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1. Introduction 

In a scientific reductionist's view, a cell is a compartment containing a 

large ensemble of reacting molecules. Molecules enter the cell from outside; 

metabolic waste products leave it; the reactions occurring inside the 

membrane generate the new molecules required both for the cell to replicate 

itself, and for it to respond to changes in its environment. The intense activity 

of the cell at the molecular scale is almost entirely controlled by catalysts 

(most of which are proteins, but among which are a few very important 

catalytic nucleic acids, or aggregates of proteins and nucleic acids), or by 

other proteins that perform specific functions (for example, facilitating 

passage of ions or molecules across the cell membrane, or sensing the 
environment outside the cell). 

A central task faced by the cell is that of ensuring the correct level 

of specificity in its reactions. That specificity, in turn, is accomplished 

through what is called "molecular recognition": loosely, the structure- 

specific association of one molecule with another.'-'' In an important sense, 
molecular recognition is the most fundamental process in biochemistry, as 
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its fidelity enables the exquisite control the cell exercises over its composition 

and chemical activity. 
Molecular recognition is typically a non-covalent event: the two or 

more interacting molecules form a structured aggregate without forming a 

covalent bond. Enzymatic catalysis is also a kind of molecular recognition: 

that is, the preferential recognition (stabilization) of the transition state 

relative to the ground state of the reactants. Molecular recognition in 

biology almost always involves releasing some or all of the water (or other) 
molecules normally in contact with the interacting surfaces, and bringing 

these surfaces together; it may also involve changes in the conformation of 

the molecules, and in other details (for example, in the extent of ionization 

of functional groups, and in the coordination of ions or molecules). 
The interactions involved are typically individually comparable to thermal 

energy ( k T )  - from tenths of a kcal/mol to a few k ~ a l / m o l . ' ~ ~ ' ~  

Given the ubiquity and enormous importance of molecular recognition 

in biology, one might assume that we chemists would have "figured it out"' 

that is, rationalized the interactions involved, and developed metho 

of predicting interactions involving new structures. In fact, we have no 

The prototypical problems of molecular recognition - understanding ho 

and why a ligand (which might be another protein) binds to a protein, 

understanding how a polypeptide folds into a protein - were well-pos 

but unsolved problems 50 years ago, and largely remain so today. 

The importance of molecular recognition is abundantly clear: it is 
basis for a reductionist understanding of life; it is essential for the ratio 

design of. ligands to bind to proteins of known structure, and ther 
. . 

an important contributor to the early stages of drug design. Mole 

recognition in water is also a subject that is technically very diffi 

Chemists - in thinking about molecular recognition - have tended to 

on the much easier problems posed by systems soluble in aprotic or 

solvents (especially chloroform and methylene chloride, chosen la 
because they are excellent solvents for NMR spectroscopy and re1 
simple l i q ~ i d s ) . ' " ~ ~ ~ ~ ~ ~ ~ ~  These problems have produced an abund 
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interesting science, but very little that is relevant to molecular recognition 

in water. ,In fact, they may have contributed to a misunderstanding of the 
problem: because it is possible to develop workable rules of thumb for 
molecular recognition in certain systems (particularly those involving 
hydrogen bonding) in these solvents that do not explicitly include solvent 

or solvation, they have given the sense that molecular recognition is a 

problem involving only two players - "host" and "guest" - rather than 
three - "host," "guest," and "solvent." In the study of molecular recognition 

in chloroform (and the like) the solvent is largely ignored, as the penalty 
of desolvating surface area of the host and guest is negligible. Molecular 

recognition in water is much more complicated, and it remains the case that: 

(i) we cannot rationalize why a ligand does or does not bind to a particular 

protein, other than after-the-fact or very qualitatively; (ii) we cannot predict 

the structures of new ligands that will bind tightly to a protein, other than by 

close analogy with known ligands; (iii) we cannot even predict the effects 

of seemingly minor perturbations to the structure of known, characterized 

ligands on their binding. 

