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Abstract: It has recently been discovered that guests combining a nonpolar core with cationic substituents
bind cucurbit[7]uril (CB[7]) in water with ultrahigh affinities. The present study uses the Mining Minima
algorithm to study the physics of these extraordinary associations and to computationally test a new series
of CB[7] ligands designed to bind with similarly high affinity. The calculations reproduce key experimental
observations regarding the affinities of ferrocene-based guests with CB[7] and -cyclodextrin and provide
a coherent view of the roles of electrostatics and configurational entropy as determinants of affinity in these
systems. The newly designed series of compounds is based on a bicyclo[2.2.2]octane core, which is similar
in size and polarity to the ferrocene core of the existing series. Mining Minima predicts that these new
compounds will, like the ferrocenes, bind CB[7] with extremely high affinities.

I. Introduction

Host—guest systems — receptors of low molecular weight that
bind specific molecules — have a range of potential applications
in chemical sensing, separations, materials science, catalysis,
and pharmaceutics. They are also compact yet informative
molecular recognition cases with the potential to deepen our
understanding of noncovalent association in more complex
biomolecular systems. Indeed, host—guest binding resembles
protein—ligand binding in important ways. Both rely on
nonbonded interactions like hydrogen-bonds, van der Waals
(vdW) interactions, and, for aqueous systems, the hydrophobic
effect. Both also are governed by the same laws of statistical
mechanics, with its implications for preorganization, strain, and
entropy, and both display the same empirical pattern of
entropy—enthalpy compensation' (Figures 1 and 2). One might
therefore expect, a priori, that host—guest and protein—ligand
systems would have similar distributions of binding affinities.

However, reported host—guest affinities tend to be consider-
ably weaker than protein—small molecule affinities:' Figure 3
shows that protein—ligand binding free energies drawn from
the medicinal chemistry literature peak about 8 kcal/mol lower
than published host—guest binding free energies. One physical
reason for this difference may be that a protein’s binding pocket
has more surface area than does the binding site of a typical
chemical host and therefore can more completely enfold a
ligand, as previously noted." A protein’s many degrees of
freedom also may allow the shape of its binding site to conform
better to the shape of a ligand. In addition, the seemingly inert
bulk of a protein away from the binding pocket might contribute
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Figure 1. Changes in entropy versus enthalpy for protein—ligand binding
data in the BindingDB database***¢ (blue circles) and for biotin with avidin
wild type and mutants*’ (red squares) from calorimetric studies.

to binding, perhaps through effects on configurational entropy
or solvation.

On the other hand, the statistical differences between
protein—ligand and host—guest affinities may be more historical
than scientific in origin, since many protein—ligand systems
have been extensively optimized by natural selection or by drug-
design projects, far more so than for host—guest systems.
Moreover, computational tools for the design of host—guest
systems are fewer and less developed than those for computer-
aided drug design. Recent developments in host—guest modeling
include the HostDesigner** and ConCept’ programs for auto-
mated host design, and the Mining Minima algorithm (M2) for

(3) Bryantsev, V. S.; Hay, B. P. J. Am. Chem. Soc. 2006, 128, 2035-
2042.

(4) Hay, B. P.; Firman, T. K. Inorg. Chem. 2002, 41, 5502-5512.
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Figure 2. Change in entropy versus enthalpy for cyclodextrin—guest

systems*® (blue circles), nonaqueous host—guest systems' (green triangles),
and CB[7] with ferrocene derivatives F1, F3, and F6 (red squares).12
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Figure 3. Distributions of measured binding free energies, showing data
for protein—ligand affinities from the medicinal chemistry literature (dashed
blue line), as collected in BindingDB**~*® and computed as RT In K;, where
K; is an enzymatic inhibition constant; synthetic, aqueous host—guest
systems (solid green line);' and aqueous cyclodextrin—guest systems'
(dotted black line). The measured binding free energies of biotin with
avidin®’ and of CB[7] with F6'? are also indicated.

calculation of host—guest affinities.®” The latter has yielded
promising agreement with experiment in a series of retrospective
studies.®®?

Host—guest systems have now been discovered whose
affinities rival those of the tightest binding protein—ligand
systems: the seven-unit cucurbitural host (CB[7], Figure 4) binds
cationic adamantyl'® and ferrocene'"'? derivatives with binding
constants of 10°—10'3> M~!. The higher values here reach the
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3049.

(9) Chen, W.; Chang, C.-E.; Gilson, M. K. J. Am. Chem. Soc. 2006, 128,
4675-4684.

(10) Liu, S.; Rupic, C.; Mukhpadhayay, P.; Chakrabarti, S.; Zavalij, P. Y.;
Isaacs, L. J. Am. Chem. Soc. 2005, 127, 15959-15967.
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Figure 5. Chemical structure of the S-cyclodextrin host (3CD).

affinity level of biotin with avidin'® (Figure 3), and CB[7]-based
systems are being evaluated as replacements for these widely
used biomolecular linkers.'* M2 calculations for these systems
reproduce their high affinities and concur with calorimetric
measurements that the high affinities are associated with
unusually small entropic penalties.'>

Here we use the M2 method to study the balance of forces
in these remarkable CB[7]—ligand systems in greater detail, with
particular attention to electrostatics and entropic effects, and to
test how well M2 calculations match experiments showing that
the same ferrocene-based guests bind only weakly to 5-cyclo-
dextrin (SCD, Figure 5). We then propose new metal-free
compounds designed to bind CB[7] with high affinity and apply
the M2 method to assess their affinities in advance of experi-
ment. These studies bear on the usefulness of M2 as a design
tool and also on whether guests without a metal atom can
achieve the ultrahigh affinities of the ferrocene-based guests.
The Discussion section puts the present results into context,
reviews sources of error in the M2 method, and analyzes the
challenge of overcoming energy—entropy compensation in
protein—ligand systems.

