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A common strategy to improve the potency of
drug candidates is to introduce chemical functio-
nalities, like hydrogen bond donors or acceptors,
at positions where they are able to establish
strong interactions with the target. However, it
is often observed that the added functionalities
do not necessarily improve potency even if they
form strong hydrogen bonds. Here, we explore
the thermodynamic and structural basis for those
observations. KNI-10033 is a potent experimental
HIV-1 protease inhibitor with picomolar affinity
against the wild-type enzyme (Kd ¼ 13 pM).
The potency of the inhibitor is the result of
favorable enthalpic (DH ¼ )8.2 kcal/mol) and en-
tropic ()TDS ¼ )6.7 kcal/mol) interactions. The
replacement of the thioether group in KNI-10033
by a sulfonyl group (KNI-10075) results in a
strong hydrogen bond with the amide of Asp
30B of the HIV-1 protease. This additional hydro-
gen bond improves the binding enthalpy by
3.9 kcal/mol; however, the enthalpy gain is com-
pletely compensated by an entropy loss, result-
ing in no affinity change. Crystallographic and
thermodynamic analysis of the inhibitor/protease
complexes indicates that the entropy losses are
due to a combination of conformational and sol-
vation effects. These results provide a set of
practical guidelines aimed at overcoming
enthalpy/entropy compensation and improve
binding potency.
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The binding affinity is determined by the Gibbs energy
(Ka ¼ e�

DG
RT ) which in turn is a function of the enthalpy (DH) and

entropy (DS) changes associated with binding (DG ¼ DH ) TDS).
Improving the binding potency of a compound from 10 lM to 1 nM,
as is typical in drug development, requires chemical modifications
that will favorably increase the Gibbs energy of binding by 5.5 kcal/
mol. Necessarily, this improvement needs to be made by making
the enthalpy or entropy changes more favorable. It has been real-
ized by many that the easiest way to improve affinity is by increas-
ing the hydrophobicity of a compound. At the thermodynamic level
this strategy leads to entropically optimized compounds (1). This
optimization strategy, however, leads to important roadblocks that
prevent the achievement of extremely high affinity. Highly hydropho-
bic compounds lack the solubility necessary for proper formulation
and bioavailablity.

It has been shown before that extremely high affinity (picomolar
range) requires a combination of favorable enthalpic and entropic
interactions (2). The simultaneous optimization of enthalpic and
entropic interactions effectively implies overcoming the so-called
'enthalpy/entropy compensation' phenomenon. If enthalpy/entropy
compensation were inevitable, affinity optimization would be
impossible to achieve. Nevertheless, the introduction of different
chemical functionalities during affinity optimization, often carry
unwanted enthalpic or entropic penalties. Knowledge of the origin
of these penalties is critical for a fast and effective optimization of
binding affinity. While entropic optimization by increasing hydro-
phobicity does not usually carry serious enthalpic penalties and is
relatively easy to achieve, other situations are not as straightfor-
ward. For example, enthalpic penalties linked to optimization
through conformational constraints have been identified by isother-
mal titration calorimetry (ITC; 3). More importantly, the enthalpic
optimization of the binding affinity has been shown to be extremely
difficult due to the frequent occurrence of significant entropic pen-
alties (4). For example, it took about 10 additional years of research
before enthalpically optimized HIV-1 protease inhibitors could be
developed (2,5–7).

Enthalpic optimization of the binding affinity is difficult to achieve.
First, a significant enthalpy gain is hard to obtain because the des-
olvation of polar groups carries a large enthalpic penalty (8). This
penalty needs to be overcome by the enthalpy of interaction, which
is optimal only when hydrogen bond donor or acceptor functionali-
ties are positioned within the correct distance and angle from the
corresponding partner atoms in the protein. Even if these conditions
are accomplished and a significantly favorable enthalpy is attained,
the binding affinity may not improve due to compensatory entropic
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effects. Thus, enthalpic and entropic penalties hinder the enthalpic
optimization of binding affinity. In this paper, we show by using a
combination of microcalorimetric and crystallographic techniques,
that these entropic penalties are caused by conformational entropy
losses due to the structuring of the inhibitor and adjacent regions
in the protein, and by solvent entropy losses due to a suboptimal
burial of non-polar groups.

