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1 Introduction

In each cell of an organism, a myriad of reactions, covalent and non-covalent,
occur at any given point in time. These reactions are co-ordinated and regulated,
both spatially and temporally. Each reaction has a specific purpose, occurs as a
result of finely-tuned inter- and intramolecular recognition mechanisms, and
forms part of an intricate network of interdependent multi-component linear/
non-linear reactions in interconnected compartments (organelles etc.) of the
cell. Moreover the frontiers of viability of such reactions—and the living organ-
isms that depend on them—are marked by extreme conditions: 1-12 for pH,
-5-110 °C for temperature, 0.1-120 MPa for hydrostatic pressure, and 0.6-1.0 for
water activity. Amongst the many molecules that participate in such reactions in
the complex—and, as yet hardly understood, milieu of the cell—are proteins.

Proteins play a pivotal, indeed essential role, in cellular (and in multicellular
organisms, extracellular) activity. Their numerous biological functions together
with the molecular basis of their biophysical properties/behaviour are therefore
of multidisciplinary interest within the framework of what are generally called
the biological (biochemistry, pharmacology, physiology, immunology, etc.) and
physical (physics, chemistry, mathematics, computing, etc.) sciences.

Both our intrinsic curiosity-driven philosophical knowledge base and our need
or desire to modify (or use), from an applied perspective (medical, agricultural,
biotechnological), the properties or behaviour of proteins are increasingly de-
pendent on the ability to modulate the physico-chemical, and hence biological
behaviour of these molecules. Because protein-ligand interactions play a key role in
cellular metabolism, detailed knowledge of such interactions, at both a microscopic
and macroscopic level, is also required. Just two examples, which immediately
stand out from the many, are antigen-antibody interactions and proteins which
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act as receptors (membrane or non-membrane bound): neurotransmission de-
pends on the ability of small and large molecular weight molecules to recognize
and bind to specific sites on large membrane bound receptors. Another example:
enzyme-ligand interactions form a very large group of important complexes,
which have been investigated for many years. In these systems not only is the
substrate(s) of obvious importance, but so are other molecules, which regulate
enzyme activity such as coenzymes and positive and negative modulators in
both allosteric and non-allosteric proteins. Other important systems, which are
now being studied at a molecular level, include ligand binding to structural pro-
teins, protein-DNA binding, protein-saccharide, protein-protein, and protein-
peptide interactions. The formation—and maintenance—of the quaternary
structure of multisubunit proteins, the self-assembly of large structures such as
microtubules or chromatin and transcription factor-promoter interactions are
other examples; although the list is actually almost endless.

The term ‘ligand’ in biological systems can have many different meanings. It is
usually, in its broadest sense, used to mean any molecule which interacts with a
given molecule (in this case a protein). The term ‘ligand’ thus includes other
macromolecules (peptides/proteins/nucleic acids/lipids/carbohydrates or mixed
molecular species thereof) as well as ‘small’ molecular mass (arbitrarily < ~ 1-2
kDa) molecules. Ligands therefore comprise a very large and structurally diverse
group of molecules which, unsurprisingly also display a wide variety of physico-
chemical characteristics. This makes it difficult to understand, delineate, and
draw generalized conclusions concerning their biophysical properties. Perhaps
the major criterion, in the context of the discussion that follows, is that ligands
can interact in a (potentially) reversible, non-covalent manner with a protein
and thereby modulate its biological role in a controllable way (i.e. without the
requirement to make or break covalent bonds).

To fully understand protein-ligand interactions requires that, at a minimum,
the following criteria be met. First that the biophysical properties of both the
protein and the ligand under investigation are examined independently and
that their biophysical behaviour be fully understood: this requirement applies
to both existing andjor newly designed and (bio)synthesized peptides/proteins and
ligands. Currently, and contrary to popular opinion, we are far from achieving such an
aim, except at an extremely superficial level. Knowledge of the structure/conformation,
if possible, at the atomic level of the protein and the ligand in the unbound
form is a prerequisite for protein-ligand interaction studies. Although it may
appear trivial to the reader, the high level resolution structures of most proteins
(either by X-ray crystallography or high resolution NMR) have not, to date, been
established. It is currently estimated that such data exists for only about 30
peptides/proteins (1) but it is seriously arguable, in the sense of the generally
accepted meaning of the term high (atomic) resolution (ie. < 0.8 A), that even
this target has not been met. Additionally the process of forming a complex be-
tween a small ligand molecule and a protein is a complicated equilibrium
process. Both the ligand and the protein in the solvated state probably exist as
an equilibrium mixture of several conformers. Admittedly for many ‘small mol-
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Table 1 Parameters which have to be defined for the protein, the ligand, and the protein—
ligand complex

