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Theprimary goal of any drug discovery effort is to increase the
potency of prospective compounds to the greatest degree

possible while also optimizing themany other physical properties
necessary for drug development. In most cases, little effort is
invested in understanding the underlying thermodynamic quan-
tities of enthalpy and entropy that are responsible for determin-
ing free energy. More recently, it has become common to recast
binding free energies in terms of ligand efficiency, that is, the
potency per heavy atom.1�5 Ligand efficiency and the thermo-
dynamic properties (ΔH and ΔS) can provide insights into
ligand binding that go beyond simple comparisons of potency. It
has been suggested that more efficient ligands and ligands with
more negative enthalpies of binding6�8 provide better starting
points for lead optimization. While these two concepts have
generally been considered independently, an argument will be
provided here that they are related.

With regard to enthalpy and entropy of binding, Friere and
others6,9 have presented an intriguing argument that drugs (ligands)
that bind predominantly due to favorable enthalpies enjoy certain
advantages over drugs where binding is driven predominantly by
entropy. Some of the arguments in favor of enthalpy are that
enthalpic interactions improve selectivity due to their geometric
specificity, and they are inherently more efficient since they tend to
be larger in magnitude than entropic effects. The second point
already hints to an effect on overall ligand efficiency. The case for
ligand efficiency has been made extensively in the literature and is
now well accepted. Recent work4,8,10,11 has shown that the standard
definition of ligand efficiency is problematic for comparing ligands
of disparate size because ligand efficiency is itself a function of

molecular size. One question that arises in this connection is the
degree to which enthalpy and entropy contribute to the observed
decrease in average efficiencies as ligands become larger. Entropy is
commonly regarded as a problem for larger ligands since presum-
ably more conformational degrees of freedom should be lost upon
binding. Indeed, this was the logic employed by Andrews2 for
including a correction factor in his group additivity scheme based on
the number of rotatable bonds. In a previous paper, computational
analysis of the contribution of conformational entropy showed no
discernible trend4 with respect to ligand size.

The experimental measurement of the thermodynamics of
ligand binding can be routinely accomplished through techni-
ques such as isothermal titration calorimetry (ITC).12 However,
because of the complexity, quantity of protein required, and low-
throughput of ITC experiments, the enthalpy and entropy of
ligand binding are not routinelymeasured. Through the work of a
number of primarily academic laboratories, there has been a
steady growth in the availability of this data for a variety of
protein targets. Some of this data has been archived in the
publicly available BindingDB database.13 We have employed
thermodynamic data for approximately 100 compounds across
14 target classes from BindingDB to analyze the effect of
enthalpy and entropy on ligand binding and efficiency.

The Binding thermodynamics data for 102 ligand�protein
complexes used in this study are included as Supporting
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ABSTRACT: Analysis of the experimental binding thermody-
namics for approximately 100 protein�ligand complexes pro-
vides important insights into the factors governing ligand
affinity and efficiency. The commonly accepted correlation
between enthalpy and �TΔS is clearly observed for this
relatively diverse data set. It is also clear that affinity (i.e.,
ΔG) is not generally correlated to either enthalpy or �TΔS.
This is a worrisome trend since the vast majority of computa-
tional structure-based design is carried out using interaction
energies for one, or at most a few, ligand poses. As such, these
energies are most closely comparable to enthalpies not free
energies. Closer inspection of the data shows that in a few cases the enthalpy (or�TΔS) is correlated with free energy. It is tempting
to speculate that this could be an important consideration as to why some targets are readily amenable to modeling and others are
not. Additionally, analysis of the enthalpy and�TΔS efficiencies shows that the trends observed for ligand efficiencies with respect
to molecular size are primarily a consequence of enthalpic, not entropic, effects.
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Information. In addition to the enthalpies and entropies of
binding, the ligand efficiencies have been computed based on
free energy (as is typically done), enthalpy, and �TΔS. This
provides considerable insight into the factors that drive the
previously observed trends in ligand efficiency. In addition, the
thermodynamic properties for specific protein targets such as
HIV-1 protease, aldose reductase, HMG Co-A reductase, and
caspase-3 were examined more closely. These targets were
chosen because they have very different active sites in terms of
size and polarity, and the observed trends in thermodynamic
properties differ significantly. The plots and statistics were
generated using Spotfire.14

A widely observed feature of protein�ligand binding thermo-
dynamics is the seeming tug-of-war between enthalpy and
entropy.15�18 In general, protein�ligand complexes that exhibit
more negative enthalpies of binding do so at the cost of more
positive �TΔS terms and vice versa. This enthalpy�entropy

compensation effect is clearly evidenced in the protein�ligand
complexes in the current study. A plot comparing ΔH to �TΔS
shows a remarkable correlation (Figure 1).