2. What are the Difficulties? 

One should perhaps simplify the question, and ask "What is the difficulty?" to 

which the short answer would be The story is more complicated 

than that, of course, and all of the interacting parties - protein, ligand, 

and medium - contribute to the difficulty of understanding protein-ligand 

interactions in aqueous media. Still, liquid water is an astonishing material, 

and after decades of intense study, it remains mysterious, unexplained 

in many of its properties, and unpredictable in many of its interactions. 

Water has a number of characteristics that collectively make it uniquely 

complicated: (i) It is small, has a large dipole moment, and is capable of 

donating and accepting hydrogen bonds. Together, these characteristics give 

water a high cohesive energy density and a large heat capacity relative to 

other molecules of similar molecular weight; (ii) Water has a high cohesive 
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energy density: it associates with itself through networks of hydrogen bonds 

in ways that simply are not understood. Phrases such as "structured water," 
"ice-like water," "near-surface water," and "flickering cluster" speak to the 

elusive nature of the structure of this network.27 Even the median number 

of hydrogen bonds in which a water molecule is involved is still undefined: 

after years of assuming the number was four, it now seems to be closer to 

three14928.29; (iii) Its small molar volume and extensive structure underscore 
the importance of configurational entropy for the structure of water - 

this structure depends strongly on temperature; (iv) Just as the structure 

of the hydrogen bond network depends strongly on temperature, so too 

do its properties: the temperature dependence of the dielectric constant is 

especially important in estimating electrostatic interactions; (v) It has a very 

high surface tension, a parameter that probably reflects - in some way 

that is not well understood - the change between the mean strength of the 

hydrogen bonds of water molecules at the interface between water and ai 

and that of water molecules in bulk water, and the order of "surface". an 

"bulk" water. The surface tension is important in estimating energetics 

"cavity" models for solubility, and in rationalizing the hydrophobic effe 

(vi) Water is an excellent solvent for ions and polar molecules, species 

common within the cellular milieu. It associates strongly with ions by 

dipole interactions and with polar-protic functionality by hydrogen bond 

In both cases, the associations are enthalpically favorable but entropic 

unfavorable; (vii) The properties of water still include surprises that 

difficult to understand: for example, studies of zeta potential suggest 

hydroxide, ion apparently preferentially partitions to the water-non-p 

interfa~e.~'?~' We do not know why. 

The fundamental interactions among species dissolved in wate 

their interactions with water, are centrally important in trying to unde 

phenomena such as the hydrophobic effect, and electrostatic intera 

in water. 14f27,32733 These phenomena - which seem to reflect the ens 
properties of water, large molecular surfaces, and networks of char 

provide conceptual and technical difficulties that are distinct from 
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'. "Released" 
Protein Ligand Complex Water 

Fig. 1. The recognition of a ligand by a protein in water. Formation of a protein-ligand 
complex requires the dehydration of the molecular surface area of both the ligand and the 
active site of the protein. 

associated with .simple pair-wise interactions of molecules. In particular, 
the current model of the hydrophobic effect as a phenomenon dominated 

by the entropy of formation of water - whatever its structure - at the 

interface between non-polar materials and water is probably oversimplified 

in its neglect of different types of interactions (for example, dispersion 

interactions) between non-polar but polarizable molecules or functional 

groups. Similarly, efforts to provide a unified rationalization of biochemical 

interactions in terms of electrostatic interactions are too simple to be 
f general and predictive.11*34"6737 Although these efforts must, in some sense, 

be correct (chemistry is largely electrostatic interactions operating within 

the constraints of quantum mechanics), these treatments tend to be very 
i; approximate. Biochemical systems tend to be too large to treat in detail using li 
! 
i ' 

ab initio methods, and estimation of entropies requires running molecular 
r 

dynamics simulations for periods of time that remain impractical. 38-47 

i,. 
. . 
:::ti 
g:.;.: 

2.1. "Swatting Mosquitoes" 
b,: ,. .: 

The picture that has emerged in thinking about biochemical phenomena 

is, from the point of view of simplicity, wholly unsatisfactory. It is, in a 

qualitative sense, a problem of systems containing large numbers of 

molecules with many small energetic interactions - each poorly defined in 
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thermodynamic terms. The enthalpy of binding is a sum of both unfavorable - 4 
terms (desolvation and configurational restriction) and favorable terms i 