Chemical composition, concentration/purity (contaminants) /stability/specific activity or
assay for, e.g. structural proteins and ligand/state of structural integrity. Ability to freeze
or air dry and pre- hlstory of protem and ligand samples may be |mportant

Solublllty (|n dlfferent solvents aqueous organlc and mrxed phase) state of aggregatlon

Structure size, shape geometry, topology, proteln sequence and post-translational
modifications must be known; ability to use molecular biology techniques (strategies for
over-expression and mutagenesis of. recombinant protein are critical); combinatorial
methods for over productlon of llgand

Dynamlcs of proteln/llgand/ protein—| llgand complex

ecular weight ligands’ high resolution X-ray and/or NMR structures do exist. The
fact that our knowledge base is deficient in this area has significant implications
for understanding protein-ligand interactions, which unfortunately will not be
touched upon, in this brief overview. In addition a myriad of other properties of
the reactants also require to be established (see Table 1).

Secondly the protein-ligand complex must also be fully characterized. Norm-
ally, at a simplistic level, the non-covalent interaction between a protein (P) and
a ligand (L) is often represented as follows:

P+L<sPL [1]

However as Williams and Westwell have pointed out (2) the interaction should
actually be written in the following form:

P+L<«sPL 2]

Equation 2 may, at first glance appear identical to Equation 1. However the
formulism of Equation 2 recognizes, or is taken to mean, that once P and L have
undergone an interaction or association, they no longer exist. They have, instead
been replaced by the modified entities P’ and L'. (Tight complexes often result
when protein-ligand interactions are significantly stronger than ligand-solvent
and protein-solvent interactions.)

The well described equilibrium molar association or binding constant, K,
(other popular symbols are K, or just K) corresponding to Equation 2 is then
described by:

=[P'L']/ ([PL[L]) (3]
where the square brackets means the molar concentration (M, or mol.l™"), which
of course is not an SI unit. For the system described by Equation 2 (or Equation 1)
the units' of K, will be M™! (Lmol™). The more popularly used ‘molar dissociation
constant’ K, is simply the reciprocal of K,, so for the system of Equation 2:

Kq=[PL.IL] / [P'L'] (4]

!In strict thermodynamic terms K, and Ky are both dimensionless. Dimensions are however
normally added, but only to indicate the dimensions of the quantities used to calculate them.
See Price, N. C., Dwek, R. A,, Wormald, M. R. and Ratcliffe, R. G., Principles and Problems in Physical
Chemistry, 3rd edition, Oxford University Press, 2001.
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with the units of K3, M or mol.1"%. Traditionally, Kss of < 5 uM are regarded as
strong interactions, and > 50 uM as ‘weak’. Any technique chosen to measure
K, (or K,) has to cope with a concentration/concentration range where all species
(P, L, and P’L’) are present: this means to probe the K, for strong interactions,
low concentrations are required and for weak interactions, high concentrations.
Of course there are other reactions more complicated than that described by
Equations 1 or 2. A more generalized form of Equation 2 for a binary system is:

nP + mL <« P/, L', [5]
and the corresponding K, will be:

Ko = [P'sL'w] [ (IPI%[LI7) (6]

Other variants of Equations 3-6 include the use of weight concentrations C (gl or
g/ml: again, not SI units) rather than molar concentrations: (the K,, K4 notation
is then replaced by, e.g. X,, Xq).

