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Abstract: Synthetic receptors have a wide range of potential applications, but it has been difficult to design
low molecular weight receptors that bind ligands with high, “proteinlike” affinities. This study uses novel
computational methods to understand why it is hard to design a high-affinity receptor and to explore the
limits of affinity, with the bioactive peptide RGD as a model ligand. The M2 modeling method is found to
yield excellent agreement with experiment for a known RGD receptor and then is used to analyze a series
of receptors generated in silico with a de novo design algorithm. Forces driving binding are found to be
systematically opposed by proportionate repulsions due to desolvation and entropy. In particular, strong
correlations are found between Coulombic attractions and the electrostatic desolvation penalty and between
the mean energy change on binding and the cost in configurational entropy. These correlations help explain
why it is hard to achieve high affinity. The change in surface area upon binding is found to correlate poorly
with affinity within this series. Measures of receptor efficiency are formulated that summarize how effectively
a receptor uses surface area, total energy, and Coulombic energy to achieve affinity. Analysis of the
computed efficiencies suggests that a low molecular weight receptor can achieve proteinlike affinity. It is
also found that macrocyclization of a receptor can, unexpectedly, increase the entropy cost of binding
because the macrocyclic structure further restricts ligand motion.

2. Introduction interactions, without carrying the bulky baggage of a protein.
Low molecular weight, synthetic receptors that bind targeted Indeed, there is no fgndamental argumeqt agalnst .the eX|s.tence
of low molecular weight receptors that will bind a ligand with

ligands with high affinity should be useful in a range of finiti milar to th hieved b tei It is th f
applications such as chemical detection, separation, and cataly-f'jl inities similar fo those achieved by proteins. 1 1S thus o

sis. There are also intriguing possibilities for biomedical |nterest. to probe the upper_llmlts_o_f the size effIC|er?cy of
applications, not only in the formulation of pharmaceuticals but synthetic receptors, where size efficiency may be defined as

also as therapeutic agents in their own right; see, e.g., reds 1 the binding free energy per heavy atom of the receptor, in
Synthetics offer potential advantages over proteins, arguably@nalogy with the concept of ligand efficiency for small
their chief competitors, including greater physical and chemical Molecules that bind proteirts.
stability, lower molecular weight, and a far more varied selection ~ Despite years of broad and intense research in-fmstst
of chemistries for the creation of structure and functionality. and supramolecular chemistry, surprisingly little effort has been
Elegant receptors have been synthesized that bind ligands indevoted to techniques for the design of synthetic receptors; the
aqueous and organic environments, but it has proven difficult HostDesigner tool fode na/o design of small receptors appears
to reach the high affinities that are desirable for many applica- to be the only program in its category until n6WThis state
tions and that are routinely provided by proteins. (See Table 1 of affairs may stem from the absence of any effective method
and Figure 25 in ref 4.) It might be argued that synthetic of predicting the affinity of a candidate receptor for its intended
receptors are simply too small to achieve nanomolar dissociationligand, as recently notédThis situation is changing, however,
constants routinely. On the other hand, it should be possible with the development of the M2 method of computing affinities.
for a small, artificial receptor to wrap a ligand as thoroughly as M2 accounts not only for direct interactions between the receptor
a protein does and to form equally complementary noncovalentand its ligand but also for solvent and entropic contributions,
T Current address: Department of Chemistry and Biochemistry, Univer- providing binding free energies that ar? accurate to within a-lbOUT
sity of California, San Diego, La Jolla, CA. ' 1.5 kcal/mol for a range of experimentally characterized

(1) Adam, J. M.; Bennett, D. J.; Born, A.; Clark, J. K.; Feilden, H.; Hutchinson, Systems:10 It also provides detailed information about the
E. J.; Palin, R.; Prosser, A.; Rees, D. C.; Rosair, G. M.; Stevenson, D.;
Tarver, G. J.; Zhang, M.-Ql. Med. Chem2002 45, 1806-1816.

(2) Zhang, M. Q.Drugs of the Future2003 28, 347—-354. (5) Hopkins, A. L.; Groom, C. R.; Alex, ADrug Disca. Today2004 9, 430—
(3) Epemolu, O.; Bom, A.; Hope, F.; Mason, Raesthesiolog2003 99, 632— 431.
637. (6) Hay, B. P.; Firman, T. KInorg. Chem.2002 41, 5502-5512.
(4) Houk, K. N.; Leach, A. G.; Kim, S. P.; Zhang, X. YAng. Chem., Int. Ed. (7) Bryantsev, V. S.; Hay, B. Rl. Am. Chem. So2006 128 2035-2042.
2003 42, 4872-4897. (8) Menger, F. M.Proc. Natl. Acad. Sci. U.S.2002 99, 4818-4822.
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Figure 1. Chemical structures dR&S receptor and designed receptors.

conformational preferences of the free and bound species, andther physiologic processes; for a concise review, see ref 14.
about the various energy and entropy changes that accompanyrherefore, peptides containing the RGD sequence (see, e.g., ref
binding, information which can guide further optimization of 15 and references therein) and nonpeptidic analogues (see, e.qg.,
the specific receptor and which can furthermore provide insights ref 16) that also bind integrins are of great interest as steps
into the nature of molecular recognition that are more broadly toward new medications for a range of conditions including
applicable. thrombosis, inflammation, and cancer. Recently, Rensing and
The RGD peptide occurs at the surfaces of a number of Schrader have suggested using compounds that bind the RGD
extracellular proteins and confers the ability to bind integrins, peptide itself and thereby block its interaction with integfihs.
cell-surface transmembrane proteins that provide for the adhe-Tnese authors created a synthetic recef®&S in Figure 1)
sion of cells to their external matrix. (See, e.g., refs-13 and which binds both linear RGD and a cyclic derivative of RGD,
additional references therein.) Integrin binding furthermore | ¢ not a synthetic RGD mimic. The receptor’s affinity for RGD

generates intracellular signals influencing multiple biological ;g substantial—4.3 kcal/mol, but far less than might be expected
functions, such as development, immunity, haemostasis, andfor a protein

(9) Chang, C.-E.; Gilson, M. KI. Am. Chem. So@004 126, 13156-13164.