Methods and Materials

Protein purification
HIV-1 protease was prepared as previously described (6,9). The
plasmid encoding the wild-type HIV-1 protease, containing the
mutations Q7K/L33I/L63I designed to remove three hypersensitive
autolytic sites (10), was expressed as inclusions bodies in Escheri-
chia coli BL21(DE3) cells. The HIV-1 protease containing these three
mutations is referred to as HIV-1 protease pseudo-wild type (pWT)
and has been shown to exhibit the same catalytic behavior as the
wild type (6,9,10).

Cells pelleted after growth were resuspended in extraction buffer
[20 mM Tris, 1 mM EDTA, and 10 mM b-mercaptoethanol (BME), pH
7.5], and were broken with three passes though a French pressure
cell (‡1600 psi). Cell debris and protease-containing inclusion bod-
ies were collected by centrifugation (20 000 · g for 20 min at
4 �C). Inclusion bodies were subjected to three cycles of resuspen-
sion (glass homogenizer) followed by centrifugation (20 000 · g for
20 min at 4 �C). In a fourth cycle, inclusion bodies were solubilized.
In each cycle a different buffer was used for resuspension/solubili-
zation: buffer 1 (25 mM Tris, 2.5 mM EDTA, 0.5 M NaCl, 1 mM Gly-
Gly, 50 mM BME, pH 7.0); buffer 2 (25 mM Tris, 2.5 mM EDTA,
0.5 M NaCl, 1 mM Gly-Gly, 50 mM BME, 1 M urea, pH 7.0); buffer 3
(25 mM Tris, 1 mM EDTA, 1 mM Gly-Gly, 50 mM BME, pH 7.0); buffer
4 (25 mM Tris, 1 mM EDTA, 5 mM NaCl, 1 mM Gly-Gly, 50 mM BME,
9 M urea, pH 9.0). After the last centrifugation (at 25 �C), HIV-1
protease present in the supernatant was purified using a Q-seph-
arose column (Q-Sepharose, Amersham Biosciences AB, Uppsala,
Sweden) previously equilibrated with buffer 4. Flow-through frac-
tions containing the protease were pooled and acidified by the
addition of formic acid to a final concentration of 25 mM. Following
an overnight incubation, precipitated contaminants were removed
by centrifugation, and the protease was then concentrated to a
final volume of 2–3 mL.

Refolding was initiated by diluting 20-fold the concentrated prote-
ase sample into 10 mM formic acid at 0 �C. The pH was gradually
increased to approximately 3.8 with a solution of 0.1 M NaOH, and
then the temperature was raised to 25 �C. Sodium acetate buffer
(2.5 M, pH 5.5) was added to increase the pH to 5.0, and the pro-
tein was concentrated. Folded protease was exchanged into 1 mM

sodium acetate, 2 mM NaCl at pH 5.0 using a gel filtration column
(PD-10, Pharmacia) and stored at )20 �C (‡2.5 mg/mL).

The quality of the refolded protein was assessed by enzyme activity
assays and by active site titration with well-characterized inhibitors
(amprenavir, atazanavir, and TMC-114) by ITC (VP-ITC, Microcal LLC,
Northampton, MA, USA) as described previously (2,6).

Isothermal titration calorimetry
Isothermal titration calorimetry experiments were performed by
using a high precision VP-ITC titration calorimetric system (MicroCal
LLC). Inhibitors and the enzyme were dissolved in the same buffer
(10 mM sodium acetate, pH 5.0, 2% DMSO v/v). The binding enthal-
pies were obtained by injecting the inhibitors (50–90 lM) into the
calorimetric cell containing the enzyme (final protein concentration
5–10 lM dimer). The solutions were thoroughly degassed under
vacuum and each experiment was performed by one injection of
2 lL followed by 29 injections of 10 lL with a 400-seconds interval
between each injection. The inhibitor concentration was adjusted
from stoichiometry determination with a standardized protease solu-
tion. The heat evolved after each injection was obtained from the
integration of the calorimetric signal using ORIGIN 5.0, and the data
were analyzed as described previously (11). Direct ITC experiments
cannot be used to determine the binding affinity for tight binding
inhibitors. Therefore, we used the displacement titration method for
binding affinity determination (2,5,12). In calorimetric displacement
titrations, the protease prebound to a weaker inhibitor (acetyl
pepstatin) is titrated by the high-affinity inhibitor (2,13). Data were
analyzed by software developed in this laboratory.