Establishing the stoichiometry and association/dissociation equilibrium con-
stants (or the corresponding rate constants) is only one step: the goal of research
into protein-ligand interactions is to understand, again it must be emphasized,
in minute molecular detail the relationship between function and molecular
recognition, structure, kinetics, energetics, and dynamics of as many defined
systems as possible. Use can then be made of this plethora of knowledge such
that either the behaviour of previously unknown systems can be hypothesized
in advance of experimental information being gained or that completely new
systems can be designed. The pursuit of this goal is a time-consuming and
difficult task! Especially when it is realized that the inter-relationship between
all of the foregoing parameters (intermolecular recognition-structure-dynamics-
kinetics-thermodynamics) need to be assessed and need to be further ascer-
tained over a wide variety of environmental solution conditions. Table 2 cites the
most commonly used experimental variables (but of course, there are countless
others) and Table 3 provides an overall summary of the factors that need to be
taken into account when applying a technique (or, preferably, a collection of

Table 2 Experimental variables in the analysis of the protein, the ligand, and the
protein—ligand complex

(a) Reagent variables
Protein/ligand concentration
Ligand structural variants (analogues/homologues)
Protein structural variants (site/group specific, conservative/non-conservative mutants;
denatured form/partially unfolded forms, presence or absence of cofactors)

(b) Environmental solution condition variables
Temperature, pH, buffers (ionic strength and nature of buffers)
Osmolytes, solvents including co-solvents, salt /ion concentration
Denaturants (urea /GdnCl (and other lyotropic /chaotropic agents)/detergents,
surfactants), stabilizers (azide, glycerol etc.); mercaptoethanol, DTT; gaseous phase
used for experiments, etc.

(c) ‘Cé)rhbinét‘i.ohsv of the above
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Table 3 Factors to be taken into account in technique(s) used for investigating
protein/ligand /protein-ligand complexes

Design of experlmental protocol

Information content

Avallab|llty, cost
Complementary/alternatlve technlques

Analytical parameters assomated W|th the technique(s): concentration of material required,
compared to other techniques, sensitivity, detection limit, accuracy, precision,
reproducibility/repeatability, use or necessity for isotopic or non-isotopic labelling, ease of
use, computing resources, methods/complexity and different methods of data analysis,
errors/error propagation/statistical analysis of results (if possible); time scales of
expenmental (spectroscoplc) techn[ques used.

Ab|||ty to use the technique in the presence of buffer addltlves and/or environmental solut|on
conditions glven |n Table 2.

The expenmentallst should insure that at every stage of the expenment and (particularly) in
the data analysis, the correct (appropriate) theoretical models are used. In using
instrumental techniques the ‘black box data analysis’ syndrome should be avoided.
Critically compare and contrast with work on other related systems. Each method will have
its own advantages and drawbacks for a given system. The ability to interpret experimental
data both intrinsically and in terms of a theoretical basis is very important. The
systematic/accumulated instrumental errors are often important, but usually ignored.

@Try, if possible to use more than one technique (method) to verify the overall results or the values for
particular parameters.

techniques) to the analysis of protein-ligand interactions. It is extremely important
to cross-reference parameters in Tables 1, 2, and 3.

Within the requirement that the changes in the conversion of P to P’ and L to
L’ (i.e. changes in the reacting species in the ‘complex’ compared to their indi-
vidual states) need to be ascertained as a step towards a full understanding of
protein-ligand interactions, the following factors include some of the import-
ant parameters which require consideration. The changes in structure, in either
species, may range from extremely subtle (i.e. an ‘insignificant’ structural re-
organization; ‘simply’ a tightening or loosening of the internal structure) to large
scale changes in both local and global conformational properties. The list of
changes which occur not only include changes in structure (secondary/tertiary/
quaternary), conformation, size, shape geometry, and topology but also include
changes in the charge distribution, the state of hydration and protonation, and
the partial molar volume as well as changes in the surface accessible surface
area, polarity (hydrophobicity), and intra- and intermolecular entropy factors (e.g.
rotational and translational motional properties of molecules: and the dynamics
of water molecules). The molecular nature of the binding interface, the identi-
fication and quantification of the (individually) ‘weak’ cooperative molecular
forces holding the protein-ligand complex together (such as hydrogen bonding,
dipole-dipole interactions, van der Waals forces—induction and dispersion forces
alone or combined—hydrophobic, electrostatic interactions, etc.) and the number/
role, if any, of water molecules at the binding interface are other important .
factors which have to be considered. Association of other proteins or other
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ligand species subsequent to the interaction of the initial species may also be
involved; thus making the problem even more complicated! Furthermore if
multisite ligand binding to either a monomeric or multimeric (homomeric/
heteromeric subunit) protein is involved then cooperativity effects and linkage
phenomena (allosteric effects) have also to be taken into account and examined
by the appropriate experimental/theoretical techniques. Williams and Westwell
(2) have also emphasized the important, but often overlooked, point that the
binding energy between two reacting species is not only a property of the
interface between them, but also depends on the modifications (as alluded to
above) of the internal structures of one or both of the reacting partners.
Obviously in order to achieve the objectives of investigating protein-ligand
interactions a multidisciplinary technique/methods approach has to be adopted
as we stress in Table 3. Some of the methods which are used to examine protein
and/or protein-ligand interactions have been compared and contrasted in Table 4
which has been based to a certain extent on a recent review by Philo (ref. 3), and
the contributions to this book (other useful sources can be found in refs. 4 and 5).

