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This paper describes a novel approach to the discovery of host structures with binding sites that complement
targeted metal ion guests. This approach uses a de novo structure-based design strategy that couples molecular
building algorithms with scoring functions to prioritize candidate structures. The algorithms described herein have
been implemented in a program called HostDesigner, the first structure-based design software specifically created
for the discovery of metal ion receptors. HostDesigner generates and evaluates millions of candidate structures
within minutes, rapidly identifying three-dimensional architectures that position binding sites to provide an optimal
interaction with the metal ion.

I. Introduction ability to adopt a conformation in which all binding sites
- . are positioned to complement the metal ion structuradigd
Control of metal binding affinity is critical in the develop- (iii) a limited degree of conformational freeddh rational

ment .Of Sensors, separating age_nts_, |mproved analytlcalﬁrst step in the search for improved host architectures is to
techniques, homogeneous catalysis, imaging agents, encap-

. ) ) . Identify connectivity that yields complementary three-
sulat'lon of radionuclides used in cancer t.reatmen'ts, thera'dimensional arrays for groups of potential binding sites.
peutic agents for the treatment of metal intoxication, and o : )
models for the study of enzyme function. Extensive research Efficient computational methods for ranking proposed host
effort has been expended toward understanding how the hosBtrUCtures in terms of their comple_mentarlty for specific metal
structure influences metal ion binding with the goal of 10N guests ona case-by-case basis are avafidBldowever,
discovering more effective and more selective metal ion although understanding the nature of metaHbmding site
receptors It is clear from these studies that certain interactions and screening candidate structures is an important
properties are needed to achieve significant increases incomponent of host design, a vital piece to the puzzle is still
binding affinity or ion recognition. These host properties Missing: a way to efficiently generate new host candidates.

include (i) the presence of multiple binding sife(ii) the The deliberate design of host structures through the assembly
of sets of disconnected binding sites in three dimensions is

*To whom correspondence should be addressed. E-mail: NOta trivial task. At present, trial structures can be generated

ben.hay@pnl.gov. only by hand with a graphical user interface, an extremely
(1) (a) Hancock, R. D.; Martell, A. EComments Inorg. Chem 988 6, . . L . .
237. (b) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875.  time-consuming process. Often, it is not readily obvious
(c) Martell, A. E.; Hancock, R. DCoord. Chem. Re 1994 133 39. which linkage structures might be best used to connect the

(d) Martell, A. E.; Hancock, R. D. IlMetal Complexes in Aqueous
Solution Fackler, J. P., Ed.; Plenum Press: New York, 1996.
(2) Schneider, H.-J.; Yatsimirsky, &Rrinciples and Methods in Supramo- (5) Hay, B. P.; Hancock, R. DCoord. Chem. Re 2001, 212 61.

lecular Chemistry John Wiley and Sons: New York, 2000. (6) (a) Busch, D. H.; Farmery, K.; Goedken, V.; Katovic, V.; Melnyk, A.

(3) Martell, A. E.; Smith, R. D.Critical Stability ConstantsPlenum C.; Sperati, C. R.; Tokel, NAdv. Chem. Ser1971, 100, 44. (b)
Press: New York, 19741988; Vol. 1-6. McDougall, G. J.; Hancock, R. D.; Boeyens, J. C.JAChem. Soc.,

(4) (a) Chistensen, J. J.; Eatough, D. J.; Izatt, R.Qiem. Re. 1974 Dalton Trans.1978 1438. (c) Anicini, A.; Fabbrizzi, L.; Paoletti, P.;
74, 351. (b) Izatt, R. M.; Bradshaw, J. S.; Nielson, S. A.; Lamb, J. Clay, R. M.J. Chem. Soc., Dalton Tran$978 577. (d) Cram, D. J.;
D.; Christensen, J. Xhem. Re. 1985 85, 271. (c) lzatt, R. M.; Kaneda, T.; Helgeson, R. C.; Brown, S. B.; Knobler, C. B.; Maverick,
Pawlak, K.; Bradshaw, J. S.; Bruening, R.Chem. Re. 1991, 91, E.; Trueblood, K. NJ. Am. Chem. S0d.985 107, 3645. (e) Stack,
1721. (d) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, R. L. T. D. P.; Hou, Z.; Raymond, K. NJ. Am. Chem. Sod993 115
Chem. Re. 1995 95, 2529. 6466.