'3 
(numerous electrostatic interactions between host and guest) of similar 3 
magnitude. Entropic terms - which remain even more difficult to 
estimate - make equally important contributions: differences between the 

bound and unbound states in translation, rotation, conformation, vibration 

and solvent ordering are (at least) poorly defined and in all cases impossible 
to measure directly. 12J3717718748-50 It is a problem that has the feeling of 
swatting mosquitoes: kill one, and so many remain that it seems to make 

no difference. 

Science moves most rationally toward the solution of a complex problem 

when that problem can be broken down into parts with a clearly differentiated 

hierarchy in importance. When there are many contributors of equal 

importance, it is difficult to know what problem to focus on, and difficult to 
know when one has been solved until all have been solved simultaneously, 

The hypothesis is evident: the problem of molecular recognition in wat 

will not resolve itself into one interaction sufficiently dominant to form t 

basis for simple rules of thumb. Although far from resolving the issue, t 
realization suggests that computation and simulation will be required 

solving this problem. Computers do better than people at keeping track 

many small numbers in a problem with many parts. 

2.2. "If You can't Measure It, You can't Manage It" 

The difficulty in understanding binding of proteins and ligands in 

is such that progress requires the application of all plausible t 

Fundamentally, the field of molecular recognition in water requires 

reliable, accurate, and interpretable experimental data, and re1 

predictive theory. The scientific method - the best template we have 

systematic resolution of a complex problem - proceeds from observ 

theory to experimental test of theory. In molecular recognition, we are 

the situation of needing data on which to build and test an adequate 
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The objective of our program in understanding the molecular recognition of 

ligands by proteins in aqueous buffer has been to provide good experimental 
information, against which to calibrate theory and simulation. 

A number of experimental and computational techniques have been 
developed in the last several decades that, collectively, have made major 

steps toward a process for the rational design of ligands. (i) Thermodynamics. 

On the one hand, many techniques make it possible to measure binding 
constants - often with high accuracy - and thus to estimate values of 

AGO. On the other, separation of AGO into values of AH0 and TASO has been 

more problematic. Measurement of AGO as a function of temperature - 

van't Hoff analysis - is now accepted to be fundamentally too error-prone 

for use in biochemistry. Too many factors - the structure of proteins, the 

conformations of ligands, the properties of water - change with temperature 

to make it possible to isolate parameters that are specific to the molecular 
recognition event. 51-54 Unfortunately, many thermodynamic data in the 

literature have been obtained by van't Hoff analysis, and are consequently 

too unreliable to be useful.55 Fortunately, a technique that has recently 

become widely used as a result of the introduction of good commercial 

apparatus is isothermal titration calorimetry (ITC), which solves many of 

the problems of estimating enthalpies by measuring heat directly at constant 

temperature. (We discuss this technique in more detail in the next section). 

(ii) Structure. X-ray crystallography (and to an extent, NMR spectroscopy) 

have provided enormously useful information concerning the structure of 

representative soluble proteins, both with and without bound ligands. The 

development of synchrotron light sources has dramatically increased the 

quality and decreased the cost of obtaining these structures. High-energy 

light sources and new NMR techniques have extended the information 

available using them to include structural information concerning some 

of the water molecules at the surface of the protein (and particularly in 
the region of the active site).12*48756-58 Site-specific mutagenesis makes it 

routine to change the amino acid sequence in proteins to test hypotheses 

that depend on this ~ e ~ u e n c e . ~ ~ > " ~ ~  These advances, although invaluable, 
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still leave critical gaps. Most of the water molecules in a protein are not 
defined by crystallography, and no information is available concerning the 
water molecules solvating the complementary binding face of the ligand. 
Large changes in structure of a protein that might occur on binding a ligand 

can be characterized by X-ray crystallography, but small ones - especially 
small ones distributed over many amino acids - cannot be, and even if they 

could, it is not clear what to do with the information. "Structure" has been 
extremely useful in defining what not to do to get binding (that is, the rational 
design of ligands that do not bind to a protein is now straightforward), but 
much less useful in designing ligands that do bind. Emerging techniques 

in NMR spectroscopy may someday supplement our understanding of 
dynamics in molecular recognition, but these techniques are still too highly 
specialized to be applied (iii) L'MOle~~lar Association", 