2 A brief compariéon of the ‘high resolution’
methods

Since structural elucidation is so important in protein-ligand interactions it
makes sense to compare and contrast the application of the two most powerful
and commonly used methods for attaining this goal, namely X-ray crystallo-
graphy and high resolution NMR. Both methods complement each other. There
is no doubt, however that, currently at least, X-ray techniques can give a better-
defined structure in less time compared to NMR techniques. However the two
methods should be considered convergent (they do after all use similar software
tools) in that for molecules (that are amenable to NMR analysis) the X-ray struc-
ture, if available, can be a substantial aid in the elucidation of the NMR structure.
In addition both methods require, as a general rule of thumb, the same amount
of material for analysis; approximately 10 mg per 10 kDa of protein. However
the fact that NMR can be used for obtaining information on the dynamics of a
system, the association constant for a protein-ligand interaction and, for small
molecular weight proteins and/or protein-ligand complexes, the structure of
different conformations in equilibrium should also be taken into account.

The advantages of X-ray crystallography, for structure determination of proteins,
ligands, and their complexes are as follows:

(a) It is a well-established technique.

(b) More mathematically direct image construction is required, compared to
NMR.

(c) Objective interpretation of data (usually) easier than NMR.
(d) Raw data processing highly automated.

(e) Quality indicators available (resolution, R-factor).
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(f) Mutant proteins, different ligands, and homologues structures (as low as 25%
sequence identity) may be extracted by using molecular replacement and
subsequent use of electron density/electron density difference methods as an
aid for comparison.

(g) Large molecules and assemblies can be determined, e.g. virus particles
(however ordering between such assemblies is not usually as good as—i.e.
they often diffract less well than—small molecular weight molecules).

(h) Surface water molecules relatively well defined.

i) Often produces a single structural model that is easy to visualize and interpret.

(j) Use of synchrotron radiation combined with cryo-conditions usually speeds
up data acquisition, improves resolution and stability of crystals.

The disadvantages of X-ray crystallographic methods include the following:

(a) Protein/protein-ligand complex has to form stable crystals that diffract well
and X-ray crystallography does not directly yield hydrogen atom positions.
(Neutron diffraction techniques make this possible but usually only for small
molecules and large size crystals are required.)

(b) Need heavy atom derivatives that form isomorphous crystals, unless molecu-
lar replacement methods are used.

(c) Crystal production can be difficult and time-consuming and often impossible.

(d) Unnatural, non-physiological environment, ie. may not wholly represent
structure as it exists in solution.

(e) Difficulty in apportioning uncertainty between static and dynamic disorder.
(f) Surface residues may be influenced by crystal packing.

(g) Large molecular weight flexible modular proteins can be problematic and
the final structural model represents a time-averaged structure, where
details of molecular mobility remain unresolved.

The advantages of NMR for structural elucidation are as follows:

(a) Experiments are conducted under solution conditions which are ‘closer to
biological conditions’ than X-ray methods (ie. free from artefacts resulting
from crystallization).

(b) Can provide information on dynamics (relaxation, rotational, and transla-
tional diffusion measurements, proton exchange rates, and the vibrational
motion of atoms) and identify individual side chain motions.

(c) Secondary structure can often be derived from limited experimental data.