(10) Chen, W.; En Chang, C.; Gilson, M. liophysical Journal2004 87, (14) Hynes, R. OCell 2002 110, 673-687.
3035-3049. (15) Haubner, R.; Gratias, R.; Deifenbach, B.; Goodman, S. L.; Jonczyk, A.;
(11) Hynes, R. OCell 1987, 48, 549-554. Kessler, HJ. Am. Chem. Sod.996 118 7461-7472.
(12) Ruoslahti, EAnnu. Re. Cell. Dev. Biol. 1996 12, 697—715. (16) Stilz, H. U.; Guba, W.; Jablonka, B.; Just, M.; Klingler, O.;rig, W.;
(13) Arnaout, A.; Goodman, S. L.; Xiong, J.-Burr. Opin. Cell Biol.2002 Wehner, V.;; Zoller, GJ. Med. Chem2001, 44, 1158-1176.
14, 641-651. (17) Rensing, S.; Schrader, Drg. Lett.2002 4, 2161-2164.
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The RGD sequence itself is, arguably, a suboptimal drug
target, owing to the high concentration of RGD-containing

minimum is corrected toward a more accurate model by subtracting
the generalized Born energy and substituting the result of a finite-

proteinsi Such as f|br|nogen Nonethe'eSS, targe“ng RGD difference solution of the linearized PoisseBoltzmann equation,

represents an intriguing and instructive challenge in biomimetic

receptor design for a highly ionic ligand. The present paper thus

builds on the elegant hosguest studies of Rensing and

Schrader, first documenting that the M2 method yields excellent

solved with the program UHB®, along with a term proportional to
molecular surface area to account for the nonpolar solvation energy;
the constant of proportionality is set to 0.006 kcal/méli&2 The
interior and solvent dielectric constants set are to 1 and 80, respectively;
dielectric cavity radii are set to the CHARMM22 van der Waals radii;

agreement with experiment for their designed receptor, and then, g the dielectric boundary is defined by the Richards sutfaeith

analyzing a series afe nao designed receptors for RGD. The
results provide insight into receptor affinity and efficiency,
helping to explain why it is difficult to design high affinity

a water-sized probe sphere of radius 1.4 A. lonization states of the
Rensing and Schrader receptor are as described in the experimental
publication?’

receptors and highlighting the reasons a given receptor may 3.2. De navo Receptor Design.Novel designs for RGD receptors
perform particularly poorly or particularly well. were generated by an automatic construction procedure, named Con-
3. Methods Cept, that will be detailed in a separate publication. In brief, candidate

receptor structures were assembirdsilico from a set of chemical
3.1. Calculation of Binding Affinities and Free Energy Compo- fragments comprising\-methyl-acetamideN-methyl-formamide, ac-
nents. As previously describetithe M2 method computes binding

etaldehyde, acetamide, acetone, formic acid, acetic acid, ammonia,
affinities by computing the standard chemical potentials of the free benzene, bromine, chlorine, dimethylamine, dimethyl ether, ethane,
receptor, the free ligand, and their complex, and taking the difference fluorine, formaldehyde, iodine, methane, methanol, methyl acetate,
to obtain the standard free energy of binding. The standard chemical methyl formate, methylamine, phosphoric acid, propane, sulfonic acid,
potential of each molecular species is obtained as a sum of contributionsurea, and water. Chemical links were formed by deleting one hydrogen
from the low-energy conformations of the species. These conformations atom from each fragment and forming a single bond between the parent
are identified with the Tork conformational search algorittfrand a atoms associated with each fragment.
symmetry-corrected method is used to ensure that no conformation is  Receptor design is initiated by generating a stable conformation of
double-counted in the free energy suthhe contribution of each the targeted ligand with the M2 method (Section 3.1) and then
unique energy well to the free energy is computed with an augmented identifying interaction sites around it suitable for the placement of
form of the harmonic approximation, the Harmonic Approximation/ hydrogen bond donors and acceptors, as well as hydrophobic groups.
Mode Scanning (HA/MS) methol.Note that the ligand, the receptor,  One or more initial chemical fragments are then positioned at these
and their complex are treated as fully flexible during these calculations. sites to form an initial generation of receptors. These are then expanded
These calculations also yield a decomposition of the binding free and evolved through a series of generations, each comprist)
energy changAG?® into the change in the Boltzmann averaged energy  structures. A new generation of receptors is formed by bringing forward
terms and the change in configurational entrégy: the best receptors without change and by adding new fragments to the
others to create new structures.

After a new fragment is added to a growing receptor structure it is
rotated in 30 steps about the new single bond linking it to the rest of
HereU andW are, respectively, the potential energy and the solvation the receptor, and all conformations without severe steric overlaps are
energy as a function of conformation, the angle brackets indicate kept. Conformations with severe steric overlaps are candidates for
Boltzmann averagesT is absolute temperature, amils,q, is the formation of additional single bonds, as follows. First, when two
change in configurational entropy upon binding. The change in hydrogen atoms collide but do not overlap severely, the hydrogens are
configurational entropy comprises changes in the so-called rotational deleted and a methylene is inserted to bridge the structures. Second,
and translational entropy of the molecules upon binding, as well as the when two non-hydrogen atoms, each bonded to at least one hydrogen
change in internal entropy, which is primarily associated with bond atom, bump but do not overlap severely, a hydrogen atom is deleted
rotations. However, it does not include the change in solvent entropy from each and a new single bond is added to join the atoms. Finally,
and therefore cannot be compared directly with the experimentally when two non-hydrogen atoms overlap severely, one is deleted, its
measured binding entropy. The change in the Boltzmann averagedbonds are reconnected to the other parent atom, and hydrogen atoms
energy terms can be further decomposed into individual energy terms, are added or deleted to satisfy valence requirements.