Il. Methods

A. Computational Approach. The M2 method has been
detailed previously and so is only summarized here. The free energy
of host—guest binding is computed as

AG®= ;ucoomplex - #EDS{ - fuguest (1)

where Ucomplex> Uhosts ANd Ugueq are the standard chemical potentials
of the complex, host, and guest molecules, respectively. The
standard chemical potential of a molecule in solution is ap-
proximated as a sum over M local energy minima:

87 a
U= —RTln( s ) —RTIn Zz,. 2)

z,= [ 4 3)

where R, T, C°, E(r), and Z; are respectively the gas constant, the
absolute temperature, the standard concentration, the energy as a

(13) Green, N. M. Biochem. J. 1963, 89, 585-591.
(14) Hwang, L.; Baek, K.; Jung, M.; Kim, Y.; Park, K. M.; Lee, D. W.;
Selvapalam, N.; Kim, K. J. Am. Chem. Soc. 2007, 129, 4170-4171.
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function of the internal coordinates r, and the configuration integral
over internal coordinates in energy well i. (Factors that will cancel
in the final free energy difference have been omitted.) Local energy
minima are identified with the Tork search algorithm,'® and local
configuration integrals are computed with the harmonic approxima-
tion/mode scanning (HA/MS) method.” Because the Tork search
can arrive at the same conformation more than once, duplicate
conformations are eliminated with a symmetry-aware algorithm to
prevent double-counting.'®

The energy E(r) can be decomposed into the sum of the potential
energy, U(r), and the solvation energy, W(r), both functions of the
conformation.'”-'® The CHARMM force field'®~>? is used here for
the potential energy function. During conformational search and
HA/MS calculations, a generalized Born model®® is used for the
solvation energy. Solvation energies are subsequently corrected
toward the Poisson—Boltzmann/surface area model,>*** based upon
one finite-difference solution of the linearized Poisson—Boltzmann
equation and one surface area calculation for each energy minimum
i, as previously described.®

The M2 calculations also yield the change in the Boltzmann-
averaged sum of the potential and the solvation energies on binding,
ALU + WL which can be combined with the change in binding
free energy to yield the change in configurational entropy,'” which
accounts for changes in the mobility of the host and guest on
binding, ASg,:

—TASS, = AG® — AU+ WO )

The change in configurational entropy includes changes in the
rotational, translational, conformational, and vibrational entropy of
the host and guest molecules upon binding, but it does not include
the change in solvent entropy. The change in mean energy on
binding can be decomposed into Boltzmann-averaged terms,

AW+ WO=AU,gy + AUc+ AW+ AU + AW, (5)

representing respectively the changes in valence energy (bond
stretches, angle bends, and dihedral rotations), van der Waals (vdW)
interactions, Coulombic interactions, electrostatic solvation free
energy, and nonpolar solvation free energy.

B. Molecular Models and Computational Details. The force
field parameters of ferrocene and its derivatives (Table 1) were
generated as previously described.'? For the other compounds,
CHARMM force field parameters other than partial charges were
assigned by Quanta. Partial atomic charges were generated by the
VC/2004 charging method as implemented in the program
Vcharge.?® Poisson—Boltzmann calculations were carried out with
the program UHBD.?’ The interior and solvent dielectric constants

(15) Chang, C.-E.; Gilson, M. K. J. Comput. Chem. 2003, 24, 1987-1998.

(16) Chen, W.; Huang, J.; Gilson, M. K. J. Chem. Inf. Comput. Sci. 2004,
44, 1301-1313.

(17) Chang, C.-E.; Chen, W.; Gilson, M. K. Proc. Natl. Acad. Sci. U.S.A.
2007, 104, 1534-1539.
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Chem. Soc. 1995, 117, 11946-11975.
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(25) Sitkoff, D.; Sharp, K. A.; Honig, B. J. Phys. Chem. 1994, 98, 1978—
1988.

(26) Gilson, M. K.; Gilson, H. S. R.; Potter, M. J. J. Chem. Inf. Comput.
Sci. 2003, 43, 1982-1997.

(27) Davis, M. E.; Madura, J. D.; Luty, B. A.; McCammon, J. A. Comput.
Phys. Commun. 1991, 62, 187-197.
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Table 1. Chemical Structures of Ferrocene Core and Derivatives

D

Fe
R
R; Ra
F —H -H
F1 —CH,OH -H
F2 —CH,NH(CH5)F —H
F3 —CH,N(CH3) -H
F4 —CH,N(CH3),(CH,);Br* -H
F5 —CO0~ -H
F6 —CH,N(CH3){ —CH,N(CH3)}

are set respectively to 1 and that of water (80 at 300 K). The
boundary between the low-dielectric interior and the high-dielectric
exterior is defined by the Richards molecular surface®® with a 1.4
A solvent probe. Each atom’s dielectric cavity radius is set to the
Ruin value for its CHARMM Lennard-Jones parameter, except that
hydrogen radii are set to 1.2 A. The parameters are included in
Supporting Information. Three gedanken experiments to examine
the role of electrostatic interactions in the association of CB[7] with
F6 were done by recomputing affinities with (1) all the partial
charges of every atom of the diaminoferrocene derivative, F6, set
to zero; (2) all partial atomic charges of every atom of CB[7] set
to zero; and (3) all partial charges of both molecules set to zero.

The starting structure of CB[7] was taken from the crystal
structure,'" and the starting structures of SCD and the various guest
molecules were constructed with the program Quanta.* All initial
structures were refined by an initial energy minimization in Quanta
using CHARMM first by the method of conjugate gradients with a
root-mean-square (rms) gradient tolerance of 0.01 kcal/mol, and
then by the Newton—Raphson method with an rms gradient
tolerance of 0.001 kcal/mol. Initial structures of the host—guest
complexes were generated by using the program Vdock®*>' to
rigidly fit the initial minimized guest structure into the initial
minimized host structure.

