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Experimental Determination of van der Waals Energies in a Biological

System**
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We herein present a crystallographic approach for determin-
ing and analyzing the free energy of ligand binding, which
provides a detailed picture identifying, at atomic level,
specific van der Waals interactions that contribute to the
binding energy. The difference in binding energy (AAG) of
two ligands differing only by a methyl group was measured in
the crystal, giving a value of —0.99 kcalmol™'. The buried
surface area of the CH; group (5.98 A?) is equivalent to a
contribution to binding (van der Waals) energy of —0.17 kcal
mol' A% These crystallographically determined binding
energies provide a means to experimentally determine van
der Waals interactions in a biological system. They agree well
with binding constants measured from enzyme-inhibition
experiments, which suggests that these group contributions
towards binding energy should be transferable between a
wide range of biologically important intermolecular interac-
tions.

The experimentally determined equilibrium dissociation
constant (K,) for bimolecular protein-ligand complex for-
mation provides a measure of the overall interaction energy
(AG), which is equal to —RTIn(1/K;), where R is the gas
constant and 7 is the absolute temperature. Such solution
studies, however, tell us little about the three-dimensional
specifics of the individual functional groups involved in the
interaction. Attempts to predict and assign proportional
energetic contributions to individual functional groups for
protein-ligand dissociation constants have been made by
correlating binding measurements in solution with chemical
features.'*! A systematic analysis of the binding affinity of a
number of protein—drug complexes correlated to the type and
number of functional groups'!! gave an average contribution
to the binding affinity for a methyl group of —0.8 kcalmol .
A maximum contribution to affinity of —1.5 kcalmol™ per
non-hydrogen atom has been estimated by using a similar
correlation of over 60 protein-ligand complexes.** Convert-
ing these values to binding energy per unit of surface area
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gives a range of between —0.08 to —0.2 kcalmol~' A2 as the
average ligand contribution to protein-ligand complex stabil-
ity (for non-hydrogen atoms). Other experimental approx-
imations obtained by the deletion of methyl groups in binding
sites, both within proteins or drug-receptor complexes, give a
range of values from —0.17 to —0.26 kcalmol ' A~21%71 An
estimated van der Waals contribution to the binding energy of
—0.12 kcalmol 'A% for nonpolar interactions between
ligands and proteins has also been determined.’! However,
such estimated functional-group contributions are composite
values and it is impossible to identify how changes in
conformation and/or changes in solvent structure contribute
to the overall binding energy. The crystallographic method
presented herein provides both quantitative equilibrium
binding data and a snapshot of the structural changes and
interactions that take place during ligand binding and also
allows the separation of mainly entropic effects caused by
changes in solvent structure upon binding.

Crystals of C. elegans cyclophilin 3 (Cyp3) were soaked in
various concentrations of Xaa-Pro dipeptide inhibitors (Gly-
Pro, Ala-Pro, and Ser-Pro). Crystallographic values of “ligand
occupancy” were used to calculate a value for the ligand-
dissociation constant, which gives a value for ligand-binding
energy” (see the Supporting Information). The (2F,—F,)
electron-density maps (where F, and F, are the observed and
calculated structure factors, respectively) of Cyp3 soaked in
increasing concentrations of dipeptide, highlighting the ligand
and the position of Arg62 and four water molecules (W,—W,)
in the active site (Figure 1 A and B), illustrate the conversion
from the native to the bound state. The guanidino group of
Arg62 adopts a different orientation to that in the native
structure and displaces water molecule W, which is present in
the native structure. A further three water molecules (W,, Wy,
and W,) that are present in the native structure are also
displaced by the binding of dipeptide ligands. All other
residues around the binding site, with the exception of Arg62,
adopt an identical conformation to that found in the native
structure.’ ') Refinement of the ligand occupancies of the
native structure as well as intermediate dipeptide ligand
concentrations allow for the calculation of a crystal equilib-
rium dissociation constant (K,.; Figure 1C). K, values of
(50 +£11) mm, (9.1 £0.8) mm (from reference [9]), and (6.3 +
0.7) mm were determined for Gly-cis-Pro, Ala-cis-Pro, and
Ser-cis-Pro, respectively (Table 1).