For the interaction of HIV-1 protease with KNI-10033 and KNI-
10075, direct titrations were performed at three different tempera-
tures (15, 25 and 35 �C). The change in heat capacity upon binding,
DCp, is obtained from the temperature dependence of the binding
enthalpy at constant pressure [DCp ¼ (¶DH/¶T)P].

Crystallization
HIV-1 protease at a concentration of 6 mg/mL was prepared in
1 mM sodium acetate, 2 mM NaCl, pH 5. A 15 mM stock solution of
inhibitor in 100% DMSO was added to a final inhibitor to protease
ratio of 2:1. Crystals were grown by the hanging drop vapor diffu-
sion method. Drops were set by combining 3 lL protein/inhibitor
solution with 3 lL of reservoir solution. The drops were equili-
brated against a volume of 1 mL of reservoir solution.

Optimal crystallization conditions were determined to be 100 mM

MES pH 6.5, NaCl 500 mM, 10 mM DTT, 3 mM NaN3 for the com-
plex HIV-1 protease pWT/KNI-10033 and citrate buffer pH 5.4, NaCl
750 mM, 100 mM DTT, 3 mM NaN3 for the complex HIV-1 protease
pWT/KNI-10075.

Structure determination
Crystals prior to being flash frozen in liquid nitrogen were washed
in a cryoprotectant solution of reservoir buffer made 20% in gly-
cerol. All data were collected at 100 K. Data for wild-type prote-
ase complexed with KNI-10033 were collected using Cu-Ka
radiation from a rotating anode source on an R-AXIS IV image
plate detector (Rigaru, The Woodlands, TX, USA). Data for wild-
type protease complexed with KNI-10075 were collected on an
ADSC Quantum 315 CCD detector at beamline X25 of the National
Synchrotron Light Source in Brookhaven, NY, USA. All data were
indexed, integrated, and scaled using the HKL software suite
(14). Initial structures were obtained by molecular replacement
using the program MOLREP (15) as implemented in the CCP4
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crystallographic software suite (16) using PDB 1MSM as the search
model or by direct rigid body refinement of the co-ordinates of
previous structures against the new measured structure factors.
All models underwent rounds of rebuilding and refinement using
the programs O (17) and REFMAC5 (18). Ligands were built into the
model using the program O. Ligand topology and parameter files
for use in O were generated by the program XPLO2D (19), and lib-
rary files for subsequent refinement were generated by the pro-
gram SKETCHER in CCP4. Waters were added using the program ARP/

WARP (20).

Co-ordinates
The co-ordinates for the structures of KNI-10033 and KNI-10075
with pWT have been deposited in the Protein Data Bank (accession
numbers 2PK6 and 2PK5, respectively).

Structural analysis
Hydrogen bonds were identified using the following algorithm.
Hydrogen atoms were added to the crystallographic structure and
their positions minimized using the program MOE (21). The program
CHIMERA (22) was then used to perform hydrogen bond calculations.
There is evidence that either Asp 25A or Asp 25B in the protease
dimer can be protonated in some of the complexes depending on
the inhibitor (23). Without any prior knowledge of the protonation
states for these complexes, both aspartic acid residues were con-
sidered protonated for purposes of the hydrogen bond calculations.
Both were found to serve as proton donors in hydrogen bond inter-
actions, and hydrogen bonds involving these residues were identical
for both compounds. The non-bonded contacts were analyzed using
Ligplot (24). The surface shape complementarity was calculated
with the program SC (25), and changes in accessible surface area
(ASA) were calculated using the algorithm of Lee and Richards (26).
The changes in solvent ASA upon binding were calculated consider-
ing the contribution of water molecules at the protein/ligand inter-

face (27). A parameterization of the binding enthalpy as described
by Luque and Freire (27) was used to estimate thermodynamic
parameters from structure.

Results and Discussion

Binding energetics of HIV-1 protease to KNI-
10033 and KNI-10075
The energetics of association between pWT HIV-1 protease and the
compounds KNI-10033 and KNI-10075 (Figure 1) were measured by
high sensitivity ITC. Figure 2A shows the results obtained by
directly titrating KNI-10033 into HIV-1 protease. The results indicate
that KNI-10033 binds to pWT HIV-1 protease with a favorable
enthalpy change of )8.2 kcal/mol at 25 �C. The binding affinity
was determined by the displacement method using acetyl pepstatin
as the weak binding inhibitor (2). Figure 2B shows the titration of
the protease prebound to acetyl pepstatin by KNI-10033. From
these experiments an association constant (Ka) of 8 · 1010

M
)1

(Kd ¼ 13 pM) was determined corresponding to a Gibbs free energy
of binding of )14.9 kcal/mol at 25 �C. Thus, the entropy contribu-
tion ()TDS) to the Gibbs energy is also favorable and amounts to
)6.7 kcal/mol at 25 �C.