A Tork conformational search for a given molecule or complex
yielded an initial set of local energy minima. The corresponding
local configuration integrals were computed with the HA/MS
method for 7= 300 K, and their solvation energies were corrected
as noted above. The corrected configuration integrals were used to
compute an initial estimate of the standard chemical potential via
eq 2. The six conformations of lowest chemical potential were then
used to initiate six new Tork searches and configuration integrations.
This cycle was iterated until a cycle changed the free energy by
less than 0.1 kcal/mol. Some of the present results differ slightly
from those previously reported'? due to recalculation with slightly
tighter tolerances in a procedure for converting from internal to
Cartesian coordinates. The present calculations use lengthy searches,
which took ~2 days on a 3.4 GHz Pentium processor, to lower the
likelihood of missing a global energy minimum.

Ill. Results

A. Binding of Ferrocene-Based Guests to CB[7] and CD.
1. Overview of Results. The calculated binding free energies
of the ferrocene guests (Table 1) with CB[7] and SCD are listed
in Table 2, along with the available experimental binding free
energies. The calculations correctly reproduce the key experi-

(28) Richards, F. M. Annu. Rev. Biophys. Bioeng. 1977, 6, 151-176.

(29) Quanta; Accelrys, Inc.: San Diego, CA.

(30) David, L.; Luo, R.; Gilson, M. K. J. Comput. Aided Mol. Des. 2001,
15, 157-171.

(31) Kairys, V.; Gilson, M. K. J. Comput. Chem. 2002, 23, 1656-1670.



Host—Guest Complexes with Protein—Ligand-like Affinities

ARTICLES

Table 2. Thermodynamic Analysis of Binding of Ferrocene Guests with SCD and CB[7]?

changes in mean energy terms

Q, @ AGgg AGgie AU+ W) —TASg, AUgw AU AW, AEqy AUl AWy AGgid A(U+W)
Cucurbit[7]uril
F 0,0 —11.4 —19.8 8.4 —25.6 —3.2 9.8 6.6 1.9 —2.5 0.57
F1 0,0 —12.9 —10.5 —253 14.8 —27.0 —17.0 19.8 2.8 1.5 —2.6 0.42
F2 +1,0 —16.8 —14.6 —32.5 17.9 —29.9 —77.9 75.8 —-2.0 2.3 —29 0.45
F3 +1,0 —17.2 —14.5 =31.1 16.6 —33.0 —70.2 74.8 4.6 0.2 —-3.0 0.47
F4 +1,0 —12.8 —31.1 18.3 —343 —71.2 76.7 5.5 0.8 —3.1 0.41
F5 —-1,0 NB —0.9 —8.4 7.5 —53 —9.0 7.0 —2.0 —0.1 —0.9 0.1
Fé6 +1, +1 —-21.0 —-21.0 —38.8 17.8 —39.2 —133.2 136.2 3.0 0.8 —3.4 0.54
B-Cyclodextrin
F 0,0 —8.6 —17.2 8.7 —17.6 —0.1 34 34 —=0.7 —23 0.50
F1 0,0 —4.8 —16.1 11.3 —18.1 0.2 4.6 4.8 0.4 —24 0.30
F2 +1,0 —3.1 —19.3 16.3 —20.7 —15.0 17.1 2.1 1.9 —2.6 0.16
F3 +1,0 —4.7 —2.0 —8.7 6.7 —13.0 32 4.4 7.7 —1.3 —2.1 0.23
F4 +1,0 —3.1 —12.2 9.1 —14.0 2.8 2.2 5.0 —1.1 —2.1 0.26
F5 —-1,0 —4.6 —4.1 —19.7 15.6 —16.6 —19.6 18.2 —14 0.7 —24 0.21
Fé6 +1, +1 =0

“Qy and Q,, ionic charge of R, and R, groups (Table 1). From left to right, the remaining columns show the measured binding free energy, when available;
calculated binding free energy; calculated changes in mean potential plus solvation energy, configurational entropy, mean van der Waals energy, mean
Coulombic energy, mean total electrostatic energy (AEy = AUc + AW,), valence energy, and nonpolar solvation energy; and the energy efficiency.
Units: kcal/mol. The angle brackets normally used to indicate Boltzmann averages in the column heads are omitted for brevity.

mental observations that all the ferrocene derivatives have
unremarkable affinities for SCD. The anionic derivative, F5,
essentially does not bind CB[7] but does bind SCD; the
monocationic derivatives bind CB[7] tightly (~ —14 kcal/mol);
and the dicationic derivative, F6, binds CB[7] extremely tightly
(~ —21 kcal/mol). The root-mean-square deviation (rmsd)
between calculation and experiment is 2.1 kcal/mol overall, and
the rmsd values for the CB[7] and SCD subsets are 1.9 and 2.1
kcal/mol, respectively. Linear regression of calculation against
experiment yields a slope of 1.02 and a correlation coefficient
of R = 0.97.

Figures 6—11 show the most stable computed complex of
each host with several different guest molecules. For the
monocationic ferrocenes, the nonpolar ferrocene moiety is held
within the nonpolar cavity of CB[7] or SCD, and the cationic
moiety lies at the polar portals of the respective hosts. However,
CB[7] holds these guests more snugly than SCD does and
provides a ring of carbonyls to stabilize the cationic groups of
the guests. As previously shown,'? the diaminoferrocene is able
to place each amino group at one of the electronegative portals
of CB[7] (Figure 11). On the other hand, the anionic F5 is
predicted to be unstable inside the CB[7] cavity, presumably
because its anionic carboxyl group would necessarily lie at the
electronegative portal and generate a repulsive electrostatic
interaction; consequently, FS5 is predicted to bind CB[7] with
an essentially negligible binding free energy (Table 2), consistent
with experiment. In contrast, SCD accommodates the anionic
F5 comfortably, the carboxylate remaining well solvated near
the cyclodextrin’s flexible hydroxyls (Figure 8). On the other
hand, the diamino ferrocene derivative, F6, which binds CB[7]
with outstanding affinity, is predicted not to bind to SCD.
Conformations where F6 is in the binding cavity of SCD lead
to substantial desolvation of the cationic groups and hence a
large value of AW, which is only partly compensated by
favorable Coulombic interactions.