AGZ = AU + W TA%onfig 1

such as the change in the mean Coulombic eneidycoul
The potential energy), as a function of conformation is computed
using the CHARMM force fielé} for bond-stretch, angle-bend, dihedral,

Once the fragments are added and their various conformations and
additional single bonds have been formed, single-atom changes are
made to further optimize the receptors. This is done by categorizing

and van der Waals terms. Coulombic energies are computed with partialeach non-hydrogen atom in the receptor as a hydrophobe, a hydrogen-

atomic charges from the VC/2084harging method as implemented
in the program Vcharg®. The solvation energyy, as a function of
conformation is approximated with a generalized Born (GB) electrostat-
ics modet* during the Tork conformational search and the HA/MS

bond donor, or a hydrogen-bond acceptor. Then each heavy atom near
a ligand interaction site (see above) is checked for congruity with the
site; e.g., a donor atom should lie near a donor site. Incongruous atoms
are candidates for mutation to a more suitable element.

analysis of each energy well. Then the solvation energy for each energy || of the resulting receptor structures are relaxed by 50 steps of

(18) Chang, C.-E.; Gilson, M. KJ. Comput. Chen2003 24, 1987-1998.

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

(20) Chang, C.-E.; Potter, M. J.; Gilson, M. K. Phys. Chem. R003 107,
1048-1055.

(21) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Chenl983 4, 187-217.

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

(23) VeraChem LLC, Germantown, MD.

(24) Qiu, D.; Shenkin, P. S.; Hollinger, F. P.; Still, W. &.Phys. Chenil997,
101, 3005-3014.

conjugate gradient energy minimization, with the target ligand held
fixed. The set of receptors generated in this way is pruned back to a
generation size 0f200, based upon a rapid estimate of binding affinity
for the targeted ligand. (See next paragraph.) New generations of
receptors are formed until 10 generations are completed.

(25) Davis, M. E.; Madura, J. D.; Luty, B. A.; McCammon, J.@omput. Phys.
Commun.199]1 62, 187-197.

(26) Friedman, R. A.; Honig, BBiophys. J.1995 69, 1528-1535.

(27) Richards, F. MAnnu. Re. Biophys. Bioengl977, 6, 151-176.
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Table 1. Calculated and Experimental Standard Free Energies of
Binding AG® for the Synthetic Receptor of Rensing and Schrader
with RGD, cyclo(RGDfV), and a Nonpeptidic RGD Mimetic
(kcal/mol, Standard Concentration 1 mol/L), along with Calculated
Changes in Boltzmann Averaged Energy Components and
Configurational Entropy?

RGD tripeptide Cyclo(RGDfV) Benzamidine 6

AG ¢ —4.27+5% —3.91+ 14% no binding detected
AGZ, —5.19 —-3.11 —0.66
AU + WO —26.92 —25.55 —18.98
—TASonfig 21.73 22.44 18.32
AUyl —2.85 —16.16 —0.63
AlUcoud —116.03 —39.97 —92.12
AlWnp —1.55 —2.30 —1.06
AWejed] 93.03 30.91 74.62
Al 0.50 1.963 0.22
AlUcoul + Weledd —23.01 —9.06 —17.50

aAlUygwld change in mean van der Waals ener§fco,J change in
mean Coulombic energyAlWy,1 change in mean nonpolar solvation
energy. AMVgedd change in mean electrostatic solvation energy. . . . )
TASonig free energy contribution from change in configurational entropy.  Figure 2. Most stable conformation of Rensing and Schrader's RGD

AU, change in sum of mean bond, angle, and torsional energiég.oy receptor, based upon M2 calculations. Dashed lines: salt bridge between
+ Weiedd change in mean electrostatic energy (sum of Coulombic and phosphate and ammonium groups. Cyan, carbon; red, oxygen; blue, nitrogen;
electrostatic solvation terms). brown, phosphorus; white, hydrogen. Molecular graphics here and in all

other figures were generated with the program VRD.

This evolutionary design method generates thousands of candidate
receptor designs, so a rapid method of ranking them is required. The
binding free energy is approximated as

AG~ AG, + AGq, + AGgq, + AGgg + AG,, (2)

where the terms correspond respectively to the changes in valence
energy (bond stretches, angle bends, and dihedral rotations); van der
Waals interactions; Coulombic interactions; electrostatic solvation,
estimated with a generalized Born moé&i® and nonpolar solvation,
estimated as proportional to surface afd@nergy parameters are drawn
from the CHARMM force field® combined with VC/2004 atomic partial
chargeg? and generalized Born cavity radii and the nonpolar solvation
coefficient are as previously describ®dlhe change upon binding is
based upon the approximation that both the ligand and the receptor
remained in a fixed conformation upon dissociation.

Multiple design runs were executed, and the highest ranked receptor
from each run, based upakG in eq 2, was further assessed with the
M2 algorithm (section 3.1). In some cases, the results of the M2
calculations were used to guide additional modifications of an initial
receptor design, as described in Results.

Figure 3. Most stable conformation found for complex of RGD (thin tubes)
with Rensing and Schrader’s receptor (thick tubes). Dashed lines highlight
ionic interactions discussed in text.