(d) Increasingly used to monitor conformational change on ligand binding to
protein or to fragments thereof.

(e) Good for comparing and checking the correct fold of mutants (useful for
protein folding/time resolved studies).

(f) Solution conditions can be explicitly chosen and readily changed, e.g. pH,
temperature, etc. (but high concentrations of buffers may be a problem).

10
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(g) ‘Internal’” water molecules can be detected (as in X-ray), but surface water
molecules can be problematic because of fast exchange (lifetimes can still be
ascertained).

(h) H-bonds can now be detected (rather than inferred from distance constraints
as in X-ray).

(i) The increasing availability of high resolution instruments (e.g. 700 MHz and
above) combined with new data acquisition/analysis techniques and greater
computing power is and will continue to allow significant improvements in
the application of NMR techniques.

The disadvantages of NMR for structural elucidation include the following:

(a) Usually require concentrated solutions, which may present a danger of
aggregation: this problem is manifested in e.g. many antibody systems.

(b) Currently limited to determination of relatively small proteins (< 20 kDa),
but there are exceptions.

(c) Surface residues generally:less well defined than in X-ray crystallography be-
cause of mobility of surface residues and experimentally fewer interactions
(NOEs).

(d) Often produces an ensemble of possible structures rather than one model (this
can be advantageous) but conformational variability can make data interpre-
tation difficult and complete structure determination required if protein
sequence homology is less than ~ 60%.

(e) Labelling often used, e.g. 2H, 3C, and *N and may cause problems in terms
of protein yield and expense.

It has to be emphasized that true high resolution structures of the reacting
species and the complex are sorely needed in order for example to:

(a) Obtain statistically unbiased data on both protein stereochemistry/precise
geometry and the validity of the parameters used to obtain the data (i.e. their
refinement).

(b) Check the application of ‘normal mode’ calculations.
(c) Calculate charge density distributions.

(d) Analyse hydration shells around protein molecules and also for a more
accurate view of hydrogen bonds.

(e) Obtain precise information on the direction of amino acid side chain/domain
movement.

(f) Model alternative conformations/multi-conformational species.

(g) Help to quantitate the physico-chemical parameters involved in the inter-
action, especially weak non-covalent interactions.

(h) Obtain precise surface areas.
Not only are these parameters required for intrinsic reasons but also for help-

ing to analyse data obtained from other techniques and thereby improve the
theoretical underpinning of experimental observations.

11
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3 Other spectroscopic techniques

One of the virtues of spectroscopic techniques used in examining proteins,
ligands, and protein-ligand interactions is that they are usually non-destructive
and sometimes non-invasive, however some procedures do require the attach-
ment of labels at specific sites on one or both of the interacting species.

Relatively soft ionization methods introduced in mass spectrometry (MS) allow
a gentle phase transfer from solution into the gas phase of the mass spectro-
meter such that even weakly bound non-covalent complexes can be detected
intact and their mass analysed. MS methods such as ESI-MS have begun to be
recently used for the determination of association constants of non-covalent
interactions. One of the advantages of these methods is that signals due to pro-
tein, ligand, and protein-ligand ion signals can be detected separately. In addition
higher order structure formation, e.g. dimerization may also be detected by MS
methods, although analytical ultracentrifugation is probably better suited for
this purpose. Y

Fluorescence spectroscopy is a technique that is very sensitive (picogram quanti-
ties of material can be detected) and well-suited for measurement in the real
time domain. Its principal shortcomings, however, are that only the structure of
the fluorescent probe and the immediate environment is reported and the data
obtained is not easy to interpret. Nonetheless, fluorescence spectroscopy has
found wide use in studying the physico-chemical properties of proteins, protein-
ligand interactions, and protein dynamics. This is because almost all proteins
contain naturally fluorescent amino acid residues such as tyrosine and trypto-
phan. In addition, a large number of fluorescent dyes have been developed that
can be used to specifically probe the function andfor structure of macro-
molecules. In cases where only limited quantities of proteins are available (e.g. a
recently expressed recombinant protein or a precious protein pharmaceutical),
fluorescence spectroscopy is often the method of choice for studying properties
such as stability, hydrodynamics, kinetics, or ligand binding, because of its
exquisite sensitivity. Even in cases where the structure of proteins is ‘well-known’
(either from X-ray diffraction or NMR), electron paramagrnetic resonance (EPR), time-
resolved fluorescence spectroscopys and stopped-flow methods can be particularly useful
for investigating their dynamic behaviour.