2. Balance between Energy and Entropy. The present cal-
culations allow the binding free energy to be broken into the
change in configurational entropy, —TASg,, and the change in
mean energy, ALV + WLl where U is potential energy and W is
solvation free energy. These quantities are listed in the fifth
and sixth data columns of Table 2. In all cases, the calculated

Figure 6. Most stable conformation computed for complex of F1 with
pCD.

Figure 7. Most stable conformation computed for complex of F3 with
pCD.

binding free energies are balances of large, favorable changes
in potential and solvation energy and large, unfavorable changes
in configurational entropy.

The neutral and monocationic ferrocene guests incur larger
configurational entropy penalties, —TASg,, on binding the CB[7]
than on binding SCD; the averages across these hosts are 15
kcal/mol for CB[7] and 11 kcal/mol for SCD. Nonetheless, these

J. AM. CHEM. SOC. = VOL. 131, NO. 11, 2009 4015
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Figure 8. Most stable conformation computed for complex of FS with
pCD.

Figure 9. Most stable conformation computed for complex of F1 with
CBJ[7].

Figure 10. Most stable conformation computed for complex of F3 with
CB[7].

guests bind CB[7] much more strongly than SCD (Table 2):
the mean binding free energies are —13 and —4 kcal/mol,
respectively. We surmise that the comparatively flexible SCD
loses more internal entropy on binding than does the rigid CB[7],
while CB[7] leads to a greater loss of rotational and translational
entropy on binding because it holds the ferrocene guests so
tightly. Because the overall entropy penalties are generally
greater for CB[7] than for SCD, the greater affinities for CB[7]
must trace to more favorable changes in mean energy, I/ +
WL this quantity averages —28 kcal/mol for CB[7] and —16
kcal/mol for SCD. This energy difference is discussed in section
II.A.3.

4016 J. AM. CHEM. SOC. = VOL. 131, NO. 11, 2009

Figure 11. Most stable conformation computed for complex of F6 with
CB[7].
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Figure 12. Computed changes in configurational entropy versus changes
in mean energy ALU + Wlfor SCD with ferrocene derivatives (blue stars),
designed RGD receptors® (blue circles), aqueous cyclodextrins with various
guests® (blue x’s), various host—guest systems in chloroform® (blue +’s),
CB[7] with ferrocene derivatives (red diamonds), and CB[7] with
bicyclo[2.2.2]octane derivatives (black squares).

The difference between CB[7] and SCD is even more marked
for the diamino guest, which binds CB[7] with ultrahigh affinity
(AG® = —21 kcal/mol) and is predicted to have negligible
affinity for SCD. The difference between the association of the
diamino and monoamino derivatives with CB[7] is entirely
energetic in origin; the loss of configurational entropy, ~18 kcal/
mol, is basically equivalent to that of the monoamino guests,
~18 kcal/mol, but the energy change goes from ~ —32 kcal/
mol for the monoamino case to ~ —39 kcal/mol for the diamino.

The energy efficiency, AG°/AU+WL] is a quantity that
captures the degree to which attractive forces are effective in
generating binding free energy, rather than being canceled by
entropy losses;” a larger value indicates that the host—guest
system overcomes energy—entropy compensation to a larger
degree. As shown in Table 2, the energy efficiencies are roughly
twice as large for binding to CB[7] versus SCD. The largest
efficiencies, ~0.57, are observed for CB[7] with plain ferrocene
(F) and for the ultrahigh-affinity diamino derivative. These
CB[7] efficiencies are 2—3 times larger than those previously
computed for a series of designed peptide receptors.”

Figure 12 puts the present results in the context of prior
studies which indicate a rather consistent relationship between
energy gain and entropy loss on binding.? The ferrocene—ACD
interactions fit the prior pattern, and linear regression of the
combined data set yields an energy—entropy relationship of
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—TAS,,=—0.84AU+ W[-0.75 (6)

cfg
as shown in the figure. The ferrocene—CB[7] interactions, in
contrast, are markedly left-shifted relative to this trendline,
toward less entropy loss per unit energy gain, consistent with
the greater energy efficiency and higher affinity of these binding
interactions. We can examine how tightly the diamino ferrocene
(F6) would bind if it followed the usual trend by artificially
shifting its data point in Figure 12 up to the trendline. This
shift corresponds to an increase in its entropy penalty —7ASg,
from 18 to 32 kcal/mol and a resulting reduction of the binding
free energy from —21 to —7 kcal/mol. We conclude that this
system would not achieve its ultrahigh affinity if it did not
overcome the usual entropy—energy pattern.

3. Energetics and Electrostatics. As shown by the crystal
structure of the CB[7]—diaminoferrocene complex12 and the
present calculations (Figures 10 and 11), the cationic
ferrocene derivatives studied here position their cationic
groups at the portals of CB[7], which are highly electroneg-
ative due to the convergence of multiple carbonyl oxygens.
It might therefore be expected that much of the energetic
driving force for binding would be attributable to electrostatic
interactions, and, in fact, we find strongly attractive Cou-
lombic interactions for these complexes (Table 2): AUc is
about —73 kcal/mol for the monocations and —133 kcal/mol
for the dication. However, these favorable Coulombic
interactions are canceled with striking precision by unfavor-
able electrostatic solvation penalties, AW, (Table 2). As a
consequence, the net electrostatic driving force for binding,
AE, = AUc + AW,, contributes at best —2 kcal/mol to the
binding free energy and is found to oppose binding by 3—5
kcal/mol in most cases. Overall, then, strongly favorable
Coulombic host—guest interactions are canceled by the large
energy cost of stripping polarized water from the cationic
groups of the ligands and from the carbonyls at the CB[7]
portals. Such electrostatic compensation has been noted
previously. 3233

Furthermore, electrostatic interactions do not account for the
large differences between the binding energies, ALU + WL] of
BCD and CB[7] for the cationic ferrocenes (section III.A.2).
Indeed, the net electrostatic contributions to binding, AE,, are
very similar for the two hosts, averaging ~3.5 and ~4 kcal/
mol for CB[7] and SCD, respectively. However, this quantity
partitions very differently for the two hosts: in contrast with
CB[7], SCD does not form especially strong Coulombic
interactions with the cationic guests, but it also leaves them
relatively well-solvated, so both [Uc[land (W [Jare small and
their sum is similar to that observed for binding to CB[7]. The
near-cancelation of electrostatic terms for both hosts leaves the
van der Waals energy component, [U,qwl] as the main net
contributor to the affinities of the ferrocenes for both hosts. It
is also the chief energetic reason for the difference in affinities
for CB[7] versus BCD: the change in van der Waals energy
averages about —32 kcal/mol for binding to CB[7] but only
—17 kcal/mol for SCD. This difference is traceable to the more
complementary fit of the ferrocene core to the cavity of CB[7]
versus SCD (Figures 6—11).