4. Results

4.1. Analysis of Rensing and Schrader’s synthetic RGD
receptor. Table 1 compares experimental and calculated
standard free energies of binding of Rensing and Schrader’s
synthetic receptor for the RGD tripeptide, a cyclic peptide
containing the RGD maotif (cyclo(RGDfV)), and the nonpeptidic
RGD mimetic Benzamidine & The calculations for RGD and
cyclo(RGDfV) agree extremely well with experiment: the '~ . : X
computed free energies are within 1.0 kcal/mol. In addition, Within about 1.7 A. The same salt-bridge is observed in the
the weak binding free energy 6f0.66 kcal/mol calculated for bound complexes, as noted in the following sections.
Benzamidine 6 is consistent with the absence of binding 4.1.2. Receptor and RGD PeptideThe most stable con-
observed experimentally. The calculations also provide informa- formation of the receptor is shown in Figure 3; again, all 10 of
tion on the conformational preferences of the free and bound the most stable conformations (free energies within 0.8 kcal/
molecules and on the contributions of various energy terms to Mol) are similar. The interface is a zipperlike interdigitation of

4.1.1. Free ReceptorThe 10 most stable conformations have
free energies within 1.1 kcal/mol and are structurally similar to
each other (Figure 2). In particular, they all possess a salt-bridge
between one of the two chemically equivalent phosphates and
the aminobenzene moiety, with oxygehydrogen distances

the overall free energy of binding, as now discussed. ions of alternating sign, comprising one of the receptor's
phosphates, the peptide’s guanidinium, another receptor phos-
(28) Gilson, M. K.; Honig, B.J. Comput. -Aided. Mol. De4991, 5, 5—20. phate, the peptide’s terminal ammonium group, and finally the

ggg gsr’fs?n“gfn's‘_’frgg‘r;fér’f"%ﬁgf"ﬂﬁf’gg'ggﬂséq%:l_vz"fgz‘?’ghg";‘dhﬁzgz- peptide’s (sic) C-terminal carboxylate. The second phosphate

Information. in this sequence furthermore accepts hydrogen bonds from the

4678 J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006
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Figure 5. Alternate view of most stable conformation of the complex of
cylic RGD analogue cyclo(RGDfV) (tubes) with Rensing and Schrader’s
receptor (solid).

Figure 4. Most stable conformation of the complex of cylic RGD analogue
cyclo(RGDfV) (thin tubes) with Rensing and Schrader’s receptor (thick
tubes).

peptide’s two amide nitrogens. Three ionic groups do not binding mode differs from that envisioned by Rensing and

participate in the zipper: the peptide’s aspartyl side chain Schrader (Figure 6 in ref 17): the Val and Phe side chains were
projects into solution, and as in the free receptor, the receptor’'sthought to remain fully solvated, with the carboxylate and

third phosphate forms a salt-bridge with the receptor's ami- guanidinium groups forming salt bridges to the ammonium and
nobenzene moiety. The formation of multiple stabilizing guani- Phosphate groups of the receptor. In accord with the structural
dinium-phosphate interactions is consistent with the designers’ picture, electrostatic interactions play a much smaller role here
expectations, but the absence of close contacts between théhan for the RGD peptide, and the van der Waals and nonpolar
carboxyl groups of the RGD peptide and the cationic groups of terms contribute much more. (See Table 1.) There is still a large
the receptor is not. However, the present model is consistentloss in configurational entropy upon binding, and the overall

with the titratable NMR chemical shifts at the methylene and energy balance leaves a somewhat weaker affinity relative to

main-chain hydrogens of the aspartyl residtie. RGD. Again, the calculated free energy of binding is in excellent
As shown in Table 1, the extensive ionic interactions lead to agreement with the experimental value-68.9 kcal/mol.

a Coulombic stabilization of 116 kcal/mol, which is only partly 4.1.4. Receptor and Benzamidine RGD Mimetic.The

balanced by an electrostatic desolvation penalty-68 kcal/ conformation of the receptor bound to the RGD mimetic

mol, leaving a net electrostatic stabilization-623 kcal/mol. Benzamidine 6 is again predicted to resemble its conformation

This in turn is balanced by a nearly equal loss in configurational with RGD; compare Figure 6 with Figure 3. The guanidinium
entropy upon binding;-22 kcal/mol. Adding van der Waals  moiety of the mimetic is chelated by two receptor phosphate
interactions and nonpolar solvation changes leads to a standargroups, but the ligand's extended conformation makes it
binding free energy of-5.2 kcal/mol, in excellent agreement impossible for the receptor to form another salt bridge with the
with the experimental resutt4.3 kcal/mol. ligand’s carboxylate group. Energy analysis (Table 1) shows
4.1.3. Receptor and Cyclic RGD Derivative. Similar strong electrostatic interactions but minimal nonpolar and van
calculations predict that the conformation of the Rensing and der Waals interactions. The loss in configurational entropy is
Schrader receptor bound to the cyclic peptide resembles thatsubstantial, though less than that for the other ligands. The net
which it adopts when bound to RGD. (Compare Figure 4 with binding free energy is computed to be near zero, consistent with
Figure 3.) However, adding the hydrophobic Val and Phe the absence of binding observed experimentally.
residues to the peptide and blocking its ionic chain termini  4.2. Novel Receptor DesignsThe automated design algo-
causes the ligand to bind at a different location on the receptor rithm took about a day to construct and preliminarily evaluated
and to engage primarily in nonpolar, rather than polar, interac- on the order of 20 000 candidate receptor designs. About 25
tions. As highlighted in Figure 5, the receptor possesses adesigns were selected based upon their initial energy evaluations
hydrophobic surface which receives the phenyl and valyl side (eq 2) and inspection for complementarity with RGD and for
chains of the ligand, while a receptor ammonium forms a salt synthesizability. The M2 algorithm was used to compute the
bridge with the ligand’s Asp side chain. Interestingly, the new affinities of these designs for the RGD peptide, and four

J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006 4679
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Figure 8. Most stable conformation computed for receptor Bridgel
(surface) with bound RGD (tubes).