The ligands with the most favorable entropies of binding
actually have positive enthalpies of binding. Conversely, the most
favorable enthalpies have very unfavorable entropies of binding.
Even though theΔH and�TΔS values are highly correlated, this
does not mean that the enthalpy or entropy of binding is a good
proxy for the free energy. Plots comparing ΔG to either ΔH
or �TΔS show no such correlation (Figure 2).

Intuitively, one would expect that ligands that have very
specific interactions of the kind expected to produce more
negative enthalpies would be more rigid and, therefore, less
favorable entropically. It is also true that numerically the enthalpy
and entropy must be negatively correlated if the free energy is
held constant since free energy is a sum of ΔH and �TΔS. The
distribution of enthalpies and entropies (�TΔS) differs, with
almost all reasonable binders having negative enthalpies of
binding, while only slightly more than half of the ligands in this
particular data set have negative �TΔS values. The plots of
enthalpy and entropy versus free energy (Figure 2) underline the
hazards of using either as a surrogate for free energy.19�21 For
example, the interaction enthalpies in Figure 2a overall show no
correlation with free energy. This is troubling since most
modeling studies use interaction energies computed from one
low energy structure, that is, essentially enthalpy.

A closer examination of Figure 2, however, does show
(Figure 3a,b) that in some specific targets enthalpy and free
energy do appear to be reasonably well correlated (e.g., HIV-1
protease and aldose reductase). Least-squares fits of this data
confirm (Table 1) that the free energies for these targets are
highly correlated with enthalpy. This may explain why these
targets have been amenable to quantitative modeling.22,23 Other
individual targets, such as HMG CoA reductase and caspase-3,
are consistent with the overall trend, having no discernible
correlation between enthalpy and entropy (Figure 3c,d). It
should also be noted that in the cases where enthalpy and free
energy are correlated, the same is true for entropy, a consequence
of enthalpy�entropy compensation. Thus, any theories as to
why certain targets show a better correlation between enthalpy
and free energy must also consider that the correlation may also
be due to some aspect of the entropy (�TΔS). Indeed, in the
case of HIV-1 protease, it might be argued that this protein is
“well behaved” in terms of the correlation between computed
interaction energies and affinity because affinity is dominated by
�TΔS, presumably primarily displacement of water.

It is clear from the statistics in Table 1 that there is a wide
variation in the predictive power of enthalpies with respect to free
energies of binding. This is a factor that must be considered when
modeling protein�ligand interactions.

It is interesting to examine the relationship of each thermo-
dynamic property with respect to molecular size (Figure 4). One
might argue based on Figure 4 that there is a very slight trend
toward the most favorable enthalpies being observed in the small
molecule regime and the most favorable entropies being ob-
served in the large molecule regime. However, these trends
appear tenuous at best for the raw ΔH and �TΔS values.

The trends become clearer when the enthalpies and entropies of
binding are converted to enthalpy and entropy efficiencies, that is,
ΔH/(number of heavy atoms) and �TΔS/(number of heavy
atoms). Just to show that this relatively small data set is not unusual,
the typical ligand efficiencies (ΔG/number of heavy atoms) are

Figure 1. Plot of enthalpy (ΔH) vs entropy (�TΔS).

Figure 2. (a) Plot of enthalpy (ΔH) and (b) plot of entropy (�TΔS) vs
free energy (ΔG).
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plotted in Figure 5. These ligand efficiencies follow the same trend
observed with previous data sets of decreasing optimal efficiencies
with increasing size.4,10,11

The enthalpy and entropy efficiencies are given in Figure 6a,b,
respectively. It is immediately apparent that enthalpy and
entropy behave differently. In general, the enthalpy efficiencies

exhibit a curve very similar to that seen for the free energies
(Figure 5). The most optimal enthalpy efficiencies deteriorate
significantly as molecular size (number of heavy atoms) increases
as do, to a lesser degree, the average enthalpy efficiencies. For
example, the average enthalpy efficiencies for heavy atom counts
of 0�19, 20�39, and 40�77 are �0.66, �0.33, and �0.13,
respectively. By contrast, the entropy efficiencies exhibit very
different behavior. Strictly speaking, the optimal entropy effi-
ciencies also become worse as molecular size increases but by a
much smaller margin. Furthermore, even this slight loss of
efficiency as size increases is due to just four ligands targeting
farnesyl diphosphate. Otherwise, the optimal entropy efficiency
is little changed across the entire range of molecular sizes.
Interestingly, these same four ligands have unusually unfavorable
enthalpy efficiencies, another case of enthalpy�entropy com-
pensation that results in middle of the road free energy efficien-
cies (Figure 5). The distribution of entropy efficiencies is very
broad for small ligands and becomes significantly narrower as the
ligands become larger. However, the average entropy efficiencies
are relatively unchanged across the full range of molecular sizes,
with an overall average value near 0. This can be shown by
comparing the average entropy efficiencies for different size
ranges, as was done above for the enthalpy efficiencies. The
average entropy efficiencies for heavy atom counts of 0�19,
20�39, and 40�77 are þ0.06, þ0.01, and �0.10, respectively.
This analysis of the experimental ITC data is consistent with

Figure 3. Plot of ΔH vs ΔG for (a) HIV-1 protease, (b) aldose reductase, (c) HMG CoA reductase, and (d) caspase-3.