We also assessed the binding and inhibition of Cyp3 by
Gly-Pro, Ala-Pro, and Ser-Pro in solution by measuring their
ability to inhibit Cyp3s peptidyl prolyl isomerase (PPlase)
activity (for experimental details see the Supporting Infor-
mation). The prolyl imide bond in most peptides adopts cis
and trans conformations. The cyclophilin PPlase activity
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Figure 1. Determination of van der Waals energies in a biological
system. Sections of the (2F,—F.) difference electron-density maps of
native crystals of Cyp3 soaked with Gly-Pro (A) or Ser-Pro (B) at the
indicated concentration, highlighting the ligand, the position of Arg62,
and the four water molecules (W,-W,) in the active site (®), and
contoured at 1.5¢ by using Pymol. The water molecules in the active
site of free Cyp3 have been displaced by the Xaa-cis-Pro dipeptide
ligand, and Arg62 adopts a different conformation compared with the
native structure. C) Plot of refined fractional ligand occupancy versus
the Gly-cis-Pro (@), Ala-cis-Pro (0), or Ser-cis-Pro (A) concentration
(mm).PI The solid line is a least-squares fit to Equation (1), which is
shown in the Supporting Information, giving the values for the crystal
equilibrium dissociation constants (Ky) shown in Table 1. Ligand
occupancy data for Ala-Pro was taken from reference [9] D) Plot of the
initial background-corrected PPlase rate, V, (um~'s™'), versus the Gly-
cis-Pro (e), Ala-cis-Pro (0), or Ser-cis-Pro (A) concentration (mm). The
solid line is a least squares fit to Equation (2), which is shown in the
Supporting Information, giving the mean solution equilibrium dissoci-
ation constants (Ky) shown in Table 1.

catalyzes rotation about this imide bond, speeding up the
attainment of the cis—trans equilibrium.>™* However, the
cis confomer of Xaa-Pro dipeptides acts as a weak cyclophilin
inhibitor.'"1>1 All three peptides inhibit Cyp3s PPIase
activity in the mM range. The mean solution equilibrium
dissociation constants (K) for Gly-cis-Pro, Ala-cis-Pro, and
Ser-cis-Pro binding to Cyp3 were (49+12)mm, (7.8+
1.5)mM, and (5.9+1.7)mmMm, respectively (Figure 1D,
Table 1). The K, value of (7.8 +£1.5) mm for Ala-Pro deter-
mined in this study agrees well with a value of 8.2 mm, which
was determined previously for Ala-Pro,”” when corrected for
the amount of the cis confomer present in aqueous solution
(35%.1%1). Remarkably, the K, values, along with that
reported for Ala-Pro binding to Cyp3,”! are, within exper-
imental error, the same as those K, values determined in
solution with the PPlase assay (Table1). We thus have
determined a series of binding affinities, which are in agree-
ment with each other, from two separate experimental
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methodologies. The data from the structural studies provides
us with a unique set of modularized protein—peptide ligand
interactions that allows for the dissection of the individual
energetic components of the binding interactions.

The X-ray crystal structures show Gly-cis-Pro, Ala-cis-
Pro, and Ser-cis-Pro complexes with the ligands adopting
identical poses (Figure?2). The proline residue and the
peptidyl—prolyl bond in all three Xaa-cis-Pro structures are
superimposable with a root mean square deviation (RMSD)
fit for all comparable atoms of less than 0.2 A. The RMSD
values for Ala-cis-Pro, Ser-cis-Pro (in orientation), and Ser-
cis-Pro (out orientation; see below), compared with Gly-cis-
Pro, are 0.19 A2, 0.18 A2, and 0.16 A, respectively. The
RMSD values for Ser-cis-Pro (in orientation) and Ser-cis-
Pro (out orientation), compared with Ala-cis-Pro, are 0.18 A?
and 0.13 A2, respectively (Figure 2). The binding of proline
displaces three waters, W,—W_, and the reorientation of Arg62
displaces W, (Figure 1 A, B). There are two direct hydrogen
bonds between the praline residue and Arg62/NH2 and
Arg62/NE that are retained in all three structures as is the
interaction between proline and GIn70/NE2. The hydration
pattern, including the positions of the four water molecules
(W., Wi, W,, W,) that mediate hydrogen bond interactions
between Xaa-Pro and the protein, are also conserved.

As the ligand poses and the water positions in the three
Xaa-cis-Pro structures are identical, the difference in the
binding affinity between these ligands is only due to the side
chain of the Xaa amino acid. We can therefore use the
crystallographically determined interactions of the Gly, Ala,
and Ser side chains to apportion individual components of the
binding interaction in terms of the extra contacts, hydrogen
bonds, and buried surface area. The difference in binding
energy between Gly-cis-Pro and Ala-cis-Pro (AAG.®Y), which
differ only by a methyl group, was calculated in the crystal to
be —0.99 kcalmol ™ (Table 1). A very similar difference in
binding energy was calculated in solution (AAGSY=
—1.02 kcalmol ' A2, Table 1). The protein backbone and
side chains as well as the “microscopic” water structure
around the binding site in the Ala-cis-Pro structure is, within
experimental error, the same as the Gly-cis-Pro structure
(Figure 2). Thus, essentially only the van der Waals contact—
the methyl group in the Ala-cis-Pro complex—has increased.
The calculated buried surface area of the CH; group is
5.98 Az, which, when using the value determined above of
—0.99 kcalmol !, equates to a van der Waals energy contri-
bution of —0.17 kcalmol ' A2,