We further examined the roles of electrostatics and van der
Waals interactions with gedanken experiments in which elec-
trostatic interactions between the two molecules were zeroed

(32) Gilson, M. K.; Honig, B. Proc. Natl. Acad. Sci. U.S.A. 1989, 86, 1524—
1528.
(33) Hendsch, Z. S.; Tidor, B. Protein Sci. 1994, 3, 211-226.

by artificially making the host, the guest, or both entirely
nonpolar. These calculations treat one or both molecules
essentially as nonpolar alkanes. Neutralizing both molecules
yields a computed binding free energy of —21 kcal/mol, much
as found for the fully charged molecules, even though we have
now forced all electrostatic interactions to zero. This result is
consistent with the dominant role of van der Waals interactions,
which are essentially unaffected by changing the polarity of
these rigid molecules. When only one of the molecules is made
nonpolar, however, the computed binding free energies become
greater than zero, implying negligible affinity. These unfavorable
binding free energies reflect the free energy cost of stripping
solvent from the solitary polar molecule without the benefit of
attractive Coulombic interactions between the two molecules.
In the full calculation where both molecules are treated as polar
(section III.A.1), the attractive Coulombic interactions success-
fully balance the electrostatic desolvation penalty, leaving the
attractive van der Waals interaction as the chief force driving
binding.

The anionic guest, F5, binds SCD about as well as the neutral
and cationic guests do but, unlike the other guests, does not
bind CB[7] with appreciable affinity. Its low affinity for CB[7]
probably results from the fact that the ferrocene moiety cannot
insert into the cavity of CB[7] without positioning the anionic
acid at the carbonyl-rich portal of CB[7] and thereby generating
severe electrostatic repulsions. Indeed, the calculations indicate
that the guest prefers to bind outside the cavity. As a
consequence, the electrostatics listed in Table 2 are not
unfavorable (IAUc + AW, [= —2.0 kcal/mol), but the change
in van der Waals energy is only about —5 kcal/mol, compared
with about —32 kcal/mol for the other guests. Once the entropy
loss is factored in, the net result is a negligible binding affinity.

B. High-Affinity, Non-ferrocenyl CB[7] Guests. 1. Design.
We conjecture that guests without a ferrocenyl moiety can also
achieve ultrahigh affinity for CB[7]. In fact, the agreement of
the above M2 calculations with experiment suggests that this
is possible, because the M2 calculations do not include any
special nonbonded interaction terms for the iron atom. Instead,
the ferrocene moiety appears to function only as a rigid, nonpolar
core that affords favorable van der Waals interactions with
CBJ[7] at a low cost in configurational entropy, while simulta-
neously positioning cationic groups at the host’s electronegative
portals. The similarly rigid, nonpolar adamantyl group can play
a similar role, yielding a binding affinity of 10'> M~! with CB[7]
for monoammonium derivatives.'® However, adding a second
ammonium group to the adamantyl core was found to weaken
binding for CB[7]'° rather than strengthening it as in the
ferrocene case, presumably because the second cationic group
is not optimally positioned.

A bicyclo[2.2.2]octane core (Table 3) is a promising alterna-
tive to the ferrocene group for the present purpose. It is similarly
rigid and nonpolar and possesses an axial symmetry that matches
the symmetry of CB[7] better than either ferrocene or adaman-
tane and therefore may do a better job of positioning cationic
groups at the host’s electronegative portals. This section reports
the results of M2 calculations for bicyclo[2.2.2]octane itself,
as well as a series of neutral and cationic derivatives (Table 3)
which probe the possibility of gaining binding affinity by placing
additional positive charge at and beyond the portal of CB[7].
This series is motivated by a prior experimental study showing
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Table 3. Chemical Structures of Bicyclo[2.2.2]octane Core and Derivatives

Ry
R,
Ry Rz

B —H —H
B1 —CH,OH —H
B2 —CH,OH —CH,OH
B3 —CH,OCH; —H
B4 —CH,NH{ —H
B5 —CH,NH{ —CH,NH{
B6 —CH,N(CH3)f —H
B7 —CH,N(CH3)f —CH,N(CH3)T
BS —CH,NH; CH,CH,N(CH,){ —H
B9 —CH,NH# CH,CH,N(CH3)¥ —CH,NH# CH,CH,N(CH3)¥
B10 —CH,NH7 CH,CH,CH,NH(CH3)$ —H
B11 —CH,NH7 CH,CH,CH,NH(CH3)$ —CH,NH7 CH,CH,CH,NH(CH3)$
B12 —CH,NH7 CH,CH,NH3 CH,CH,N(CH;)} —H
B13 —CH,NH7 CH,CH,NH3 CH,CH,N(CH;)} —CH,NH7 CH,CH,NH3 CH,CH,N(CH;3)}

Table 4. Thermodynamic Analysis of Binding of Bicyclooctane-Based Guests with CB[7]?