Similar experiments were performed with KNI-10075 and are illus-
trated in Figure 3. In this case the binding enthalpy is )12.1 kcal/
mol, i.e. the presence of the sulfonyl group makes the enthalpy
change 3.9 kcal/mol more favorable. However, the large gain in
enthalpy is not reflected in an affinity gain. The Gibbs energy of
binding of KNI-10075 is )14.6 kcal/mol at 25 �C indicating that the
enthalpic gain is completely compensated by an entropic loss
resulting in no gain in affinity. The results of the ITC experiments
for both compounds are summarized in Table 1.

The binding heat capacity change (DCp) for each compound was
determined by performing direct titration experiments at three

Figure 1: The chemical structure
of KNI-10033 and KNI-10075. Both
inhibitors are identical except for a
single substitution: the –S–CH3

group in KNI-10033 is replaced by a
–SO2CH3 group in KNI-10075.
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Figure 2: Calorimetric titration of HIV-1 protease with the compound KNI-10033. The experiment on the left panel (A) is a direct titration
of KNI-10033 (10 lL per injection of 57 lM solution) into the calorimetric cell (1.4272 mL) containing the HIV protease pseudo-wild type
(pWT) at a concentration of 9.6 lM. The experiment was performed at 25 �C in 10 mM acetate buffer, pH 5, 2% DMSO. The experiment on
the right panel (B) is a displacement titration experiment in which KNI-10033 (10 lL per injection of 46 lM solution) is injected into the calor-
imetric cell containing the HIV-1 protease pWT at a concentration of 8.6 lM prebound to acetyl pepstatin at a concentration of 510 lM.

Figure 3: Calorimetric titration of HIV-1 protease with the compound KNI-10075. The experiment on the left panel (A) is a direct titration
of KNI-10075 (10 lL per injection of 62 lM solution) into the calorimetric cell (1.4272 mL) containing the HIV protease pseudo-wild type
(pWT) at a concentration of 9 lM. The experiment was performed at 25 �C in 10 mM acetate buffer, pH 5, 2% DMSO. The experiment on
the right panel (B) is a displacement experiment in which KNI-10075 (10 lL per injection of 55 lM solution) is injected into the calorimetric
cell containing the HIV-1 protease pWT at a concentration of 8.8 lM prebound to the acetyl pepstatin at a concentration of 510 lM.

Table 1: The binding thermody-
namics of KNI-10033 and KNI-10075
to pseudo-wild type (pWT) HIV-1
protease at 25 �C

DG (cal/mol) DH (cal/mol) )TDS (cal/mol) Kd (M)

KNI-10033 fi pWT )14 870 € 90 )8200 € 230 )6670 € 90 1.3)11 € 2 10)12

KNI-10075 fi pWT )14 620 € 190 )12 120 € 610 )2500 € 190 2 10)11 € 8 10)12

The enthalpy changes were measured at 15, 25 and 35 �C to determine the heat capacity change. (DCp) is equal
to )461 € 34 cal/K/mol for KNI-10033 and )305 € 41 cal/K/mol for KNI-10075.
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temperatures (15, 25 and 35 �C). Figure 4 shows the temperature
dependence of the binding enthalpy for both inhibitors. These
experiments indicate that the binding of both compounds is associ-
ated with a negative change in heat capacity. The heat capacity
change is equal to )461 € 34 cal/K/mol for KNI-10033 and
)305 € 41 cal/K/mol for KNI-10075.