Figure 6. Most stable conformation computed for benzamidine RGD
mimetic (thin tubes) with receptor of Rensing and Schrader (thick tubes).
Interactions mentioned in the text are highlighted with dashed lines.

betwen selected atoms in L1 (Figure 7). The best outcome is
receptor Bridgel, a macrocycle with an added benzylamine
moiety (Figure 1). Further cross-linking to form Bridge 2 led
to weaker affinity.

Figure 8 shows the most stable conformation computed for
Bridgel with RGD. The conformation strongly resembles that
of the L1 complex except for the added macrocyclic bridge.
The bridge provides new electrostatic interactions between the
added ammonium group and the terminal and aspartate car-
boxylates of the RGD peptide, and further stabilization from
van der Waals and nonpolar solvation terms (Table 2), but loses
5 kcal/mol due to configurational entropy and also incurs
additional valence strain. The result is a predicted binding free
energy of—7.5 kcal/mol, the largest computed in this study.

It was surprising that Bridgel lost more configurational
entropy upon binding than Link1, because Bridgel's macrocy-
clic ring was expected to reduce the flexibility and hence the
entropy of the free receptor. In fact, the calculations do indicate
that free Link1 has 4 additional conformations within thermal
energy RT = 0.6 kcal/mol) of its most stable conformation,
whereas Bridgel has none, consistent with expection. More-
over, when affinities are recomputed based upon only the single
most stable conformation of the free and bound receptors, the
were predicted to be of relatively high affinity: G1 and G2, affinities for L1 and Bridgel are found to be within 0.1 kcal/
which had been initialized with a single benzene fragment; and mol. Only when all conformations are included does the
L1 and L2, initialized with three fragments, benzene, ammonia, difference rise to 1.1 kcal/mol, as per the data in Table 2. Thus,
and phosphoric acid. The M2 results then guided changes tothe macrocycle of receptor Bridgel does promote binding by
three of these designs aimed at producing receptors with greaterreducing the loss of accessible conformations upon binding, as
affinity. G1 yielded G1m1; G2 yielded G2m1; and L1 yielded anticipated. However, Bridgel still loses more configurational
L1m1, L1m2, Bridgel, and Bridge 2. Figure 1 shows the 10 entropy upon binding than does L1.
designed receptors; there is no guarantee that these receptors The explanation is that the individual bound conformations
are easy to synthesize, but they appear chemically reasonableof Bridgel have less entropy, relative to the free receptor, than

4.2.1. Maximization of Affinity. Five of the new designs  those of L1: each energy well becomes narrower for Bridge 1
are predicted to bind significantly more strongly than the than for L1. This can be seen by comparing the entropies of
Rensing and Schrader receptor, even allowing for approximatelythe most stable bound and free conformations of the two
1 kcal/mol uncertainty in the calculations. The highest affinity receptors: the rise ir TAS’ computed in this way is found to
receptor from the automated design algorithm is L1;-&t6 be 7 kcal/mol greater for Bridgel than for Link1. Thus, although
kcal/mol. The most stable conformations computed for its Bridgel does not lose as many distinct low-energy conforma-
complex with RGD (Figure 7) possess good steric and electro- tions upon binding as L1, its bound conformations are held more
static complementarity, the receptor’s four arms forming a cavity snugly and thus generate a greater entropy penalty.

Figure 7. Most stable conformation computed for receptor L1 (surface)
with bound RGD (tubes). Stars indicate sites for construction of bridge to
generate receptor Bridgel.

which holds the peptide. We sought to further increase affinity
by using thede nao design software ConCept to build a link

4680 J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006
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Table 2. Calculated Standard Free Energies of Binding AGg,. for RGD with Rensing and Schrader’s Receptor (RS) and Designed
Receptors Bridge 1, L1m2, L1, L1m1, L2, Bridge 2, G1m1, G2, G2m1, and G1, in Order of Decreasing Computed Affinity, along with
Calculated Changes in Boltzmann Averaged Energy Components, Configurational Entropy and Surface Area (A?), and Measures of
Efficiency; See Table 1 for Symbols

RS Bridgel L1m2 L1 Lim1 L2 Bridge2 Giml G2 G2m1 Gl
AGyc —5.19 —7.54 —6.82 —6.64 —6.58 —6.31 —5.93 -5.0 —4.89 —4.74 —-4.71
AU + WO —26.92 —40.94 -25.68 —34.83 —2558 —31.26 —35.49 —26.0 —-28.89 —-3187 —27.2
~TAS orfig 21.73 334 18.89 28.19 19.00 24.95 29.56 21.0 24.00 27.14 22.50
Al —-2.85 —16.19 —13.28 —13.69 —-6.91 -10.64 —12.63 —-7.07 —-12.62 —18.49 —7.72
AlUcoull —116.03 -—-196.43 —62.24 —78.06 —71.80 —120.75 -143.14 -105.0 —72.19 -110.14 -1155
ADW,pO —1.55 -3.71 —-1.93 —2.29 -1.63 —-2.25 —2.73 —1.84 —2.06 -3.02 —1.84
AWeied 93.03 172.93 50.66 60.36 54.99 100.72 119.89 83.3 58.80 97.17 96.15
Al O 0.50 2.46 112 -1.15 -0.23 1.66 3.12 229 -0.81 2.60 1.69
AlUcoul + Weled -23.01 -2350 -1159 -17.70 -16.81 —20.03 —-23.26 —15.15 —13.39 —12.97 —19.34
Nheavyatoms 36 60 53 48 35 40 72 24 44 44 32
per atom efficiency 0.14 0.13 0.13 0.14 0.19 0.16 0.08 0.21 0.11 0.11 0.15
energy efficiency 0.19 0.18 0.27 0.19 0.26 0.20 0.17 0.19 0.19 0.15 0.17
electrostatic efficiency 0.20 0.12 0.19 0.23 0.23 0.17 0.16 0.14 0.19 0.12 0.17
change in SASA —258 —618 —322 —382 —272 —375 —455 —307 —343 —503 —307
interfacial efficiency 0.020 0.012 0.021 0.017 0.024 0.017 0.013 0.016 0.014 0.009 0.015