Association of molecules occurs in a very wide range of processes 
chemistry. Phase transitions are forms of association. The properties 

materials often reflect association of molecules. Subjects such as molecul 

recognition have been extensively studied in non-aqueous solutions. 

of this information is relevant to the protein-ligand problem, but has 

been integrated into a unified theory of molecular association. (iv) 

Water has been extensively studied experimentally and theoretically, 

results that have provided some (but certainly not complete) clarity.' 

The structure of water at or close to interfaces is a particularly conten 
subject, and complex aqueous media - water containing dissolved o 
molecules and ions - is nearly terra incognita.27 

2.3. Theory, Computation, and Simulation 

Theory and simulation is not our primary business, but underst 

the theory with which the experimental data must accord is essen 
the design of a useful experimental program. The availability of p 
computers and networks of computers has increased the abkl 
simulations to handle large numbers of atoms, but the potential 
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used in these calculations are still approximate and of uncertain accuracy. 

Density functional theory (DFT) - although still a semi-empirical 
method - provides estimates of energies with high accuracies for certain 
classes of problems.64 The many advances in theory and simulation still, 

however, fall short of what is needed in an important way. Molecular 

recognition in water is a many-atom problem with contributions of similar 

magnitude from enthalpy and entropy. The most widely used computational 
method for estimating entropies in complex systems of many molecules is 

the quasi-harmonic approximation m e t h ~ d . ~ '  This method uses data from 

a molecular dynamics trajectory of a biomolecular system to parametrize 

a quasi-harmonic Hamiltonian for the system, from which the entropy of 

the system can be estimated. Simulations of realistic systems of protein, 
ligands, and medium still require so much time that'it is impractical to run 

them over sufficient intervals to generate useful estimates of entropies. (And 

again, even if they could be run for very long times, or if their speed could 

be increased by many orders of magnitude, it is not clear how accurate the 

resulting entropies would be, as everything ultimately depends on potential 

functions of uncertain accuracy.) Although it is possible in some cases to 

build empirical effective potential functions that estimate AGO, the ultimate 

accuracy of all theoretical methods has to be judged against their ability 

to predict the results of experiments before they are carried out. By that 

criterion, for whatever reasons, theory has not yet reached a level where it 

E :  provides results that are broadly useful to designers of ligands. 
". 

3. What is New? Back to the Future with 
Isothermal Titration Calorimetry (ITC) 

There are several glasses through which to regard molecular recognition: 

we think of it primarily in terms of thermodynamics - the difference in 

free energies between protein and ligand separately in solution, and protein 

and ligand associated in solution. Ultimately, one would wish to predict this 

difference for new structures and specific media in order to design ligands 
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that bind tightly; at present, the task is to rationalize the thermodynamic 

data that are available (or can be obtained) using proteins and ligands of 
known structure. 

Thermodynamics is an approach to the study of molecular recognition 1 
that has been used perhaps more than any other.6953,65-69 The unreliability 

of the separation of AGO into A H 0  and TASO has, however, been such that 

it has been difficult to develop a set of interpretable thermodynamic 

parameters on which to build a theory. Isothermal calorimetry has 

changed this unfortunate situation for the better (although it remains to 

be seen if a useful theory will emerge as a c ~ n s e ~ u e n c e ) ? ~ ? ~ '  ITC is, of 

course, a technique that has been a part of calorimetry for many decades, 

but commercial instruments that have the accuracy to measure heats of 

association of ligands and proteins have been available for only about two 

decades. These instruments still require a substantial amount of protein 

(- 1 mg for an experiment, and -50 mg for a complete set of experiments), 

but preparing pure protein on this scale is no longer impossibly arduous, 

given the techniques of genetic engineering and protein over-expression. 