5502 Inorganic Chemistry, Vol. 41, No. 21, 2002 10.1021/ic0202920 CCC: $22.00  © 2002 American Chemical Society

Published on Web 09/26/2002



Structure-Based Design of Molecular Receptors

binding sites to obtain a host cavity that compliments a this strategy for the design of metal ion hosts. Computer
targeted metal ion guest. programs that have been developed to perform de novo
Drug designers have developed computational approachesstructure-based drug design are, in general, not applicable
to address the inverse of this problem, that is, the identifica- to metal receptors. These programs require input of the
tion of molecular structures (guests) that will complement atomic coordinates of a protein binding site, are highly
the binding site of a protein (ho$tIhese approaches include specialized to address proteinrganic interactions, and do
de novo structure-based design strategies that couple mol+iot contain scoring functions to address metajand
ecule building algorithms with scoring functions that are used interactions. To bring the powerful concepts embodied in
to prioritize the candidate structures. The building algorithms de novo structure-based drug design to the field of coordina-
assemble guest molecule structures that can physicallytion chemistry, we have devised computer algorithms for
interact with a known protein structure from pieces that are building structures from host components and rapid methods
either atom¥ or larger, chemically reasonable fragmehts. for scoring the resulting structures with respect to their
The ability to generate large numbers of potential guest complementarity for the targeted guest. The result is Host-
structures necessitates the use of simple scoring functionsDesigner, the first structure-based design software that is
to prioritize the output. To this end, methods have been specifically created for the discovery of novel metal ion
developed to estimate the binding free energy by summing receptors. Herein, we describe the host building and scoring
free energy increments for hydrogen-bond interactions, ionic algorithms and provide several examples to demonstrate their
interactions, lipophilic interactions, the number of rotatable usage.
bonds in the guest molecule, étcAfter an initial prioriti-
zation of the results, computationally demanding evaluations
of the host-guest complex can be used to achieve a more The algorithms described herein have been implemented in a

[I. Computational Methods

accurate ranking of the best candidates. program called HostDesign&tThe program consists of two main
Although there are many prior applications of de novo modules written in Fortran 77, LINKER and OVERLAY, and a
structure-based design programs in the medicinal figit, library of linking fragments. LINKER builds structures by con-

necting two user-defined complex fragments with linking fragments
from the library. Its output consists of an ASCII file containing
(7) (@) Hay, B. P.. Zhang, D.: Rustad, J. IRorg. Chem1996 35, 2650. Cartesian coordlngtes for a series qf host structures presentgd in
(b) Hay, B. P. InMetal-lon Separation and Preconcentration, Progress ~ order of decr_easmg complementant_y for _the guest metal ion.
and OpportunitiesBond, A. H., Dietz, M. L., Rogers, R. D., Eds.; ~ OVERLAY builds structures by superimposing linking fragments
ACS Symposium Series 716; American Chemical Society: Washing- from the library onto a single user-defined complex structure. Its
ton, DC, 1999; pp 102113. (c) Hay, B. P. InMetal Separation tout ists of ASCII il taining Cartesi dinat
Technologies Beyond 2000: Integrating #¢b Chemistry with Pro- outpu 90”3'5 S oran lie con alnlng artesian Coqr Ina e§
cessingLiddell, K. C., Chaiko, D. J., Eds.; Minerals, Metals, Materials ~ for a series of host structures presented in order of decreasing quality
Society: Warrendale, PA, 1999; pp-33. (d) Sachleben, R. A.; of the superposition.
Moyer, B. A. InMetal-lon Separation and Preconcentration, Progress ;
and OpportunitiesBond, A. H., Dietz, M. L., Rogers, R. D., Eds.; HostDesigner was used to perform all of the LINKER and
ACS Symposium Series 716; American Chemical Society: Washing- OVERLAY calculations presented in this paper. To illustrate the
ton, DC, 1999; pp 114132. (e) Bond, A. H.; Chiarizia, R.; Huber, ~ speed of program execution, we report the execution time for each
V.J.; Dietz, M. L.; Herlinger, A. W.; Hay, B. PAnal. Chem1999 example on three different platforms. These are indicated as
71, 2757. (f) Dietz, M. L.; Bond, A. H.; Hay, B. P.; Chiarizia, R.; foll . ; h
Huber, V. J;; Herlinger, A. WChem. Commuri999 13, 1177. (g) ollows: MAC (Macintosh G4 computer, 800-MHz processor,
Hay, B. P.; Dixon, D. A.; Vargas, R.; Garza, J.; Raymond, Klribrg. MacOS 9.2 operating system, Absoft Fortran 4.5 compiler), WIN
gheHm-20§1P40,G3l9b22t- (h) Eunsett\f;l\} Gl-(IJ-? '?Tal?]k% BH’Vt'-?hGafzaj 'IDE- (Athlon XP computer, 1467-MHz processor, Windows 98 operating
., Aay, b. P.; Gllbertson, R. D.; Weakley, 1. J. R.; Autchison, J. E. . :
J.Am. Chem. So@002 124, 5644. system, Compaq Visual Fortran 6 compller), and SUN _(SunBIade
(8) (a) Comba, P.; Hambley, T. WMolecular Modeling of Inorganic 1000 computer, 700-MHz processor, Solaris 8.0 operating system,
Compounds2nd ed.; VCH: New York, 2001; Chapter 9. (b) Comba, ~ Sun Fortran 77 version 5.0 compiler).