per atom efficiency of the receptors studied here varies nearly (bottom) shows that this approximation works fairly well, but
3-fold, from 0.08 kcal/mol/atom for Bridge2 to 0.21 kcal/mol/ the scatter is large on the scale of the binding free energies to
atom for G1m1; the latter was derived from the automatically which these terms contribute. It is not surprising that the errors
designed receptor G1 by substituting a methyl group for a are smaller for the cyclodextrins, since electrostatic forces are
benzoic acid group that was computed to project into solution weaker for these less polar systems.

instead of interacting with RGD. The per atom efficiency of The receptorligand systems which fall most below the line
the Rensing and Schrader receptor is about average, at 0.14 kcalh the bottom graph of Figure 10 are the ones which gain the

mol/atom. greatest net electrostatic stabilization for a given Coulombic
4.2.3. Configurational Entropy and Energy Efficiency.The contribution. The variation is substantial: for example, the

computed change in configurational entropy upon binding cluster of points withAlWcoud~ —110 kcal/mol shows net

imposes remarkably large free energy penalties ef3®kcal/ electrostatic energies that vary over about 10 kcal/mol. This

mol, especially in comparison to the total binding free energies variation directly affects the bottom line free energy of binding,
of —4.7 to —7.5 kcal/mol (Table 2). The changes in configu-

rational entropy correlate with the changes in mean enefgy ( 40
+ WD), as shown in the upper graph of Figure 9, and the data i
fall along the same line seen previously for aqueous cyclodex- o

trins and synthetic receptors in chloroform. Fitting the combined
data yieldsTAS’ ~ —0.83AU + W 0.51, which, with eq 1,
yields AG°® ~ 0.17 A[U + WO - 0.51. The lower graph of
Figure 9 shows that this approximation is not very accurate.
This implies that the deviations from the fit in the upper portion
of the figure are substantial on the scale of the binding energies
plotted in the lower portion of the figure and, thus, that some
receptors pay a proportionally smaller entropy penalty than L _
others. The degree to which a receptor’s binding energy survives

3
T
P
O
|

Change in -TS(config)
= S
I I T
%&?
| |

entropic compensation can be expressed as its energy efficiency, ]
the ratio of its binding free energy to the change in average 4 B i
energy AU + WL This quantity ranges from a low of 0.15 for L |
G2ml to 0.27 for L1m2, with a mean of 0.19. (See Table 2.) B Sk © O"" .
The energy efficiency of the Rensing and Schrader receptoris & | .
average, as is that of design Bridge 1. L;; -6~ Oo —

4.2.4. Solvation and Electrostatic Efficiency.Favorable = L O 8 ]
Coulombic interactions formed on binding are largely compen- £ | o"'y |
sated by the cost of desolvating polar groups: indeed, a powerful § gl .-~ _
negative correlation is observed between the change in mean - i
Coulombic energy upon binding and the change in mean -9 1 —
electrostatic solvation energy, for the highly polar RGD systems T T
studied here and for much less polar cyclodextrin-ligand systems 105 -40 -30 -20 -10 0
studied previously? (See Figure 10 (top).) To our knowledge, Change in <U+W>

the strength and linearity of this correlation has not been noted Figure 9. Change in contribution of configurational entropy (top) and

; ; ; ieldgW. _ binding free energy (bottom) versus change in mean enétgy-(WL) for
previously. Linear regression yiel bled 7 —0.84AWcoul] all RGD receptors listed in Table 2J, for aqueous cyclodextringuest

Hen(?e the net change in electrostatic energy can be ap-complexed (), and for other hostguest systems in chlorofofntw). Al
proximated byAWcoy + Weledd~ 0.16AWcey ) Figure 10 quantities are computed and are in units of kcal/mol.
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Figure 11. Relationships between change in solvent-accessible surface area
(Angstroms) and computed binding free energy (top), change in Boltzmann-

Figure 10. Correlation analysis of computed changes in electrostatic energy averaged total energyl{ + W) (middle) and change in configurational
components upon binding for RGD receptors studied hé»g gnd entropy &TAQOnﬁg) (bottom) upon binding, for RGD receptors consid-
cyclodextrin-guest systems studied previod§lyd). All systems are ered here®) and for cyclodextrin systems reported previou$lnergies
aqueous, and energies are Boltzmann averages, in kcal/mol. Top: Changén kcal/mol, surface areas in?A

in electrostatic solvation energy versus change in Coulombic energy.