Commercial instruments now being introduced will provide the ability 
to generate data entirely automatically, and are thus appropriate for providing 

the substantial quantities of replicate experiments that may be necessary to 

obtain estimates of statistical significance for experiments that require reliable 

identification of trends in small numbers. These data could provide the basis 

for investigations of phenomena that have previously eluded explanatio 

because the magnitude of their effect on the thermodynamics of binding i 
small. The thermodynamic solvent isotope effect, for example, which is t 

. . difference between thermodynamics of binding in light and heavy wate 

has been difficult to address experimentally because of the small magnitu 

of the effect (typically just larger than the error of measuring enthalpies 

binding)?2973 Similarly, the incremental heat capacity of binding is known 
be a hallmark of the hydrophobic effect, but the relationship between 

parameter and the structure of water near hydrophobic 'surface area is 
from well established. Resolving these issues will also come from expa 
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structure-thermodynamic relationships: automated calorimetry should 

facilitate the collection of data for large numbers of ligands of different 

structures, perhaps in different media and at different temperatures. Such 

aggressive programs directed at understanding the thermodynamics of 

molecular recognition have, until now, been impractical. 

Time (min) 

CI 
C 0 - - 
(U + 
0 
a> -- r a, -2- - - - 

0 
E 
0 1 
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A X  
a - 
(U - 
5 
r 

-8 r l . i q i ~ i . l .  
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"' ? 

!:'; Fig. 1. (A) A representative ITC thermogram for the binding of a protein to a ligand. Small p ,,?-: quantities of ligand are periodically injected into a protein solution, and the heat evolved by 
p: < 

'2- eaoh injection (AH) is recorded. As the concentration of ligand in the sample cell approaches 
K. ps saturation, the magnitude of the heat evolved by each injection decreases. (B) A binding 

Li2- curve is obtained by plotting the A H  measured for each injection against the ratio of ligand 
bS 

k@:"to protein at the time of the injection. This binding curve yields the Kd,  AH and n, the 
s: ' binding stoichiometry. 
.a,,-- 
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ITC is normally carried out by adding sub-stoichiometric aliquots of 
ligand to a solution of protein, and measuring the heat evolved.74 Analysis of 
this heat with a known model of binding provides three useful parameters: 
(i) a direct measure (the total integrated heat evolved on binding) of the 
enthalpy of binding at constant temperature; (ii) the binding constant; and 
(iii) the stoichiometry of binding. Because the experiment is carried out at 

constant temperature, most of the potential artifacts of van't Hoff analysis 
disappear. 

In ITC, the evolved heat at constant pressure gives the enthalpy of 
binding (AH0) directly. The dissociation constant gives AGO [Eq. (l)]; 

this parameter can usually be obtained by some entirely independent 

measurement (enzymatic activity, or spectrophotometry). The difference 
between them thus provides TASO [Eq. (2)]. ITC offers, for the first time, the 
ability to generate high-quality thermodynamic data characterizing binding 

of ligands to proteins under conditions relevant to biological chemistry. 

AGO = -RTln(Kd) 

AGO = A H 0  - TASO. 

4. A Model System: Carbonic Anhydrase and 
Arylsulfonamides 

Most of our experimental work has involved the enzyme carboni 

anhydrase (CA, E.C. 4.2.1.1), and studied the association of derivati 

of benzenesulfonamide (as the anion: ArS02NH-) to the zinc ion in 
active site of this enzyme. The choice of this system is based primarily 

simplicity. The system of CA and arylsulfonamides offers: (i) an enz 
that is available commercially and inexpensively, and that has high struc 

stability (and thus few complications from changes in its structur 
plasticity - on binding the arylsulfonamide anion); (ii) a class of a 
site directed inhibitors - arylsulfonamides - that is easy to pr 
synthetically, and whose binding at the active site of the CA is exceptio 
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constant and well-characterized in geometry; (iii) an active site that includes 

a substantial hydrophobic surface, and thus provides a test-bed for studying 

hydrophobic interactions; (iv) accessible molecular surface proximate to 

the active site that is non-polar, and thus useful in other examinations of 

hydrophobic effects. We have summarized the information concerning CA 
' 

as a model for physical-organic and biophysical studies of protein-ligand 

binding in an extensive review art i~le .7~ 

. %.Structures of.carbonic anhydrase I1 bound to (A) water and to (B) a para-substituted 
zenesulfonamide ligand with an oligoethylene glycol (C) A more detailed view 
he polar interactions between the protein and the ligand. The coordination bond between 
nitrogen of the sulfonamide and the Zn(I1) cofactor is shown as a dashed line. Hydrogen 