P. Coord. Chem. Re 1999 185-186, 81. ; ; Fi
(9) (3) Kuntz, I. D.; Meng, E. C. Shoichet, B. Kcc. Chem. Re4994 Molecular mechanics calculations were used to optimize the

we are unaware of any prior reports on the application of

27, 117. (b) Lybrand, T. PCurr. Opin. Struct. Biol1995 5, 224. (c) structures of the molecular fragments that were used to build the
Bohm, H.-J.Prog. Biophys. Mol. Biol.1996 66, 197. (d) Joseph- library, to generate the potential energy surfaces for bond rotations
McCarthy, D.Pharm. Ther.1999 84, 179. that were used for dihedral angle assignments, and to evaluate

(10) $a) |’t\2?m?§ﬁl\'/|gd;. géﬁggg g%d;%glf %}3)4;62?3% (Sb'),_';l' '.S,\r),ﬁ’ifé candidate host structures generated by HostDesigner. All molecular

M. A. J. Comput.-Aided Mol. Ded.993 7, 23. (d) Bohecek, R. S;
McMartin, C.J. Am. Chem. S0d.994 116 5560. (e) Gehlhaar, D. (12) (a) Murcko, A.; Murcko, M. AJ. Med. Chem1995 38, 4953. (b)

K.; Moerder, K. E.; Zichi, D.; Sherman, C. J.; Ogden, R. C.; Freer, S. Head, R. D.; Smythe, M. L.; Oprea, T. |.; Waller, C. L.; Green, S.
T. J. Med. Chem1995 38, 466. (f) Luo, Z.; Wang, R.; Lai, LJ. M.; Marshall, G. RJ. Am. Chem. S0d996 118 3959. (c) Eldridge,
Chem. Inf. Comput. Sc1996 36, 1187. M. D.; Murray, C. W.; Auton, T. R.; Paolini, G. V.; Mee, R. B.

(11) (a) Bdim, H.-J.J. Comput.-Aided Mol. De4992 6, 61. (b) Lawrence, Comput.-Aided Mol. Desl997, 11, 425. (d) Baxter, C. A.; Murray,
M. C.; davis, P. CProteins: Struct. Funct. Genet992 12, 31. (c) C. W.; Clark, D. E.; Westhead, D. R.; Eldridge, M. Proteins: Struct.
Ho, C. M. W.; Marshall, G. RJ. Comput.-Aided Mol. De4.993 7, Funct. Genet1998 33, 367. (e) Wang, R,; Liu, L.; Lai, L.; Tang, Y.
623. (d) Rotstein, S. H.; Murcko, M. KJ. Med. Chem1993 36, J. Mol. Model.1998 4, 379. (f) Bthm, H.-J.; Schneider, Grug
1700. (e) Tschinke, V.; Cohen, N. @. Med. Chem1993 36, 3863. Discuss. Today002 7, 64.
(f) Gillet, V. J.; Newell, W.; Mata, P.; Myatt, G. J.; Sike, S.; Zsoldos, (13) HostDesigner, version 1.0, was developed by B. P. Hay and T. K.
Z.; Johnson, A. PJ. Chem. Inf. Comput. Sdi994 34, 207. (g) Leach, Firman in the William R. Wiley Environmental Molecular Sciences
A. R.; Kilvington, S. R.J. Comput.-Aided Mol. De4994 8, 283. (h) Laboratory at the Pacific Northwest National Laboratory under partial
Mata, P.; Gillet, V. J.; Johnson, A. P.; Lampreia, J.; Myatt, G. J.; sponsorship of Chemical Sciences, Office of Basic Energy Sciences,
Sike, S.; Stebbings, A. L1. Chem. Inf. Comput. Sc1995 35, 470. Office of Science, U.S. Department of Energy, under Contract DE-
(i) Roe, D. C.; Kuntz, I. D.J. Comput.-Aided Mol. De4.995 9, 269. ACO06-76RL01830. The software can be obtained at no charge from
() Wang, R. X.; Gao, Y.; Lai, L. HJ. Mol. Model.200Q 6, 498. the following website: http://hostdesigner.emsl.pnl.gov.
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mechanics calculations were performed with the MM3(96) pro-
grant“ that has been modified for application to metal complékes.
The default MM3 parameter set was used for calculations on alkanes
and alkene$® A modified MM3 parameter set was used to perform
calculations on the lithium ether complexés.