aoggm;nfgingﬁé?gium of solvation and Coulombic energies versus changeg itace area for the RGD systems, but there is a rather strong
' negative correlation for the cyclodextrin systems (Figure 11,
so it is of interest to define a corresponding measure of bottom). However, the combined data sets, again, show little
efficiency, the total electrostatic driving force for binding divided or no correlation between buried surface area and efigr
by the change in the purely Coulombic energ&iUcoy + + Whor —TAS fig:
WeledAWcou [ This quantity provides information on how much Given the expectation that buried surface area should correlate
of the designed-in Coulombic interactions are expressed in thewith affinity, one may characterize a receptor according to how
total electrostatic energy after accounting for the electrostatic effectively it uses its buried surface, defining its interfacial
solvation penalty. As shown in Table 2, this quantity varies from efficiency as the ratio of binding free energy to the change in
0.12 for G2m1 and Bridge 1 up to 0.23 for L1 and L1m1, with  surface area upon binding. Values for the RGD system average
a mean of 0.17. The Rensing and Schrader design is slightly0.016 kcal/mol/& and range from 0.009 for G2m1 up to 0.024
better than average, by this measure. for LLm1 (Table 2). This designed receptor also scores well on
4.2.5. Surface Area and Interfacial Efficiency.The loss in both energy and electrostatic efficiency; in effect, it makes good
solvent-exposed surface area upon binding correlates roughlyuse of each square angstrom of buried surface area by paying
with affinity across a range of systerhgut little or no such proportionally low entropic and solvation penalties. More
correlation is evident within the comparatively narrow series generally, the interface efficiency correlates with both the
of RGD systems studied here (Figure 11, top). Although a entropic and electrostatic efficiencies, as shown in Figure 12.
correlation is evident for the previously studied cyclodextrin
systems? there is no convincing correlation for the combined
data set (Figure 11, top). This result is consistent with data 5.1. Modeling Rensing and Schrader's ReceptorThis
summarized in the prior study (Tables 3, 4, and 6 of ref 4), study was inspired in large part by the pioneering work of
which show little or no correlation between buried surface area Rensing and Schrader, who created a compact synthetic receptor
and affinity for the association af- and -cyclodextrin with which binds the RGD peptide with a standard free energy change
various ligands or for a set of catalytic antibodies. of —4.3 kcal/mol. The M2 method yields strikingly accurate
Interestingly, the change in energy upon bindingy + WG computed affinities for this receptor, agreeing with experiment
correlates fairly strongly with surface area within each receptor to within about 1 kcal/mol for binding of RGD, as well as a
set, as shown in the middle graph of Figure 11. The change in cyclic variant of RGD and a nonpeptidic RGD-mimetic. These
configurational entropy shows no correlation at all with buried results are significant because the M2 method had not hitherto

Change in <U(coul)>

5. Discussion
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Figure 12. Correlation of interfacial efficiency with energy efficiend®)

. o Fi 13. Standard free energy of binding (timed) versus number of
and electrostatic efficiency). fgure ay g( )

non-hydrogen atoms of ligand, for proteir®)(and for RGD receptors.
“R": Rensing and Schrader’s receptor. “B”: Bridgel, the best design from
been tested for such highly ionic compounds; previous studiesthis study.

yielded similar accuracies for cyclodextrins in wafeand

synthetic receptors in chloroforfn. Bridgel for RGD,—7.5 kcal/mol, rivals the affinities of proteins

The most stable conformations of the bound complexes for ligands of similar size (Figure 13}.Other new designs also
predicted here differ from those anticipated by Rensing and @re predicted to bind RGD more tightly than that of Rensing
Schrader but are consistent with the available NMR data. @nd Schrader or to bind as tightly but more efficiently on a per
Interestingly, completely different binding modes are predicted atom basis. These results are promising, but proteins often
for RGD and its cyclic variant, the former relying primarily ~achieve binding free energies of abett2 kcal/mol for ligands
upon ionic interactions, and the latter upon hydrophobic the size of RGD (Figure 13) and such affinities lie beyond the
interactions. This result seems reasonable, given that the cyclichistorical limit for aqueous hosiguest systems listed in a recent
peptide has two fewer ionic groups (the termini) and two compilation? Searching for a synthetic receptor which generates
additional nonpolar groups (the Phe and Val side chains) and affinities this high, or for the reason one cannot exist, is of
that the edge of the receptor is highly ionic while its faces are fundamental interest, and the following subsections address the
nonpolar. These structural insights would be valuable if one challenge of achieving high affinities with synthetic recep-
wished to use the Rensing and Schrader receptor as a startin°'s:
point for the design of even more highly optimized receptors.  5.3. Concepts in Receptor Desigm central observation of

The receptor’s predicted chelation of the guanidinium group the present study is that energies that drive binding are strongly
of RGD with two phosphate moieties resembles the chelation balanced by proportionate repulsive ones. These compensations
of the guanidinium of the cyclic RGD derivative by two aspartyl POse a major obstacle to the design of high affinity synthetic
side chains in IntegrircV33.3! Note, however, that divalent  receptors. Thus, for the RGD systems, strengthening attractive
cations play a key role in the interaction of integrins with the Coulombic interactions by 10 kcal/mol generates an electrostatic
carboxylate group of the RGD motif, but the Rensing and desolvation penalty of about 8 kcal/mol (Figure 10). (The
Schrader receptor was studied in a solution lacking divalent importance of electrostatic desolvation has been emphasized
cations. Interestingly, whereas hydrophobic interactions are Previously; see, e.g., refs 336.) Similarly, strengthening the
predicted to be important in the association of the Rensing and full energy, AU + W), by 10 kcal/mol engenders an entropy
Schrader host with the cyclic peptide, hydrophobic interactions Penalty of about 8 kcal/mol (Figure 9). This entropic compensa-
play little role in the association of a similar cyclic peptide with  tion is similar to the experimental phenomenon of entrepy
Integrin aV33.3! Presumably, the interaction is dominated by €nthalpy compensation (e.g., refs 4, 9, 10,—80) and
the highly organized and correctly spaced subsites for the Presumably reflects the fact that stronger attractive forces
guanidinium and carboxylate side chains. produce a more rigid complex.