8 between the nitrogen of the sulfonamide and the side-chain hydroxyl of THR-199 of 

tein are shown as dashed lines as well. A network of hydrogen bonds between the 
b of the para-substituted "tail" and two protein residues (PRO-201 and THR-200) are 

aio dashed lines. 
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We have used CA as a model in a number of studies. The most relevant 

to considerations of thermodynamics simplifies the system even further by 
using it primarily as the basis for perturbational studies. In these studies, 

we leave the structure of the enzyme and the benzenesulfonamide group 

unchanged, vary only the structure of the substituents in the para-position 

of the benzene ring, and examine the influence of those variations on the 

thermodynamics of binding; these variations reflect interactions of the para- 

substituents with the surface of the protein proximate to, but not directly 
in, the active site. We believe this system is the simplest and best defined 

that can be devised for realistic studies of protein-ligand binding. We 

have carried out a number of studies using it; probably the most honest 

description of these studies is that they have consistently produced results 

that were - to us - unexpected we draw the conclusion that we cannot 

presently accurately predict the results of even these kinds of perturbational 

experiments. 

We have carried out a number of studies of the binding of 

arylsulfonamides to C A ? ~ - ~ ~  These include examinations of the influence 

of Coulombic interactions on binding (using protein charge ladders), of 

the relation of the structure of the aryl group and binding constant, and of 

hydrophobic substituents on the aryl ring and binding constants; all have 

given interesting results that have clarified the interactions that contributed 

to binding. Detailed interpretation of these results has also remaine 

difficult. 

In principle, the most interpretable types of studies should be th 

perturbation studies that have examined the influence of para-substitue 

on the aryl ring on the binding. Since these studies concern only bindi 

outside of the immediate active site, and since they do not appear to influe 
the binding site region itself, we had expected them to minimize chan 

to the structure of the protein, and thus to provide the simplest case 

could develop for studying molecular recognition in a system of protein 

ligand. The results of these studies have been uniformly surprising: 

is, they have not been in accord with current theory (or at least with 
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understanding of current theory). The interpretation of these experiments 
is often complicated, and we give only one example to show the kinds of 
information that ITC yields, and the difficulty in reconciling this information 
with simple rationalizations of molecular recognition in this system. The 

papers we reference (and in the case of electrostatic effects, a review) give 

further views of these  subject^."^^^ 

4.1. Binding of p-R-CGH4SO2NH2 to Carbonic Anhydrase 

We prepared a series of benzenesulfonamides with conformationally flexible 

("floppy") oligomeric chains in the para-position (oligomers of ethylene 

glycol, glycine, and s a r ~ o s i n e ) ? ~ ~ ~ ~ ~ ~ ~  These systems are important in one 

current approach to the rational design of ligands: this approach identifies 

a secondary binding site close to the active site (by NMR spectroscopy, 

by crystallography, and/or by computation), and attempts to construct a 
F . tightly binding inhibitor by linking groups that bind simultaneously at the 
I 
t active and the secondary sites. The question of interest is: "What should be 
t 

b ,  the structure of the linker to maximize the value of AG" for the bivalent 

k p . ligand?" Answering the question of the nature of bivalent interactions, and 

- of the strategy that maximizes binding through bivalency, is a separate and 

br- engaging problem, but one for which it is clearly important to understand 

targeted to the secondary binding site) with the protein?9950 We, therefore, 

prepared benzenesulfonamides with R = (EG),, (Gly),, and (Src),, measured 

What we had anticipated was to observe either a trend to tighter binding 

the floppy chain with the surface of the protein) or a trend to weaker binding 

;(reflecting loss in conformational entropy due to this interaction, or simply 

a restriction in the volume of space accessible to the chain). In fact, we 
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observed - for all three series - no change: the binding constant was 

independent of the structure of the floppy chains. This independence was 
not due to the absence of interaction of the chains with the surface of the 

CA: both AH0 and TASO varied with the chain length. 