Circular dichroism (CD) is an important, widely used and commonly available
technique for secondary structure determination. It requires expertise in data
collection/analysis to be used to its full potential, which is not always the case.
Nevertheless it has the following advantages in that relatively small amounts of
material are required (0.1-1 mg/ml can often suffice) and results can be obtained
quickly (in hours rather than weeks or months as in the case of NMR and X-ray).
The amino acid sequence of the protein need not be known—although obviously
it helps. CD can be used to examine the effects of environmental conditions such
as pH, temperature, etc., on the overall protein conformation, in the presence and
absence of a ligand. It is in fact a very useful technique prior to X-ray crystallo-
graphy andfor NMR for screening mutant proteins, obtained by molecular
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cloning methods, in relation to their secondary structure characteristics. CD,
used in the stop-flow mode is particularly useful for studying protein-ligand
interactions in real time. In order to minimize the signal to noise ratio, in CD
studies, solution components should, ideally, be UV transparent; this limits the
use of certain buffers, salts, and solvents. Unfortunately because of theoretical
problems, the technique cannot be easily/reliably used to determine and inter-
pret tertiary structure or changes therein.

Fourier transform infrared spectroscopy (FT-IR) is also very useful for secondary
structure determination of proteins, where the information content is very
similar to CD techniques. However there is greater flexibility in FI-IR, at least
from the viewpoint of the type of samples that can be investigated: tissue
slices, cells, solid state (powder; freeze dried) samples, crystals, thin films, and
aqueous proteins and protein-ligand samples. FT-IR can be used to investigate
the structure of proteins in the presence and absence of ligands, solubilized in
D,0 by using the protein amide 1 band for analysis, provided that the absorp-
tion bands of the ligand do not interfere. Use of H,O is a problem. Other pros
and cons of this technique'are similar to those for CD and Raman spectroscopy.
It is, for example, useful for examining the effect of variations in solution con-
ditions on proteins and protein-ligand interactions. In addition the presence
and absence of hydrogen bonds can also be investigated. FT-IR is limited to the
use of short path length cells and research grade instruments are not com-
monly available.

Raman spectroscopy has been used for many years to study structural and
enzymatic proteins as well as protein-ligand (particularly enzyme-substrate/
inhibitor) interactions, albeit in laboratories specializing in the technique. Again
it is an excellent method for the study of variable solution state conditions. The
use of resonance Raman is advantageous, since specificity and sensitivity are
improved relative to off-resonance Raman. Information about electronic states
can also be gained from resonance Raman spectra. Fluorescence effects may
pose a problem but the FT-Raman technique can very often eliminate these. Its
use is not limited by cell path lengths and as in FI-IR different sample states,
e.g. cellular tissue can be examined.