lll. The LINKER Algorithm

Complex Fragments.A multidentate host can be dissected
into two or more simpler host components. For example,
the well-known 18-crown-6 macrocycle can be broken down
into two triglyme components, three diglyme components,
or six dimethyl ether components. It is possible to define
the structure of a complex fragment, that is, a piece of a
host-guest complex, by combining a host component with
a guest metal ion. In constructing the complex fragment, the
metal ion is positioned relative to the host component to
define a complementary geometry, that is, a geometry that
would give the strongest interaction between the binding sites
of the host component and the metal ion in an actual
complex. Examples of complex fragments are shown in
Figure 1.

When a host component contains a single binding site,
such as the oxygen in dimethyl ether or the nitrogen in
ethylamine, complementary placement of the metal ion can
be described in terms of the M. distance, the M-L—X
bond angles, and the M.—X—X dihedral angles (M= Figure 1. Complex fragments built by combining metal ion guests,

. indicated by green spheres, with host components.
metal ion, L= donor atom, and X= any other atom).

Because M-L distances depend on the number, placement, these structural parameters reflect the preferred geometry
and type of othe_r donor atoms in the metal ion coordination at the donor atom. The geometry at the donor atom is often
sphere, the assignment of an optimat-Mdistance for & rgatively insensitive to the identity of the metal ion or the
complex fragment must be based on a consideration of they; | gistance. For example, the aliphatic ether oxygen donor
environment that will exist about the metal ion in an actual 4o m exhibits a trigonal planar coordination preferetiéé
host-guest complex. Although it might not be possible 10 54 the amine nitrogen donor atom exhibits a tetrahedral
define rigorously a single complementary-M distance in o rdination preferenci:2° However, in some cases, such

a complex fragment, it is possible to assume a reasonablé,g the amide oxygen donor atom, the donor orientation might
value on the basis of an examination of-M1 distances in depend significantly on the identity of the metal &n.

crystal structures. For example, the-l®(ether) distances
in five- and six-coordinate complexes exhibit an average
value of 2.26+ 0.05 A and Co(lll)-N(amine) distances
in six-coordinate complexes exhibit an average value of 1.96

+ 0'0_2 Az ) metal ion as defined above because of geometrical constraints
Optimal M—L —X angles and ML —X—X dihedral angles i nqsed by the connecting structure. However, it is possible
can be deduced through an examination of experimentaly, hosition the metal ion to best complement the binding
geometries of metal-coordinated ligands or through the gjies in the host component by evaluation of structural data
careful application of electronic structure calculatidhs. 2 obtained from calculations or experiment. Examples shown
(14) MM3(96) can be obtained from Tripos Associates, 1699 S. Hanley in Figure 1 InCl.Ude an Fe(lll) complex with catecholate where
Road, St. Louis, MO 63144, for commercial users, and it can be tN€ geometry is taken from the [Fe(catecholdte)lcomplex
obtained from the Quantum Chemistry Program Exchange, Mr. Richard optimized with electronic structure calculatiofisa cesium
ggﬁgéfﬁm%(fc'?aﬁ'u'sﬁfna University, Bloomington, IN 47405, for e with tetramethoxycalix[4]arene where the geometry
(15) Hay, B. P.; Yang, L.; Allinger, N. L.; Lii, J.-HJ. Mol. Struct. was optimized with electronic structure calculatidhand