Crystallographic structures of KNI-10033 and
KNI-10075 with HIV-1 pWT protease
The crystal structures of both compounds in complex with HIV-1
protease were determined under similar conditions. The structures
of pWT protease in complex with KNI-10033 and KNI-10075 were
refined to 1.45 � and 1.90 �, respectively. A sigma A weighted
mFo-DFc omit electron density map is shown for the KNI-10033
ligand in Figure 5. The difference omit map shows the electron
density for a portion of the model excluded during calculation of
the phase angles. Sigma A weighting applied to structure factor
amplitudes results in improved density about the omitted portion.
Data collection and refinement statistics are summarized in Table 2.
In both structures mFo-DFc electron density maps suggested that
ligands were bound in two orientations related by the local two-
fold axis of the protease. Alternate orientations have been
observed in previous crystallographic structures of the HIV-1 prote-
ase in complex with clinical inhibitors (28,29). Occupancies were
manually adjusted until refined B-factors were similar for both ori-
entations of a given structure. Although both orientations of the
ligand interacted similarly with equivalent protease residues on
opposite chains, there were slight differences in refined distances
and angles in considering hydrogen bonds. Additionally, mFo-DFc
electron density maps suggested that the –SCH3 group of KNI-
10033 exists in two different conformations which were assigned
arbitrarily to different orientations of the ligand. For these reasons,
both orientations were considered in analyses of the H-bond pat-
terns and of ASA.

The structures of the two complexes reveal that both compounds
bind HIV-1 protease in a similar fashion. There are no major struc-
tural differences between the protease molecules. A superposition
of the two complexes based on a least-squares fit of protein and
compound non-hydrogen atoms reveals negligible structural differ-
ences (RMSD ¼ 0.38 �). The RMSD for protein atoms is 0.38 �,
and the RMSD for atoms common to both compounds (neglecting
the substitution) is 0.21 �. The H-bond interaction, involving the
sulfonyl of KNI-10075, pulls this group more toward the backbone
of Asp B30 relative to KNI-10033. This, however, results in only
negligible conformational differences between common atoms
within this half of the molecule, the largest deviation being a slight
displacement of one isoquinoline ring relative to the other about an
axis perpendicular to their shared plane (Figure 6). The isoquinoline
group does not hydrogen bond with the protease; however, and the
relative displacement does not result in a difference in van der
Waals interactions with the protease.

Both inhibitors bind the protease in an extended conformation and
are almost completely buried upon complex formation. Relative to
the unbound inhibitor in the bound conformation, binding results in
a 95% decrease in total solvent ASA for KNI-10033 (948 �2 buried)
and a 94% decrease for KNI-10075 (918 �2 buried). Binding of KNI-
10033 to pWT protease buries a total of 985 �2 of non-polar sur-
face area and 682 �2 of polar surface area. For KNI-10075 the
amount of buried non-polar and polar surfaces are 953 �2 and
704 �2, respectively. Both compounds bind the protease with high
shape complementarity (sc values of 0.811 and 0.805 for KNI-10075
and KNI-10033, respectively). The 2-indanol ring binds in a hydro-
phobic pocket comprising Ile B50, Val A32, Ala A28, and Ile A84,
and the phenyl ring packs against the side chain of Ile A84. The –
SO2 group of KNI-10075 and the –SCH3 group of KNI-10033 bind in
a pocket formed by the residues Ala 28, Asp 29, Asp 30, Val 32,
and Ile 47 of chain B.

Bound KNI-10033 is involved in a total of 12 hydrogen bond inter-
actions (Figure 7). Three water molecules make a total of four

Figure 5: mFo-DFc omit map for the pseudo-wild type/KNI-
10033 complex contoured at 2r. This map was generated by omit-
ting one of the two alternate orientations of the ligand, and fixing
the second during subsequent rounds of refinement. The omitted
orientation is shown. The map was calculated using CNS (37).
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Figure 4: The temperature dependence of the binding enthalpy
for KNI-10033 and KNI-10075. The slope of the graph is the change
in heat capacity (DCp) upon binding to the HIV-1 protease. The
results for KNI-10033 are represented by a solid line and for KNI-
10075 by a dashed line.
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hydrogen bonds to the compound, two to amide carbonyls and one
to the hydroxyl substitution on the terminal indane ring. A bound
water bridges centrally located amide carbonyls of the inhibitor and
backbone nitrogens of residue 50 in both chains A and B of the
protease. This tetrahedral co-ordination of a water is a common
binding feature among HIV-1 protease inhibitors in clinical use with
the exception of Tipranavir (30,31). All hydrogen bonds between
inhibitor and protease involve the protein backbone with the excep-
tion of those involving the side chains of Asp 25 on chains A and
B. Both side chains participate in a hydrogen bond with the central
hydroxyl group of the inhibitor. The side chain of Asp A25 addition-
ally forms a hydrogen bond with an amide carbonyl on the indane
group of the inhibitor. Structural analysis shows that all the hydro-
gen bonds found in the complex with KNI-10033 (Figure 7A) are
also found in the complex with KNI-10075 (Figure 7B); however, an

additional hydrogen bond is found in the latter. This hydrogen bond
is formed between one of the oxygen atoms of the –SO2 group and
the main chain nitrogen of Asp B30.