The affinity of the Rensing and Schrader receptor for RGD ~ One way to enhance affinity is to design receptors that form
falls significantly below the range of affinities expected for Mmore extensive contacts with the ligand, as evidenced by the
protein-ligand binding32 when the ligand is the size of RGD, ~broad correlation between surface area and affihifuen
as shown in Figure 13. In addition, the M2 calculations suggest
that much of the receptor does not interact directly with RGD (32) SKé'ier sl A%%‘%’é‘ gKé;ggff(r)%bg' A.; Kollman, P. Rroc. Natl. Acad.
(section 4.1.2). These observations motivated a search forzs) Honig, B. H.; Hubbell, W. LProc. Natl. Acad. Sci. U.S.A984 81, 5412
receptors that would blnq more strongly or more efficiently. (a4) %it?herman’ F. B.: Honig, B. Mol Biol, 2002 318 161-177.

5.2. New Receptor DesignsSeveral of the designed receptors (35) Gilson, M. K.; Honig, B.Proc. Natl. Acad. Sci. U.S.A.989 86, 1524~
are predicted to bind RGD significantly more tightly than the |1-|5e2n8dsch, Z.'S.: Tidor, BProtein Sci.1994 3, 211—226.

36)
Rensing and Schrader receptor. Encouragingly, the affinity of (37) Lumry, R.; Rajender, Biopolymers197Q 9, 1125-1227.
(38) Krug, R.; Hunter, W.; Grieger, RNature 1976 261, 566—-567.
9)
)

(39) Guo, Q.; Zheng, X.; Ruan, X.; Luo, S. H.; YC, Y. L. Inclus. Phenom.
(31) Xiong, J.-P.; Stehle, T.; Zhang, R.; Joachimiak, A.; Frech, M.; Goodman, Mol. 1996 26, 233-241.
S. L.; Arnaout, M. A.Science2002 296, 151—155. (40) Sharp, KProtein Sci.2001, 10, 661-667.
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though entropic losses cancel much of the resulting energetic 5.4. Novel Measures of Receptor EfficiencyA given change
benefit, a net gain can still be achieved. However, this approachin receptor-ligand surface area upon binding arguably places
will lead to relatively large and complex receptors. Moreover, an upper limit upon the affinity achievable by noncovalent
increasing the surface area buried upon binding is by no meansforces. It is thus of interest to characterize receptigrand
guaranteed to increase affinity (section 4.2.5), since the changecomp|exes by their binding free energy per square angstrom of
in mean energy upon binding[U + WL] correlates only weakly  surface area, the interfacial efficiency introduced in section 4.2.5,

with surface area. Moreover, there is no compelling physical and to inquire into the determinants of this measure of receptor
reason that the loss in configurational entropy should correlate efficiency.

with buried surface area. In general, the amount of buried surface
area may impose an upper limit on affinity, but it does not
impose a lower limit, so a limited focus on maximization of
interfacial surface area does not represent a complete strateg
for maximizing affinity.

A more elegant concept would be to design receptors that
fall off the compensation curves shown here, i.e., receptors that . o . . S
pay proportionally smaller entropy and electrostatic desolvation 9ttract|ve Cou_lomblc mter_actlons outweigh the inevitable penalty
penalties. Recently developed methods of optimizing the balance'™ €l€ctrostatic desolvation. These new measures of receptor
between electrostatic attractions and desolvation (see, e.g., ref€fficiency are reminders that maximizing receptor affinity
41—44), as well as the method of sensitivity analy§i<® may requires more than maximizing purled surface area, pverall
be useful for the electrostatic part of the problem, especially attractive interactions, or Coulombic complementarity; it is also
for highly ionic ligands such as the RGD peptide. Entropic losses Nécessary to minimize losses in configurational entropy and
will presumably be minimized by maximizing preorganization electrostatic desolvation if it is to achieve proteinlike affinities.

One determinant is the energy efficiency, the effectiveness
of the receptor’s use of the overall energy change upon binding
section 4.2.3). This quantity measures the degree to which the
energetic driving forces for binding outweigh the losses in
configurational entropy. Another determinant is the electrostatic
efficiency (section 4.2.4), which measures the degree to which

without sacrificing the geometric precision of receptigand These measures of efficiency also provide a basis for considering
complementarity. However, it is not clear that we adequately the upper limits of affinity that are achievable within given
understand the rules required to guide such designs. parameters. For example, a receptor with the large surface area

In fact, one traditional approach to reducing the entropy loss change of Bridge 1 and the high interfacial efficiency of L1m1
upon binding, cyclization, is strikingly unsuccessful in the would bind RGD with a large, favorable free energy change of
present study. Cyclizing receptor L1 to form receptors Bridge —14 kcal/mol. Alternatively, a receptor with the same value of
1 and Bridge 2 was expected to reduce the entropy of the free AU + WCbut the energy efficiency of L1m1 would bind RGD
receptor preferentially, and thus reduce the entropic penalty uponwith a free energy change ef11 kcal/mol. Finally, changing
binding. However, the entropy losses rose instead (Sectionthe electrostatic efficiency of Bridge 1 to the value found for
4.2.1): cyclization did preferentially reduce the number of stable L1m2, while leaving the energy efficiency unchanged, leads to
conformations (energy wells) in the free state, but it also a binding affinity of—10 kcal/mol. There is no obvious reason
disproportionately narrowed the energy wells associated with receptors with such high affinity could not be devised. The
the bound conformations and the entropy penalty from this present analysis thus supports the feasibility of designing

narrowing outweighed the entropy benefit from changing the targeted synthetic receptors with proteinlike affinities.
numbers of energy wells. The narrowing of the energy wells in

the bound state appears traceable to the snug and hence. Acknowledgments
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