(THEOCHEM)1998 428 203. i -
(16) (a) Allinger. N. L. Yuh, Y. H.: Lii, J.-H.J. Am. Chem. Sod.989 a Cr(lll) complex with tetra-azacyclododecane, L, where the

111, 8551. (b) Lii, J.-H.; Allinger, N. L.J. Am. Chem. Sod989

Complex fragments can also be constructed from host
components containing multiple binding sites. In these cases,
it might not be possible to position a metal ion such that
each binding site achieves an optimal geometry with the

111, 8566. (c) Lii, J.-H.; Allinger, N. L.J. Am. Chem. Sod 989 (20) Bernhardt, P. V.; Comba, horg. Chem.1992 31, 2638.
111, 8576. (d) Allinger, N. L.; Li, F.; Yan, LJ. Comput. Chenl199Q (21) Hay, B. P.; Clement, O.; Sandrone, G.; Dixon, D.lAorg. Chem.
11, 848. (e) Allinger, N. L.; Li, F.; Yan, L.; Tai, J. CJ. Comput. 1998 37, 5887.
Chem.199Q 11, 868. (22) (a) Nicholas, J. B.; Dixon, D. A.; Hay, B. B. Phys. Chem. A999
(17) Hay, B. P.; Rustad, J. R. Am. Chem. S0d.994 116, 6316. 103 1394. (b) Nicholas, J. B.; Hay, B. B. Phys. Chem. A999
(18) Hancock, R. DProg. Inorg. Chem1989 37, 187. 103 9815.
(19) Hancock, R. D.; Maumela, H.; de Sousa, A.Cdord. Chem. Re (23) Hay, B. P.; Nicholas, J. B.; Feller, D. Am. Chem. SoQ001 122
1996 148 315. 10083.
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Figure 3. Groups used to assign rotational minima aboutGCbonds.

about the new bond is adjusted to a specific value based on
hybridization and degree of substitution of the carbon atoms.
It is generally possible to build a large number of host
structures from a single linking fragment. The ability to
define multiple attachment vectors on each complex fragment
gives rise to the potential for different connectivities. The
presence of chirality in either the complex fragments or the
linking fragment gives rise to the potential for stereocisomers.
Finally, the presence of multiple rotational minima for the
bonds formed between complex fragments and linking
fragments gives rise to multiple conformers of each con-
Figure 2. Process used by LINKER to construct a new host molecule. Nectivity. LINKER has been designed to build every possible

See text for a description of stepsia connectivity that can be made from the two complex
fragments with a given linking fragment including linkage

geometry is taken from a crystal structure of the,{OH),- isomers. In addition, when either the complex fragments or

(L)2]*" complexz* the linkage fragment is chiral, then LINKER will examine

Assembling the PiecesLINKER builds new host struc-  gj| possible stereoisomers that can be made by inverting each
tures by forming G-C bonds between pairs of complex chjral fragment. LINKER also examines every conformation
fragments and linking fragments taken from a library (vide that can be generated for each connectivity by rotation about
supra). The user must provide an input file for each complex the G-C bonds that are formed between the linking fragment
fragment that specifies the coordinates for all of the atoms, and the Comp|ex fragments_ The dihedral ang|e values used
atom connectivity, and attachment vectors. Attachment for these rotations are based on an examination of MM3
vectors are indicated by listing C§pH or C(sg)—Hbonds  potential energy surfaces for rotation about the 66 possible
of the complex fragment. C—C bonds that can be formed by all combinations of the

The process used by LINKER to construct a new host 11 groups shown in Figure 3.
molecule is illustrated in Figure 2. In this example, tWo  ~gnsider the simple example shown in Figure 2. If we
identical lithium—dimethyl ether complex fragments are ofine the three €H bonds on one of the methyl groups in
attached to a methylene linkage. The steps are as follows:gcqh complex fragment as attachment vectors and we
(a) the first complex fragment is selected; (b) one of the .4nsider each of the three rotamers for the two p(sp)
hydrogens is removed, leaving a bonding vector; (c) ainking pons that are formed, 81 host structures can potentially be
fragment containing two bonding vectors is selected from a4e with the methylene linkage. In this case, all of these
the library; (d) a bond is formed between the first complex st structures are conformers of the same molecule, as the
fragment and the linking fragment by aligning the bonding  connectivity remains constant. LINKER generates all 81
vectors and setting the-€C distance to an appropriate valué g crures, but it will retain only the first 9 structures shown
based on the hybridization of the carbon atoms; (€) the i, Figure 4. Some of the potential structures are rejected
dihedral angle about the new bond is adjusted to a specifi e se of close contacts between nonbonded atoms, which
value based on hybridization and degree of substitution of jjicates a physically unreasonable collision or superposition
the carbon atomsl; (f) the second complex fragment iS of 41oms (see Figure 4). In addition, some of the structures