Structure-based thermodynamic analysis of the
binding enthalpy
The crystallographic structures of the two complexes indicate no
significant structural differences. It is apparent that the differences
in binding thermodynamics can be attributed to the presence of the
sulfonyl group.

Previously, a refined structural parameterization of the enthalpy
change associated with the binding of small ligands was presented
(27). Four set of parameters were found to be important for a quan-
titative account of the binding enthalpy in structural terms: (i) the
interactions between ligand and protein, reflected in changes in sol-
vent ASAs for ligand and protein; (ii) the conformational change
associated with binding; (iii) the presence of water molecules at
the protein/ligand interface (a cutoff of 6 � for completely buried
water molecules was reported); and (iv) any effects due to protona-
tion/deprotonation coupled to ligand binding. The resulting paramet-
ric equation is:

DHð25Þ ¼ DHconf � 7:35� DASAnp þ 31:06� DASApol

þ DHprot ð1Þ

where DHconf is the enthalpy change associated with the conforma-
tional change and was estimated previously as 5.9 kcal/mol for the
HIV-1 protease (27). DHprot is the enthalpy associated with any cou-
pled protonation/deprotonation process. DASAnp and DASApol are
the changes in non-polar and polar solvent ASA, respectively.
DASAnp and DASApol are calculated by explicitly including in the
structure water molecules that are buried and within 6 � of the
inhibitor. The number of water molecules that satisfy those con-
straints is seven for both complexes. Protonation effects for these
two inhibitors were evaluated by performing microcalorimetric titra-
tions in buffers with different heats of ionization (data not shown;
6). For both inhibitors, experiments in the different buffers yielded
similar enthalpies, from which it is concluded that protonation
effects do not contribute measurably to the binding of these inhibi-
tors.

Application of eqn 1 to the KNI-10033 complex yields a binding
enthalpy of )8.0 kcal/mol, very close to the experimental value of
)8.2 kcal/mol. In contrast, application of the same equation to the
KNI-10075 complex yields a binding enthalpy of )8.8 kcal/mol,
more favorable than that of KNI-10033 but significantly smaller
than the experimental value of )12.1 kcal/mol (data are summar-
ized in Table 3). The difference between predicted and experimental
values is not unexpected as the sulfonyl moiety was not part of the
training set used in the development of the parameterization. Previ-
ously, we have noticed that sulfonyl groups that participate in
hydrogen bonding interactions and are buried away from the sol-
vent make a strong contribution to the binding enthalpy (32). A sim-
ilar underestimation of the experimental binding enthalpy is
obtained for amprenavir, TMC126 and TMC114, other protease
inhibitors with buried sulfonyl groups that participate in hydrogen

Table 2: Statistics for crystallographic data collection and refine-
ment

KNI-10033:pWT KNI-10075:pWT

Space group P21212 P21212
a (�) 58.4 58.8
b (�) 86.0 86.0
c (�) 46.6 46.2
Data collection

Source Rotating anode X25
Wavelength 1.54 1.10
Detector R-AXIS IV ADSC Q315
Resolution (�) 33.5–1.45 48.6–1.90
Outermost shell (�) 1.50–1.45 1.97–1.90
Total number of reflections 153 058 114 205
Number of unique reflections 41 430 (4071) 19 013 (1856)
Completeness (%) 97.4 (96.3) 99.8 (99.9)
Redundancy 3.7 (3.6) 6.0 (5.9)
<I>/<r(I)> 34.7 (1.7) 39.0 (8.6)
Ra

sym 0.05 (0.81) 0.11 (0.42)
Refinement

Rb
work 0.20 0.16

Rb;c
free 0.23 0.20

Stereochemistry
R.M.S. bond lengths (�) 0.017 0.015
R.M.S. angles (�) 1.60 1.40
B-factor

Protein 18.51 21.97
Inhibitor 16.87 21.04
Water 32.86 37.90

Model composition
Amino acids (atoms) 198 (1516) 198 (1516)
Ligands (atoms)