changes in mean energy terms

Q, @ AGe AU+ WO —TASS, AUy AU AW,y AE, AUy AWy, AGY ATU+WO
B 0,0 —14.5 -22.6 8.1 —28.9 1.0 78 8.8 -0.3 -22 0.64
B1 0,0 —14.8 -27.2 12.4 -31.6 -33 9.7 6.4 0.4 -25 0.54
B2 0,0 —12.8 -29.6 16.8 —34.6 —-8.1 143 6.2 1.4 -2 0.43
B3 0,0 —-8.6 -20.7 12.1 —32.0 —-1.1 13.9 12.8 1.1 -26 0.42
B4 +1,0 —22.5 —342 117 —30.0 —78.0 75.1 -29 12 -25 0.66
BS +1, +1 —25.6 -37.6 12.0 —31.8 —162.1 155.3 —6.8 3.8 -27 0.68
B6 +1,0 —21.3 —36.0 14.7 —36.1 —68.2 71.0 2.8 0.1 -2.8 0.59
B7 +1, +1 —24.5 —422 17.7 —41.9 —138.0 140.4 24 0.6 -33 0.58
BS +2,0 —23.5 -35.6 12.1 —34.2 —123.2 122.1 -1.0 2.3 -2.8 0.66
B9 +2,+2 -21.0 —35.3 143 -38.5 —244.2 245.5 13 5.2 -33 0.59
B10 +2,0 -23.1 —38.2 15.1 —352 —123.7 118.9 —438 4.7 -29 0.61
B11 +2,+2 -19.9 —41.4 215 —42.0 —241.1 232.0 —9.1 135 -3.8 0.48
B12 +3,0 -215 -33.0 115 —34.8 —163.1 159.9 -32 7.9 -29 0.65
B13 +3,+3 187 —-36.1 175 -373 —-313.9 313.0 -0.9 5.3 -32 0.52

“ See Table 3 for definitions.

a monotonic rise in affinity of the CB[6] host for a series of
linear amines of increasing charge.>*

2. Overview of Computed Affinities. The calculations yield
high affinities for the bicyclo[2.2.2]octane compounds with
CB[7] (Table 4). The computed binding free energies range up
to —26 kcal/mol, and the mean binding free energy is computed
to be about 7 kcal lower (greater affinity) than that of the neutral
and cationic ferrocenes. Structurally, the bicyclo[2.2.2]octane
core fits the cavity of CB[7] well (Figure 13). Indeed, the plain
bicyclo[2.2.2]octane core, B, is predicted to bind CB[7] more
tightly (—14.5 kcal/mol) than the plain ferrocene core, F (—11.4
kcal/mol). This difference is attributable exclusively to more
favorable energetics, largely in the form of van der Waals
interactions, as the computed entropy losses are indistinguishable
(Tables 2 and 4). In addition, the bicyclo[2.2.2]octane core

(34) Rekharsky, M. V.; Ko, Y. H.; Selvapalam, N.; Kim, K.; Inoue, Y.
Supramol. Chem. 2007, 19, 39-46.
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Figure 13. Most stable conformation computed for complex of BS with
CBJ[7].

correctly positions the ammonium groups that are proximate to
the core at the portals of CB[7] (Figure 13), and adding one
such cationic group to each end of the core, as in B5, leads to
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Figure 14. Most stable conformation computed for complex of B13 with
CB[7].

a boost of up to ca. —10 kcal/mol in binding free energy relative
to the plain core, B. On the other hand, elongating the
substituents and adding more positive charge to them does not
increase the computed affinity beyond that of the simplest
dicationic guest, BS, even though the extended chains are
predicted to wrap back and interact with the CB[7] host, as
illustrated for B13 (Figure 14). This result differs from
experimental observations for the similar series with CB[6],
mentioned in section III.B.1.

3. Analysis of Entropy and Energy Changes on Binding. The
thermodynamic breakdowns for the bicyclooctane compounds
(Table 4) are generally similar to those for the ferrocene
compounds (Table 2), with large favorable energy changes, ALU
+ WL]partly compensated by large unfavorable entropy changes,
—TASS,. We again observe massive cancelation of the Cou-
lombic and electrostatic solvation energies, AUc and AW, so
that the van der Waals energy, AU,qw, remains as the largest
uncanceled contribution to binding. The greater affinities of the
bicyclooctanes relative to the ferrocenes are traceable primarily
to their more favorable energy changes, because the changes in
configurational entropy for both series are rather similar. As a
consequence, the computed energy efficiencies range higher for
the bicyclooctanes than for the ferrocenes, up to nearly 0.6 as
opposed to nearly 0.5, and the bicyclooctanes fall even farther
below the “standard” entropy—energy compensation regression
line (Figure 12).

Bicyclooctane BS is computed to bind CB[7] 4—5 kcal/mol
more strongly than the tightest-binding ferrocene, F6, as noted
above. The difference results from the smaller predicted entropy
penalty for B5, 12 kcal/mol, relative to F6, 18 kcal/mol. This
difference cannot be directly attributed to the different nonpolar
cores, because the cores themselves, guests B and F, are
predicted to have very similar entropy losses (Tables 2 and 4).
In fact, guests BS and F6 differ not only in their nonpolar cores
but also in their cationic substituents: BS has a primary
ammonium, while F6 has a quaternary ammonium. It is thus
of interest that guest B7, which has quaternary ammonium, is
predicted to have the same binding entropy as F6. Put
differently, replacing the primary ammonium of BS with the
quaternaries of B7 increases the computed entropy loss by about
6 kcal/mol. The greater entropy losses for the bulkier quaternary
ammoniums of F6 and B7 appear to result from steric restriction

in the narrow portals of CB[7] (although the binding energy is
enhanced by 4.6 kcal/mol, reducing the decrease of AG® to only
1 kcal/mol).

Extending the R; and R, chains linked to the bicyclooctane
core is predicted not to increase affinity for CB[7], as noted
above, despite the addition of considerably more positive charge.
As shown in Figure 14, the longer guests are predicted to wrap
back onto the CB[7] host. The resulting contacts lead to
generally stronger van der Waals interactions than for the shorter
guests. In addition, the added charges of the long chains lead
to very large, favorable Coulombic interactions, but these are
largely canceled by unfavorable electrostatic solvation terms.
Meanwhile, the greater flexibility of the extended chains in their
free state, combined with their tendency to wrap onto the host
in the bound state, leads to greater entropic penalties on binding
and greater valence energy penalties associated with distortion
away from energetically favored trans rotamers. For example,
extending both the R, and R, substituents of BS to generate
B13 leads to little change in the binding energy, ALU + WL]
but a greater entropy loss, so that the predicted affinity is
somewhat lower for the longer B13 guest (Table 4).

