBLD strategy and approved or being in late-phase clinical trials.229 ± 247

Structural formula of compound Search method Target Name Pharmaceutical
company

Approved drugs

X-Ray crystallo- B-Raf (V600E) Vemurafenib Plexxikon

graphy kinase

NMR Bcl-2 protein Ð Venetoclax AbbVie,

regulator of pro- Genentech

grammed cell death

Phase III clinical trials

X-Ray crystallo- Receptor of CSF1 Pexidartinib Plexxikon

graphy, NMR tumour cells

NMR b-Secretase Verubecestat a Merck

(BACE 1)

NMR, SPR b-Secretase Lanabecestat a Astex, Lilly,

(BACE 1) AstraZeneca

Phase II clinical trials

X-Ray crystallo- Cyclin-dependent AT7519 Astex

graphy kinase 2 (CDK2)

X-Ray crystallo- Aurora kinase AT9283 Astex

graphy
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(Ki5 0.5 nM, see Ref. 232). The design of Venetoclax is

illustrated in Scheme 2.232, 233 The initial fragments 17

and 18 have low affinity. When linked into a single

compound (structure 19), the affinity increases by a few

orders of magnitude. Further design by the NMR screen-

ing methods led to compound 20 whose treatment using

medicinal chemistry methods resulted in the drug Ven-

etoclax (II), a selective inhibitor of Bcl-2. The structure

of compound 20 was optimized to increase the selectivity

of the lead binding to Bcl-2.233 Venetoclax (5 10 pM)

inhibits Bcl-2 and is used for the treatment of chronic

lymphocytic leukemia. Interestingly, Venetoclax does not

obey the empirical Lipinski rules, although is adminis-

tered orally.

Table 8 (continued).

Structural formula of compound Search method Target Name Pharmaceutical
company

Phase II clinical trials

X-Ray crystallo- Peroxisome pro- Indeglitazar Plexxikon

graphy liferator-activated

receptors Pan-PPAR

X-Ray crystallo- Blood coagulation LY517717 Lilly

graphy factor FXa

NMR Chaperone Onalespib Astex

HSP90

X-Ray crystallo- Akt protein AZD5363 AstraZeneca

graphy kinase

NMR Bcl-2 protein Ð Navitoclax Abbott

regulator of

programmed

cell death

X-Ray crystallo- Chaperone Luminespib Vernalis

graphy HSP90

aFor these pharmaceuticals, phase III clinical trials failed owing to low efficacy.
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6.3. Compounds in Phase III clinical trials
By the beginning of the year 2018 three compounds

designed using the FBDD approach entered Phase III

clinical trials (see Table 8). These are Pexidartinib,234

Verubecestat,235 and Lanabecestat,236, 237 which were

designed using NMR screening methods. The starting

point in the design of Pexidartinib was 7-azaindole,238

i.e., the fragment that was used by researchers at Plexxi-

kon in the design of Vemurafenib. Pexidartinib targets

CSF1 (Colony Stimulating Factor 1) receptors expressed

in tumour cells. Verubecestat and Lanabecestat designed

at Merck and Astex in collaboration with other pharma-

ceutical companies target b-secretase 1 (BACE1) involved

in production of b-amyloid peptide. It is assumed that

inhibition of activity of this enzyme can reduce the risk

of development of Alzheimer's disease.

6.4. Compounds in Phase II clinical trials
More than ten compounds designed using the FBLD

approach are in Phase II clinical trials.2 A number of

representative examples are listed in Table 8.

Compound AT7519, a cyclin-dependent kinase CDK2

inhibitor (IC50= 47 nM), was developed by researchers

at Astex using fragment-based X-ray crystallography.239

It is specified as potential antitumour drug. Yet another

antitumour compound designed at Astex is AT9283, an

inhibitor of Aurora kinase that plays an important role

in the regulation of cell proliferation.240 Indeglitazar 241

developed at Plexxikon is a pan agonist of peroxisome

proliferator-activated receptors (PPARs) Ð nuclear

receptors involved in gene transcription processes. A

possible application field of indeglitazar is the treatment

of Type 2 diabetes.