Inhibitor 1 (54)d 1 (56)d

Water 273 237
Glycerol 1 (6) 1 (6)

Data collection statistics given in parentheses are for the highest resolution
shell.
aRsym ¼ RRj|Ij-<I >|/R<I >, where Ij is the measured intensity of reflection j
and <I > is the mean over multiple measurements.
bRfree is the R value as calculated below for a randomly selected test set of
the intensity data not used during refinement. The test set consisted of
10% of the total intensity data.
cRwork, free ¼ R||Fo|-|Fc||/|Fo|.
dTwo ligand orientations were modeled with occupancies 0.60 and 0.40.
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bonding interactions. The same situation is observed in other sys-
tems such as HMG-CoA reductase, in which the inhibitor rosuvasta-
tin, which contains a hydrogen-bonded, buried sulfonyl moiety,
exhibits a much stronger binding enthalpy than inhibitors that lack
this group (32). On average, the additional contribution of the sulfo-
nyl group to the binding enthalpy can be estimated as
)3.0 € 1 kcal/mol for the examples above.

Structure-based thermodynamic analysis of the
binding entropy
The binding affinity of KNI-10033 and KNI-10075 are similar despite
the fact that the binding enthalpy of KNI-10075 is )3.9 kcal/mol
more favorable, i.e. if the binding entropies for both compounds
were the same, KNI-10075 would have a binding affinity close to
three orders of magnitude stronger than that of KNI-10033. How-
ever, KNI-10075 suffers entropic losses that totally overcome the
enthalpic gains introduced by the presence of the sulfonyl group.
The origin of the entropic loses can be investigated by considering
the two major entropic contributions to binding, the desolvation
entropy, and the conformational entropy changes.

Differences in solvation entropy originate from differences in the
magnitude and nature of the surface area that becomes buried from
the solvent upon binding.

The burial of non-polar groups upon binding results in a gain in
desolvation entropy due to the release of water into the bulk sol-
vent. The magnitude of these changes is proportional to the sur-
face area that becomes buried from the solvent upon binding (33).

Based on the crystallographic structures, the complex of KNI-
10033 with the HIV-1 protease buries 32 �2 more non-polar sur-
face area and 22 �2 less polar surface area than KNI-10075. For
KNI-10033, the increase in non-polar surface is consistent with a
more favorable desolvation entropy. This structural characteristic is
also reflected in a more negative heat capacity change for KNI-
10033 as the burial of non-polar groups from the solvent is
known to be associated with a negative heat capacity change
(33). Using a previous parameterization based upon changes in
DASA to estimate the desolvation entropy differences (33), a
value of ()TDDS) close to 1.5 kcal/mol is obtained relative to an
experimental value of 4.2 kcal/mol at 25 �C, suggesting that des-
olvation accounts only partially for the entropic compensation of
the enthalpic gain.

The second major contributor to the entropy change is the conform-
ational entropy. It can be hypothesized that the strong hydrogen
bond made by the sulfonyl with the amide of Asp 30 in addition to
the larger volume of the sulfonyl group relative to the thioether
group in KNI-10033 would result in an increased structuring of the
inhibitor as well as nearby protease residues upon binding. Based
upon the experimental entropy values and the estimated differences
in solvation, the difference in conformational entropy must be on
the order of 9 cal/k/mol. Any differences in structuring will
be reflected in differential changes in the temperature factors in
the crystal structures. Figure 8 shows the temperature factors for
both inhibitors within the complex. It is clear that the sulfonyl
region in KNI-10075 is the most structured region of the bound
inhibitor while the corresponding region in KNI-10033 shows some
mobility. Furthermore, the –SCH3 group in KNI-10033 adopts two

(A)

(B) (C)

Figure 6: KNI-10033 and KNI-1-
0075 bind the HIV-1 protease in a
similar conformation and interact-
ing with the same residues in the
protease. Shown are surface repre-
sentations of HIV-1 protease pseu-
do-wild type bound to KNI-10033
and KNI-10075. (Panel A) The com-
pounds bind in the active site loca-
ted in a cavity at the dimer
interface. The flaps of the protease
are located above the inhibitor. For
better viewing the interaction of
the compounds with chain B (panel
B) and chain A (panel C) are show-
n separately with the second chain
omitted. In all panels KNI-10033
and KNI-10075 are superimposed.
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conformations in the crystal structure of the complex. Differences in
B-factors are also observed in the protease regions surrounding
these moieties. For instance, whereas in the KNI-10075 complex
structure the average per atom B-factor for residue Ile B50 is below
the average for residues within the core of the protease (5 � from
the inhibitor), the same residue in the KNI-10033 complex structure
has an average per atom B-factor which is more than 4 �2 above
that of the core residues in that structure.