The addition of an OH group in the Ser-cis-Pro complex
only contributes a further —0.27 kcalmol ™ to the binding
energy (Table 1). There are two orientations for serine
oxygen—*“in” (30 % occupancy) and “out” (70 % occupancy).
As seen in Figure 2, there is a different hydrogen-bonding
pattern in each orientation. The rather small contribution
(maximally —0.1 kcalmol ™' per hydrogen bond) to the ligand-
binding energy is presumably because, in both conformations,
the serine hydroxy group points into the solvent and mainly
forms hydrogen bonds with water rather than forming specific
hydrogen bonds with the protein.

The individual AG values for Xaa-cis-Pro dipeptides
binding to Cyp3, determined from solution assays or from
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Table 1: Equilibrium dissociation constants (in [nM]) and free energies (in [kcalmol™"]) for the Xaa-cis-Pro dipeptides binding to Cyp3.F

Crystal Solution
Dipeptide/Structure Ky AG, AAG, g, AAG p, Kgs AG, AAGg, AAG 5,
Glv-Pro
o]
H,N- N
50411 -1.73 N/A N/A 49412 ~1.67 N/A N/A
H
o =
o
Ala-Pro
0
H.N. %
9.1£0.8 —2.72 —0.99 N/A 7.8+1.5 —2.69 —1.02 N/A
CH,
(o]
>
Ser-ProO
H,N ~
6.3+0.7 —2.99 —1.26 —0.27 59+1.7 —2.85 -1.18 —0.16
/CHZ
HO fo)
-

[a] The values for K, AG,, AAG ¢y, and AAG, 4, and Ky, AG,, AAG, ¢, and AAG, 4, are shown for three Xaa-Pro dipeptides and were determined
from crystal-soaking experiments (at 18 °C®) and solution assays (at 6 °C'"?), respectively. Dissociation binding constants for Ala-Pro was taken from®
and corrected for the concentration of the cis confomer in aqueous solution (35% for Ala-Pro['). The side chain of the Xaa amino acid is highlighted in
red in the structural diagram of the compound. AG, values were calculated by using the equation AG,=—RTIn(1/Ky,), where R is the universal gas
constant, T is the absolute temperature, and Ky, is the corresponding equilibrium dissociation constant, which was determined from the respective
solution or crystal experiments. AAG, g, values are the difference between the AG, values of Ala-cis-Pro or Ser-cis-Pro compared with that of Gly-cis-Pro
and AAG, ,, values are the difference between the AG, values of Ser-cis-Pro compared with that of Ala-cis-Pro and were all determined from the
respective solution or crystal experiments. Errors for Ky are from the fitting program (Kaleidagraph. v4.0). Ky, values are the mean value £ standard
error, with n=9.
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binding in solution, which must also include the water
molecules in contact with the ligand.

The difference of one methyl group between the Gly-Pro
and Ala-Pro ligands results in a “microscopic change”
= ~. between the crystal structures in which water positions,
Asrﬂiy _ ¥ ;.\f‘{e ' molecular conformations, and molecular poses are identical;
i /L = 5 only the van der Waals contact has increased. This observa-
R o I tion allows us to apportion the —0.17 kcalmol ' A2 binding

\

L y energy to the difference in van der Waals interaction of the
: ligands in an aqueous environment compared with that of the
protein-bound state. It is interesting that this value lies firmly

W, 0', Lt in the range of previous estimates in which different binding
’W poses, hydration patterns, protein conformations, and

9 entropic effects must also contribute in varying and unac-
countable ways to the binding energy. The method for
determining and analyzing free energy presented herein not
only provides a novel way of measuring binding energy, it also

Figure 2. Superposition of the Xaa-cis-Pro-dipeptide—Cyp3 structures.
The conserved water molecules (W.—W,) that are considered part of
the composite protein surface in Cyp3—Xaa-cis-Pro interactions are

colored as red spheres. All hydrogen bonds formed in the complexes
are indicated as yellow dashed lines. Carbon atoms of the ligands Gly-
cis-Pro, Ala-cis-Pro, Ser-cis-Pro (“in” form), and Ser-cis-Pro (“out” form)
are shown in white, green, pink, and yellow, respectively.

crystal soaking data, are essentially the same (Table 1). This is
a remarkable result considering the very different methods
used to measure the affinity of the protein-ligand binding.
The implication is that the interactions that can be accurately
determined in the essentially static crystal structure are the
same as those that provide the major contributions to the
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provides a detailed picture identifying, at the atomic level,
which interactions are responsible for the changes in binding
affinity.
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