Table 1. Correlation of ΔH with ΔG

N r2

aldose reductase 6 0.88

enoyl ACP 4 0.85

v-SRC SH2 domain 4 0.82

serine hydroxymethyl transferase 5 0.74

HIV-1 protease 9 0.73

MUP 1 8 0.66

BirA 4 0.64

thrombin 8 0.34

HSP 90 6 0.15

farnesyl diphosphate synthase 6 0.10

HMG CoA reductase 27 0.08

caspase 3 6 0.00

trypsin 8 0.00

thymidine kinase 1 -
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earlier calculations4 in suggesting that the binding entropies
(�TΔS) are not driving the difference in ligand efficiencies
observed for small and large ligands. The effect appears to be
primarily enthalpic—a result that might seem surprising but is
also consistent with a recently reported analysis of binding
enthalpies.8

This analysis of the enthalpy and entropy efficiencies is con-
sistent with previous work in suggesting that the large change, in
average (or maximal) ligand efficiencies, observed as the size of the
ligand is varied is intrinsically an enthalpic effect not, as sometimes
supposed, an entropic effect. Previous calculations found no trend
with respect to size in the entropy of binding due to loss of
conformational entropy in the ligands.4 These results are also
consistent, albeit perhaps not proof, of the hypothesis put forward
based on simple computational models that the size effect on
enthalpy is a result of increasing ligand complexity and the need to
satisfy multiple geometric constraints simultaneously.4,24 The plot
of entropy efficiencies versus size (Figure 6b) indicates that average
entropy effects may indeed be essentially linear with respect to size,
although the distribution is extremely broad for small- tomoderate-
sized ligands.

In conclusion, we have analyzed the measured enthalpies and
entropies of binding for approximately 100 protein�ligand com-
plexes to gain an understanding of some of the trends in these
thermodynamic properties. Examination of the enthalpies and
entropies shows that there is a very strong negative correlation
between these thermodynamic properties. This is consistent with
conventional drug discovery wisdom and is of course partly a
consequence of the relationship between ΔH, �TΔS, and ΔG.
Plots of these properties with respect to molecular size show a

number of trends that are significant for drug discovery. First, there
is a general trend, probably most easily seen by examining the
enthalpy and entropy efficiencies, that on average enthalpy domi-
nates the affinity of most small ligands. It is also apparent that the
strong size dependence on ligand efficiencies (average or optimal)
reported in the literature is mostly a consequence of enthalpy, not
entropy. This is consistent with previous computational results that
implicated enthalpy rather than conformational entropy.4 The
entropy contributions for the current set of ligands are interesting
in that the average contribution per heavy atom is remarkably
consistent, and very near 0, across the full range of molecular sizes.

Figure 4. (a) ΔH and (b) �TΔS vs molecular size (number of heavy
atoms).

Figure 5. Free energy ligand efficiencies, ΔG/(number of heavy
atoms), vs number of heavy atoms.

Figure 6. (a) Enthalpy efficiency, ΔH/(number of heavy atoms), and
(b) entropy efficiency, �TΔS/(number of heavy atoms), vs number of
heavy atoms.
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In the case of small ligands, the variance is very large, but it appears
to converge to a small range of values for larger ligands. This is
somewhat counterintuitive relative to conventional arguments that
larger more floppy ligands might be expected on average to be
penalized in terms of entropy and may show that conformational
entropy is a relatively small contributor to binding relative to other
factors, such as displacing waters from the active site. The latter
effect might be expected to be more correlated with molecular size
and more important for larger ligands in more hydrophobic
binding sites.

Finally, while it is true that the correlation between ΔH,
or �TΔS, with free energy is overall very poor, in many
individual cases the correlation is quite good. This is an im-
portant consideration for efforts to model protein�ligand inter-
actions. In most cases, the energies used in modeling studies are
generated from a single configuration (e.g., pose or con-
formation) or, at best, a few critical configurations and might
be most appropriately considered an approximate enthalpy. On
the basis of the analysis above, these calculations might be
expected to provide good estimated affinities in cases where
ΔH (and by association �TΔS) are correlated with affinity.
However, in cases where this is not true, apparently a common
situation (Figure 2a), the results would be expected to be very
poor. This provides ample food for thought as to the importance
of using computed free energies rather than simple interaction
energies in structure-based drug design.
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