selected (g) one of the hydrogens is removed, leaving agre rejected because they are duplicates, structures that are
bonding vector; (h) a bond is formed between the second gjiher jdentical to or nonsuperimposable mirror images of

complex fragment and the remaining bonding vector on the pe\iously generated structures. In other words, LINKER

linking fragment by aligning the bqndmg vectors and setting atains only one member of a pair of enantiomers.

thhelzar%_izcaticci)lr?tsp t%ee ::(;rzgnaaecgrrﬁg-n:;% 21;’1 Itlﬁz (;ﬁzzfaf) gntTee Scoring the Results.During the construction of each
y k 9 complex fragment, a metal ion is positioned relative to a

(24) Hodgson, D. J.. Pedersen, E.: Toftlund, H.: Weissindrg. Chim. host component to define a complementary geometry with
Acta 1986 120, 177. the binding sites in that host component. When two complex

Inorganic Chemistry, Vol. 41, No. 21, 2002 5505



Hay and Firman

Assuming that the geometries of the complex fragments
have been accurately defined, then host structures that
superimpose the two metal ions will, by definition, have
complementary binding sites with respect to the-M
distances, the ML—X bond angles, and the ML—X—X
dihedral angles. This definition of structural complementarity
is sufficient for metal ion guests that do not exhibit bonding
directionality such as the group 1A and 2A metals and the
trivalent lanthanides and actinides. However, some metal
ions, such as Cu(ll), Pt(Il), and Pd(ll), exhibit distinct metal-
centered bonding directionalities. In these cases, a comple-
mentary host architecture must also provide an array of donor
atoms to produce £tM—L angles that correspond to the
topography of the metal ioh.To address this issue, an
optional screening capability is available in LINKER to retain
only those hosts in which the donor atoms are located near
the verticies of idealized polyhedra. Any one of the following
stereochemistries can be specified: tetrahedral, square planar,
square pyramidal, trigonal bipyramidal, or octahedral.

The Linking Fragment Library. The linking fragment
library is a file from which LINKER reads the Cartesian
coordinates and attributes of linking fragments that are used
to connect the two complex fragments. Each linking fragment
is a three-dimensional molecular structure with two specified
binding vectors. In building the initial library, we decided
to (i) limit the entries to molecules containing hydrogen and
up to six carbon atoms, (ii) limit carbon hybridization t&sp
and sp, and (iii) exclude three- and four-membered rings.
This gave a total of 81 connectivities. Subsequently, 19
additional connectivities representing rigid bi- and tricyclic
systems were added. These connectivities (Figure 5) include
the null case, which is used when the first complex fragment
is directly bonded to the second complex fragment.

It is possible to generate a number of linking fragments
from a single connectivity by using the process illustrated
in Figure 6. The steps are as follows: (a) select a connectiv-
ity, (b) perform a search to locate all stable conformers using

Figure 4. Nine unique structures that are generated by combination of the MM3 program, (c) choose one conformer and remove a
two lithium—dimethy! ether complex fragments with the methylene linking  pair of hydrogen atoms to generate a pair of bonding vectors,
el ol oo e Scles i s feclet ecalst) place methy! groups at the ends of the bonding vectars,
distance is given for each structure. (e) optimize the structure with MM3, and (f) remove the
methyl groups to obtain the final linking fragment with two
fragments are combined, the distance between the two metabonding vectors.
ions provides a simple criterion for the rapid evaluation of  steps e-f are repeated for all conformers and for all
the degree of complementarity in the new host. Optimal possible hydrogen atom pairs. By optimizing each structure
complementarity would be obtained when the-M distance with methyl groups attached to the bonding vectors, the
is zero, that is, when the two metal ions representing the |inking fragments more accurately reflect the geometries that
optimal bonding orientation with each host component are should be present when attached to carbon substituents. Each
exactly superimposed. In the example given in Figure 4, new linking fragment is retained if it is unique or rejected if
where M-M distances range from 0.50 to 8.20 A, the host it is a duplicate of a previously generated linking fragment.
structure with the shortest VM distance clearly gives the  In the example shown in Figure @)-butane has two
most complementary placement of the two ether binding conformers, and there are 45 hydrogen pairs per conformer.
sites. LINKER uses the MM distance to score the generated Thus, a total of 90 structures were processed for this
host structures and outputs Cartesian coordinates for eacltonnectivity, yielding 41 unique linking fragments after
structure in the order of increasing-MM distance, that is, removal of duplicates. A total of 8552 linking fragments were
in order of decreasing complementarity for the guest metal prepared by performing this process on all 100 connectivities
ion. shown in Figure 5.