Compound LY517717 was developed at Protherics

Molecular Design as inhibitor of blood coagulation

factor Xa involved in blood coagulation processes.242 It

is specified as potential antithrombotic agent. A potential

drug onalespib (Aspex Inc.) developed using NMR

screening methods is an inhibitor of heat shock protein

Hsp90, a chaperone playing an important role in main-

tenance of tumour cell activity.243, 244 Another Hsp90

inhibitor, luminespib (Vernalis plc) was designed using

X-ray crystallography.245

Compound AZD5363 is a an Akt kinase (protein

kinase B) inhibitor designed at AstraZeneca using frag-

ment-based screening and X-ray crystallography.246 The

Akt kinase is a key node in the Akt signalling cascade

deregulated in tumour cells. Compound AZD5363 is

specified as drug for the treatment of breast cancer.

Navitoclax, a structural analogue of antumour drug

Venetoclax, is an inhibitor of proteins Bcl-2, Bcl-w and

Bcl-xL. It was developed by researchers at Abbot Labo-

ratories using the NMR screening methods 247 for the

treatment of lymphocytic leukemia.

7. Conclusion

Examples presented in this review illustrate the efficiency

of utilizing a combination of the fragment-based strategy

and NMR screening for the design of biologically active

compounds. The fragment-based approach has been a

commonly recognized technology of lead and drug

design. A review of lead compounds thus constructed

and reported before 2015 is available.248 Among 27

compounds reviewed, eleven were designed using NMR

screening methods. The fragment-based approach and

NMR screening are used by researchers at many phar-

maceutical companies.249, 250 Yet another review 251

describes the application of these methods at

AstraZeneca for the development of new biologically
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active compounds. It also covers the principles of design

of fragment libraries as well as methods for selection of

active fragments and subsequent lead design.

Mention should be made of differences between two

modern approaches to the search and design of drugs,

viz., high-throughput total screening and fragment-based

strategy. Figure 31 illustrates them as applied to lead

design.

The plot shows regions typical of potential drugs that

obey the Lipinski rules, HTS hits and structural frag-

ments capable of binding to targets. Usually, such frag-

ments have a mass of 150 ± 300 Da and relatively low

affinity. The affinity of the HTS hits is much higher;

however, their molecular masses are also higher. To

become promising lead compounds, both structural frag-

ments and HTS hits should be modified. Structure

modification of both classes of compounds is aimed at

increasing their affinity to target proteins. It is accom-

panied by complication of the molecular structure and,

most often, by an increase in the molecular mass. Thus,

the optimization of compounds can be represented as the

motion along the direction specified by the arrows in

Fig. 31. The probability to reach the region of potential

drugs is much higher for the modified fragments rather

than HTS leads.

These methods of rational lead design based on NMR

spectroscopy data allow one to modify molecular frag-

ments by optimizing their properties in step-by-step

manner. This feature differs the strategy in hand from

the search for high-affinity compounds using HTS

(Fig. 32).

High-throughput screening (see Fig. 32 a) requires

testing thousands of compounds until a hit (or a few

hits) with high affinity for the target protein are selected.

In this case, the probability to reach a narrow high-

affinity region is very small. The fragment-based method

(Fig. 32 b) allows one to begin the design of a potential

lead compound using one or a few fragments with

relatively low affinity for the target. Subsequent fragment

modification and linking will lead to an increase in the

affinity of the optimized compound. By gradually vary-

ing the structure of the ligand it is possible to move along

the gradient descent direction towards minimum values

of the dissociation constant of the ligand ± target com-

plex. The surfaces shown in Fig. 32 denote the diversity

of chemical structures while the shape of the surface is

determined by the binding constants of individual com-

pounds. Thus, the fragment-based method and NMR

screening are rational approaches to the design of bio-

logically active compounds. Undoubtedly, these methods

will play an increasingly important role in the design of

novel drugs.
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