4 Non-spectral methods

Equilibrium dialysis and pH titration represents the traditional approach—which
dates back to the classical Scatchard analysis—to the study of ligand binding.
Another titration probe, ITC (isothermal titration calorimetry) together with the
related DSC (differential scanning calorimetry) technique are now widely and in-
creasingly, used to examine proteins and protein-ligand interactions. The two
techniques are complementary and are the only methods currently available
which allow the direct determination of the enthalpy of an intra- or inter-
molecular reaction. Other thermodynamic parameters can also be determined
directly, indirectly, or by using model-based assumptions. Both techniques
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provide invaluable information in relation to the energetics of a system and
significant advances have been made, especially over the last two decades, in
the theoretical basis of interpretation of experimental results. It has to be
emphasized however that they are macroscopic techniques with attendant
advantages and disadvantages which, should not be overlooked in terms of
experimental design and interpretation of results. A similar complementary
pair of techniques are sedimentation velocity and sedimentation equilibrium analytical
ultracentrifugation. The latter, like calorimetry, provides an absolute thermo-
dynamic probe of interactions (in terms of the stoichiometry and association or
dissociation constants, Ky, and the related Gibbs free energy AG = RT.InK,) and
molecular mass (oligomeric structure). The former (sedimentation velocity) is a
good tool for the separation and analysis of heterogeneous mixtures of the
various reaction components, as well as a highly useful solution conformation
probe of the reactants and products. Another useful procedure—also based on a
separation principle (but requiring a separation medium as opposed to a centri-
fugal field) is affinity chromatography (frontal and zonal procedures). Interaction
stoichiometries can also be obtained by the technique of coupling size exclusion
chromatography to multi-angle laser light scattering. This SEC/MALLS procedure
(Table 4) is very much complementary to analytical ultracentrifugation and is
considered in the earlier book by Creighton in the Practical Approach series (see
Chapter 9 of ref. 6). Analytical ultracentrifugation and SEC are just two examples
of hydrodynamic procedures. Others, based on the electrical properties of pro-
teins and ligands, are electo-optics (which can provide valuable information on
the effect of ligand binding on solution conformation of a protein) based—like
fluorescence depolarization—on the measurement of rotational diffusion be-
haviour, and the rapidly emerging probe (with its great resolving power on very
small quantities) of capillary electrophoresis. Solution X-ray and neutron scattering, also
provide a very sensitive handle on the effects of ligand binding on the solution
conformation of a protein, and the surface probe of atomic force microscopy pro-
vides the potential for individual complexes to be visualized (although very
difficult to use and data interpretation can be problematic).

5 Computational methods/molecular modelling

Contemporary computing facilities and capacity have revolutionized virtually
every aspect of scientific investigations related to protein-ligand interactions.
This includes experimental protocol design as well as collection and analysis of
data. Most people, unfortunately, associate molecular modelling with the now
commonplace colourful complex two- and three-dimensional protein or
protein-ligand docking images produced via graphic workstations. However
this gives a totally erroneous picture of the importance of molecular modelling
techniques for analysing and predicting the physical properties of molecules. It
is perhaps, impossible to underestimate the usefulness of such techniques both
currently and in the future.
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& Information sources

Useful sources of information include the protein structural databases given in
Table 5. In addition many scientific literature reference databases now exist.
These include, but are not limited to, the following:

(a) Mimas (ISI®, Citation Indexes & ISTP® http://wos.mimas.ac.uk/). Access re-
quires institutional affiliation.

(b) Chemical abstracts.
(c) MedLine.

(d) PubMed (www.ncbi.nlm.nih.gov/). A new facility called PubMed Central is
due at the time of going to press.

7 Additional remar}(s

To date we have obtained, what may appear at first sight, an incredible amount
of data and theoretical insight into the properties and behaviour underpinning
the function of proteins in biological systems. However in reality it could, nay
should, be argued that we have merely scratched the surface in our quest to
understand and predict the intricate and interwoven complexities of protein-
ligand interactions. There is no doubt that a multidisciplinary approach is
required which entails intra- andfor inter-laboratory collaborations which in
turn necessitate the collaborator or non-expert to have some level of under-
standing of the techniques/methods in which they themselves are not experts.
It is to be hoped that the subject matter included in this volume will help, at
least in part, to achieve this aim.

However the discerning reader will note that the foregoing overview has not
dealt with any topic in detail but has merely attempted to wet their appetite for
questioning current achievements and future exploration. There are an infinite
number of unanswered questions compared to answers. For example, non-
covalently controlled phenomena are still very poorly understood. It has not yet
been possible to design, from first principles, even a small molecular weight mol-
ecule that binds with a ‘designed’ affinity and speciﬁcity to a binding site in a
protein of known macroscopic structure, despite widespread interest in, e.g.
rational drug design. Again at the expense of repetition, questions should be
asked, above all by novice researchers as to the applicability of ‘test-tube’ experi-
ments to biological systems. What are the effects for example, of the fact that
biological systems do not operate under equilibrium thermodynamic conditions?
Further what are the implications of the concentrations at which molecules
occur, the packing density (as well as membrane association) of reactions and
the activity of water, in cells compared to the manner and conditions under
which in vitro experiments are conducted? In truth we are still at the first stage
of a long quest. Nonetheless the techniques described in this volume are
helping us at least make some inroads in the right direction.
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