IV. Discussion

The present study bears on the potential for design and
discovery of new ultrahigh-affinity guests for CB[7], the
reliability of the M2 methodology, and the physical determinants
of binding affinity, as now discussed.

A. Designed High-Affinity Guests for CB[7]. Using a bicy-
clooctane core in place of the previously studied ferrocene
moiety is predicted to yield new guest molecules with extremely
high affinity for the CB[7] host. The new guests are predicted
to bind CB[7] with somewhat higher affinities than those
observed to date for the ferrocene series, and the difference of
~ —6.0 kcal/mol may be genuine, since it is larger than the ~2
kcal/mol rmsd of M2 versus experiment for the ferrocene series.
On the other hand, extending the cationic chains of these ligands
is not predicted to enhance their affinities for CB[7]. This result
is unexpected in light of experimental data showing that
extended cation chains lead to greater affinities of linear
polyamines for the similar CB[6] host.**

B. Validity of the M2 Method. The M2 calculations reproduce
the chief affinity trends of the ferrocene guests with CB[7] and
BCD. This observation supports the utility of the M2 method
as a tool for host—guest design. It also supports, though it cannot
prove, the validity of the physical interpretations provided by
the method. On the other hand, the rmsd relative to experiment
of ~2 kcal/mol is somewhat higher than found in previous
applications.®® This might reflect a lack of transferability of
the conventional force field parameters used to the metal-
containing ferrocene moiety. It seems equally likely, however,
that it is broadly representative of the level of accuracy that
can be expected from the method at its present stage of
development.

The chief potential sources of error in the M2 method deserve
note. One is the force field, which yields the potential energy
as a function of conformation, U(r). Force field errors may arise
from the parameters, such as van der Waals radii and partial
charges, assigned to the host and guest. They may also derive
from approximations inherent in the force field’s functional
form, such as the lack of an explicit treatment of electronic

(35) Chen, W.; Chang, C.-E.; Gilson, M. K. J. Am. Chem. Soc. 2006, 128,
4675-4684.
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polarization. A second source of error is the continuum treatment
of the solvent. It is actually somewhat surprising that the M2
method proves to be as accurate as it is, given that it completely
neglects the molecular nature of the aqueous solvent. A third
source of error is that we have no way of being certain to
discover the most stable conformation of a molecule or complex,
although we have sought here to minimize this risk by carrying
out lengthy searches. A subtler issue arises from the filtering
of duplicate conformations to avoid double-counting. The
filtering process requires application of a similarity threshold — a
root-mean-square deviation in angstroms — below which two
conformations are deemed identical. This threshold is still
somewhat arbitrary, and shifts within a reasonable range of
0.1—0.4 A sometimes cause the computed chemical potential
to shift by ~1 kcal/mol. Some error may derive from the
approximation that the energy wells are, for the most part,
harmonic in form, although the mode-scanning part of the
procedure should correct for most anharmonicity.” Finally, the
use of a simplified version of the implicit solvent model during
conformational sampling and of a single-conformation correction
with the Poisson—Boltzmann/surface area model might limit
accuracy. Depending upon the outcome of further comparisons
with experiment, one might wish to mitigate some of these
potential problems by the use of more detailed models. For
example, the present force field model could be replaced by a
polarizable force field as these become more stable and accepted.

C. Use of Host—Guest Affinity Data To Test and Improve
Models. More generally, experimental host—guest affinities form
a large data set that can be of enormous value for testing and
validating not only the M2 method but also a wide range of
computational approaches and models. Force fields and algo-
rithms are routinely tested against pure liquid properties and
experimental solvation energies for small organic molecules.
However, such data cover only a very limited range of
chemistries, especially in relation to the range of compounds
that are encountered in medicinal applications. Moreover,
modeling the solvation of small molecules arguably is not a
stringent or informative test of a computational method. Indeed,
a variety of different models perform reasonably well against
experimental solvation data, but it is not clear whether these
successes bear on the adequacy of the same models for treating
complex biomolecular systems. One can also test physical
models of binding by comparing with protein—small molecule
or protein—protein affinity data, but such tests can be problem-
atic because it is almost impossible to be confident that the
calculations have adequately sampled the thermodynamically
accessible conformations of the system. Host—guest systems
arguably lie in a very useful place between the uninformative
simplicity of small-molecule solvation and liquid-state data and
the excessive computational complexity of proteins. They are
sufficiently complex and chemically varied to provide nontrivial
and informative tests, yet simple enough to allow thorough
conformational sampling so that one can be fairly confident of
learning something about one’s model and not about conver-
gence problems.

D. Electrostatics and Entropy in Host—Guest and
Protein—Ligand Binding. Although the present calculations
make certain approximations, as just discussed, they are rooted
in a coherent and complete statistical thermodynamic frame-
work. This, combined with their ability to reproduce the
experimentally observed affinity trends, suggests that they can
provide meaningful insights regarding the physical chemistry
of molecular recognition.
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A perhaps unexpected observation is that, despite the evident
electrostatic complementarity of the cationic guests and the
electronegative carbonyl portals of CB[7], electrostatic interac-
tions are not found to provide a significant net driving force
for binding. This is because the strong Coulombic attractions
between the guests and CB[7] are precisely balanced by the
energetic cost of stripping solvating water from the cationic
guests and the polar host upon binding. Indeed, artificially
making both molecules completely nonpolar has virtually no
effect on their computed binding affinity. However, it would
be difficult to actually carry out our gedanken experiments in
the laboratory, even if one possessed nonpolar molecules having
the same shapes as CB[7] and its ferrocene guests, because these
large, nonpolar molecules would be virtually insoluble in water.
A host must be polar to be water-soluble, but then any guest
that it binds must have a complementary pattern of polar groups
so that the energy cost of desolvating the host’s polar groups
can be compensated by attractive Coulombic interactions. In
this view, then, polarity affords solubility and binding specificity
but usually little affinity. (However, theory predicts that
electrostatics can contribute to affinity when the charges on both
molecules are laid out just right.*®*7)