Literature estimates of conformational entropy changes indicate that
the average conformational entropy loss when burying a side chain
ranges from 0 (Gly, Ala) to 7 cal/K/mol (Arg) with the most common
values being between 2 and 4 cal/K/mol (34). In addition, the over-
all change per residue upon protein folding is on the order of
6 cal/K/mol and that for small molecular weight organic molecules
binding to proteins, the conformational entropy loss is on the order
of 2.5 cal/K/mol per rotatable bond (35,36). The estimated value of
9 cal/K/mol for the conformational entropy differences associated
with the binding of KNI-10033 and KNI-10075 indicates that relat-
ively small differences, equivalent to those associated with the
structuring of two amino acid residues or freezing the equivalent of
three rotatable bonds are sufficient to neutralize the binding affinity
gains induced by a strong hydrogen bond.

Conclusions

Affinity optimization is a critical and difficult step in drug develop-
ment. From a purely thermodynamic point of view, an affinity
improvement means an increase in the favorable Gibbs free energy
of binding, which can be achieved by enthalpic or entropic improve-
ments as far as they are not compensated by opposite entropic or
enthalpic changes. The introduction of a functionality that establi-
shes a strong hydrogen bond does not necessarily result in higher
binding affinity as demonstrated here. The engineering of hydrogen
bonds for improved binding affinity requires considerations other
than donor/acceptor distances or angles. It is apparent that the
structuring associated with hydrogen bond formation can signifi-
cantly compensate for any improvement in binding affinity. Conse-
quently, optimization of the contribution of hydrogen bonds to
binding affinity requires minimization of any structuring effect. The
minimization of the structuring effect can be achieved by directing
the hydrogen bond toward well-structured regions of the protein
and/or by placing the acceptor/donor functionalities in regions of
the compound that are already conformationally constrained in the
unbound state. On the contrary, targeting hydrogen bonds to
unstructured regions will carry the maximal structuring penalty.

Another detrimental effect is a lower degree of desolvation origin-
ating from the structural constraints imposed by the hydrogen bond
that prevents full accommodation of neighboring groups to maximize
burial from solvent. According to the results presented here, desol-
vation accounts for only 35% of the total entropy compensation
effect, the majority (65%) being accounted for by conformational
entropy losses. Conformational entropy losses arise from both the
inhibitor as well as the protein. It follows that a gain in binding
potency can only be achieved if these compensatory entropic
effects associated with hydrogen bonding are minimized. In order to
maximize binding affinity, hydrogen bonds must be targeted against

(A)

(B)

Figure 7: Hydrogen bonds interaction between HIV-1 protease
pseudo-wild type and KNI-10033 (A) and KNI-10075 (B). Hydrogen
bonds were calculated using the program CHIMERA. Red spheres indi-
cate water molecules. The compound and the protein are colored
by atom type with oxygen in red, azote in blue, sulfur in orange,
and carbon in yellow for the compound and green for the protein.
The hydrogen bonds are indicated in blue dash lines. Twelve hydro-
gen bonds are formed directly between the compound and the pro-
tein or water molecules. A buried water molecule makes two
additional hydrogen bonds with the two NH groups of residue Ile
50 present in each flap.

Table 3: Calculated binding enthalpy using energy parameterization derived from accessible surface area calculations

Number of watera DASApol (�2) DASAnp (�2) DHint (cal/mol) DH(25) ¼ 5900 + DHint (cal/mol)

KNI-10033 pWT 7 )682 € 17 )985 € 30 )13 945 € 750 )8045 € 750
KNI-10075 pWT 7 )704 € 2 )953 € 38 )14 860 € 350 )8960 € 350

aWater within 6 � of the inhibitor and fully buried.
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structured regions of the protein, thus minimizing conformational
entropy losses. Also, hydrogen bond donors or acceptors must be
placed in regions of the drug molecule that are conformationally
constrained and do not lose significant conformational entropy upon
binding.
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