This result was thus unexpected in three ways: (i) The binding constant 

was essentially independent of the length and structure of the floppy chain; 

(ii) There were changes in AH0 and TASO, but they precisely cancelled; 

(iii) The changes in AH0 and TASO were opposite to those we had expected: 

that is, as the chains in each series became long, the contribution to the 

enthalpy of binding we attributed to the chain became less favorable, and 

the contribution to the entropy of binding less unfavorable. How do we 

explain these very puzzling results? We do not, in fact, presently know. We 

have a rationalization, but it is very much post  fact^.*^ We are confident 

that these results are not experimental error, however, and we note that a 

number of other studies that we have carried out with CA have generated 

related but equally puzzling results. We conclude that we simply cannot use 

our current, qualitative, understanding of molecular recognition involving 

proteins in water in a way that successfully rationalizes magnitudes and 

contributions of enthalpy and entropy to free energy. 

4.2. Entropy-Enthalpy Compensation 

We also do not understand the apparent entropy-enthalpy compensati 

(EEC), the tendency for structural changes in ligands and proteins to h 
little or no effect on the free energy of binding because of compensati 

contributions from enthalpic and entropic terms. The occurrence of E 
is one of the puzzles waiting to be resolved in the- study of molec 

recognition in water. EEC has been claimed in many experi'me 

investigations of the thermodynamics of biological systems. In stu 

in which van't Hoff analysis generated the values of A H 0  and TASO 
potential for compensating errors, and for artifacts in the procedures, 

so great that EEC was largely (and we believe correctly) dismissed 
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credible phenomenon.52>54.55 When ITC is used to generate the data that 

underpin EEC, the potential for artifact is smaller (although still not zero). 
So: is EEC a real phenomenon, or is it an artifact? There are plausible, if 
qualitative, arguments that it should exist, and we are inclined to believe 

that it is If it is, it hints at other relationships in the thermodynamics 

of biochemical systems whose basis we do not presently see clearly. 

5. Assessment 

Our studies of benzenesulfonamides binding to carbonic anhydrase provide 

the simplest biophysical system that we can construct with which to study 

the physical-organic chemistry.of binding of a low molecular weight ligand 

to a globular protein. The combination of ITC (for thermodynamics) and 

X-ray crystallography (for structure) provides a solid basis for characterizing 

the entropies and enthalpies of binding, and for trying to relate trends in 

these values to trends in structure, and for comparisons with the results 

of simulations. The situation from these studies suggests that there is still 

a substantial amount of work - both experimental and conceptual - to 

be done before this simplest system can be claimed to be understood. We 

can rationalize some of its featuresJ5 For example: (i) The largest single 

contribution to binding is probably the interaction of the 2nt2 ion in the 

active site, the -HNS03-R group to which it binds, and the network of 

hydrogen bonds - some directly between protein and sulfonamide anion, 

and some involving water - in the active site. (ii) The major influence of 

the structure of the arylsulfonamide on the binding is through its influence 

on the pKa of the H2NS02Ar group. (iii) Strongly hydrophobic substituents 

in the para position of the benzene ring increase binding through the 

hydrophobic effect. Others we cannot rationalize: (i) We do not understand 

the contributions of substituents to the enthalpy and entropy of binding; 

(ii) We do not understand the apparent importance of EEC in these (and 

other biochemical) systems; (iii) Our estimations of entropy and enthalpy in 

interactions that would plausibly be ascribed to the hydrophobic effect do 
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not suggest a system dominated by entropy (as one would expect from the 
most commonly accepted explanations of the hydrophobic effect; (iv) We 
do not understand the role of water - its release on binding of inhibitor, 
its role in forming hydrogen bonds in unbound and bound states, its role 
in mediating electrostatic effects - at all; and (v) We do not understand 

how to take into account the conformational mobility of the ligand (free in 
solution, and bound to the protein), or the plasticity of the protein (although 
we speculate that protein plasticity is small - or at least smaller than for 
most other proteins - for CA). 