The calculations also indicate that the extraordinary affinity
of some of the CB[7]—guest systems results from their paying
an entropy penalty that is unusually small in relation to the
favorable energetics of binding, as indicated by their high energy
efficiencies and their falling below the energy—entropy trendline
observed for less remarkable host—guest systems. This property
is related to the rigidity of CB[7] and its high-affinity guests,
but rigidity alone is not enough: the two molecules must also
be mutually complementary in their preferred conformations.
Other host—guest systems may be equally rigid and therefore
lose little entropy on binding, but if there is not a strong binding
energy, ALV + Wllthey will still not overcome entropy—energy
compensation, and their affinity will be unremarkable. Alter-
natively, two flexible molecules may achieve a highly favorable
binding energy because they are free to conform to each other,
but their flexibility will lead to a large entropy penalty; thus,
again, they will not overcome entropy—energy compensation,
and their affinity, again, will not be remarkable. The systems
studied here are special because they are highly preorganized
into highly complementary conformations.

It is of interest to inquire whether proteins, too, can achieve
extraordinary affinity by overcoming entropy—energy compen-
sation. One challenge to achieving this goal comes from the
likelihood that a protein —a linear polymer whose three-
dimensional shape is maintained by soft nonbonded interac-
tions — is unlikely ever to be as rigid as a covalently linked
ring of rings like CB[7]. Perhaps, however, this challenge could
be overcome by a rigid ligand or one whose natural motions
match those of the binding site. We analyze this problem by
considering four highly simplified binding models:

1 In the worst-case scenario for maximizing affinity, both
molecules are flexible when free but become locked on
binding. Consider a receptor whose binding site, in the free
state, can adopt any of 10 different conformations with
equal probability, so its entropy is R In 10. Say the free
ligand also has 10 equally probably conformations, for an
entropy of R In 10. If, on binding, both the receptor and

(36) Kangas, E.; Tidor, B. J. Chem. Phys. 1998, 109, 7522-7545.
(37) Lee, L. P.; Tidor, B. J. Chem. Phys. 1997, 106, 8681-8690.
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ligand are locked into a single conformation, for an entropy
of R1n 1 = 0, then the resulting entropy change is —2R In
10.

2 In the best-case scenario, exemplified by the high-affinity
CB[7] systems studied here, both the free molecules and
their complex possess only one accessible conformation,
so the entropy of each species is R In 1 = 0, so the entropy
change on binding is 0.

3 What if both molecules are flexible, but they retain
flexibility after binding? This situation is modeled by
considering the free receptor, the free ligand, and the
complex all to have 10 different conformations of equal
probability. In the complex, the ligand and receptor are
envisioned to move in synchrony while remaining bound.
The entropy before binding is 2R In 10, and the entropy
after is R In 10, for a net entropy loss of R In 10. This is
better than the worst case but not as good as the best one.

4 Can we reduce the entropy loss on binding to the same
flexible receptor by using a rigid ligand? The ligand is now
considered to possess only one conformational state, so it
locks the receptor, too, into a single conformation upon
binding. In this case, the entropy loss is only that of the
receptor, R In 10. This is no better or worse than the
previous case in which the flexible ligand retained its
flexibility upon binding.

These models are crude; they neglect, for instance, the
residual translational motion of the bound ligand in the binding
site. However, they make the fundamental point that, if the
binding site is flexible, there is an irreducible amount of entropy
loss upon binding, which is incurred either by forcing the
motions of a flexible ligand to correlate with the motions of
the receptor (case 3) or by locking down the receptor with a
rigid ligand (case 4). Although a more detailed treatment may
reveal unforeseen subtleties, it appears at first blush as though

(38) Rao, J.; Lahiri, J.; Weis, R. M.; Whitesides, G. M. J. Am. Chem. Soc.
2000, 722, 2698-2710.

(39) Burger, A.; Abraham, D. J. Burger’s Medicinal Chemistry and Drug
Discovery; Wiley Press: University of Michigan, 2003.

(40) de Mol, N. J.; Catalina, M. I.; Dekker, F. J.; Fischer, M. J. E.; Heck,
A. J. R.; Liskamp, R. M. J. ChemBioChem 2005, 6, 2261-2270.

(41) Dekker, F. J.; de Mol, N. J.; Bultinck, P.; Kemmink, J.; Hilbersa,
H. W.; Liskamp, R. M. J. Bioorg. Med. Chem. 2003, 11, 941-949.

(42) Burke, T. R.; Barchi, J. J.; George, C.; Wolf, G.; Shoelson, S. E.;
Yan, X. J. Med. Chem. 1995, 38, 1386—1396.

(43) Plake, H. R.; Sundberg, T. B.; Woodward, A. R.; Martin, S. F.
Tetrahedron Lett. 2003, 44, 1571-1574.

a flexible receptor, such as a protein, may be unable to overcome
entropy—energy compensation as effectively as a rigid one, such
as CB[7]. This analysis also may help explain why, although
making a ligand more rigid may be expected to reduce its
configurational entropy loss on binding,*®* it often leads to
little improvement in affinity.**~**

If there is always a significant entropy penalty for binding a
flexible receptor, then it may be difficult for a protein—ligand
system to overcome entropy—energy compensation in the
manner of some of the CB[7]—guest systems studied here.
Presumably, then, a protein—ligand system with very high
affinity achieves this by some other means, such as by
maximizing the size of the protein—ligand interface.' This view
would be consistent with the observation that biotin and avidin
are not far from the typical entropy—enthalpy trend for a large
number of other protein—ligand systems, as shown by the
experimental data in Figure 1. This contrasts with the experi-
mental data for CB[7] with several ferrocene derivatives, which
fall well below the corresponding trendline (Figure 2).
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