So, although we (and others) are making good progress in rationalizing 
the binding of arylsulfonamides to CA, the progress is more at the 

level of understanding what it is that we do not understand, than it is in 
understanding. We are - in the phraseology of the military - converting 
"unknown unknowns" into "known unknowns," but we still have a long 

road to travel before converting "known unknowns" into "knowns." 

6. What Do We Need? 

We close this chapter with a wish list. What is it that could make an important 

contribution to the rational design of ligands? This list is not unique, and 

other researchers in this field might come up with other subjects, but ther 

would be broad agreement on most of these items. (i) Reliable experimen 

in interpretable systems. Although we have spoken enthusiastically of th 
virtues of ITC, it is still too difficult (slow and labor-intensive) to provide th 
large numb.ers of data that would be helpful in unraveling the relationshi 

between structure and binding in this difficult field. It would also be extrem 

useful to have new techniques to measure thermodynamic parameters. Th 
are, for example, no good ways of measuring thermodynamic parame 

for materials with very low solubilities (e.g., hydrophobic materials - o 
the ones of the greatest interest). (ii) Simulation. It seems inevitable t 
computation and simulation will play a very important part in the fu 
of this field: computers are the only practical way to add many s 
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contributions - often with opposite signs - with reasonable accuracy. 

Computation is still too slow, and especially too slow to provide estimates 
of entropies. (iii) Theory. There is very little about molecular recognition 

in water that we can truly claim to understand theoretically. The plasticity 
of proteins. The role and structure of water. The nature of the hydrophobic 

effect. The character of electrostatic effects. The tradeoff between exact 

fits ("lock-in-key") with favorable enthalpy and unfavorable entropy, and 

loose fits ("horse-in-stall")' with less favorable enthalpy and less unfavorable 

configurational entropy. All, and more, are understood in only general 

terms. (iv) Experiments in realistic media. Much of biophysical chemistry 

is carried out in simple, dilute buffers. The inside of the cell - where 

water rarely achieves a thickness of more than a few monolayers - is a 
much more complex medium: approximately 300 g/L of organic materials, 

approximately 1 M ionic strength, high concentrations of z ~ i t t e r i o n s . ~ ~  It 

would be most valuable to have some comparison between thermodynamic 

parameters in simple and complex media. (v) Understanding of extra- 

thermodynamic relationships. Is EEC real? How do we tell? If so, what is its 

origin, and why is it so common in biochemical systems. (vi) Understanding 

of protein plasticity. It is evident that the conceptual model of a protein 

as a rigid object, with a definite shape, is - in general - wrong.'Many 

proteins are probably more like structured liquid crystals than the rigidly 

defined structures so elegantly suggested by crystallography. How does this 

plasticity influence binding? Time-resolved spectroscopic methods (electron 

spin resonance and infrared spectroscopies, for example) might give insight 
into the problems associated with protein dynamics on very short time 

scales, but these techniques are far from being common approaches in the 

biophysics ~ o m m ~ n i t ~ . ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  (vii) New types of experiments. New tools 

open new doors. Molecular recognition involving proteins is still starved for 

relevant data. We need everything: tools to define the structure of water, and 

to watch proteins at atomic resolution in real time, and to measure entropy 
= changes, and to explore complex media. The list of measurements we would 

like to make is almost endless. (viii) Better understanding of fundamentals. 
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Finally, at the core, we need to understand the fundamentals of non-covalent 
interactions in water better. What is a hydrogen bond? The hydrophobic 
effect? Structured water at interfaces? Ionic atmospheres around proteins? 
Protein conformational mobility/plasticity? It may or may not be necessary to 
have a profound understanding of these and other fundamental interactions 
to build working engineering solutions to the problem of designing ligands 
to fit tightly to proteins, but it cannot hurt to have them. 
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