5506 Inorganic Chemistry, Vol. 41, No. 21, 2002



Structure-Based Design of Molecular Receptors

null  Me — — 2 P N AN /\/ /:.\

X 00000
- - O 0000 O

oAy A D O A A
3pg8a3gaeg

cis/trans
Figure 5. Connectivities used to construct the linking fragment library.

Initially, all new linking fragments were added to the architecture, the code will generate an entire family of 1,1-
library as they were received. However, as the size of the alkane-linked structures that will dominate the output.
library increased, we encountered a problem with this To overcome this problem, we grouped the linking
approach. Many linking fragments have very similar bonding fragments into classes based on geometric similarities of the
vectors. For example, the 1,1-ethane linkage has bondingbonding vectors. The current library of 8552 linking frag-
vectors that are almost identical to those of the 1,1-propane,ments represents a total of 2950 classes. Input constraints
1,1-butane, 1,1-pentane, and 1,1-hexane linkages. Thus, if aontrol the number of linking fragments that will be selected
1,1-alkane linking fragment gives a complementary host from the library for host building. To avoid the similarity

Inorganic Chemistry, Vol. 41, No. 21, 2002 5507
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Figure 6. Process used to construct a linking fragment. See text for a
description of steps-af.

Table 1. Analysis of Host Structuresl{-6 in Figure 8 and7—10 in
Figure 9) Generated by LINKER

host M-M RMSD(complex) AUcomp RMSD(host)

1 0.28 0.12 0.23 0.13
2 0.29 0.11 0.21 0.09
3 0.34 0.09 0.10 0.02
4 0.34 0.08 0.10 0.02
5 0.38 0.10 0.08 0.01
6 0.44 0.11 0.14 0.11
7 0.13 0.08 0.28 0.08
8 0.15 0.09 0.16 0.02
9 0.17 0.10 0.18 0.10
10 0.41 0.18 0.18 0.04

aUnits: distances in A and energies in kcal/mol—M = distance used
to rank the candidates in LINKER, RMSD(complex)root-mean-squared
distance for the superposition of all non-hydrogen atoms in the metal
complex structures before and after MM3 optimizatidt)comp = steric
energy of the bound form- steric energy of the binding conformer, and
RMSD(host)= root-mean-squared distance of the superposition of all non-
hydrogen atoms in the bound form and the binding conformer of the host. Figure 7. Linking fragment connectivities and structures of the top six
hosts obtained using LINKER to combine two lithisrdimethyl ether

problem discussed above, the selection can be limited to thecomplex fragments.
first member in each class. This feature is used in all of the
examples given below. In addition, the choice of linking MM3 potential surface, each of the structures was optimized
fragments can be limited by specifying the minimum length with MM3 after the two original lithium ions were replaced
of the shortest connecting chain, the maximum length for with a single lithium ion. In each case, the new lithium ion
the longest connecting chain, and the valence of the bondingwas placed at the midpoint between the two original lithium
carbon atoms. Finally, when a linking fragment derives from ions. Superpositions of the optimized structures on those
a connectivity with more than one conformation, the selection generated by LINKER (Figure 8) reveal only small differ-
can be limited to only those linkages made from the lowest- ences in the structures. The root-mean-squared deviation
energy conformer. (RMSD) of all non-hydrogen atoms was calculated for each
Example LINKER Applications. We now present two  of the superpositions, and the values are given in Table 1.
examples to illustrate the use of LINKER. First, we revisit The largest RMSD value is 0.12 A.
the combination of the two lithiumdimethyl ether complex Further MM3 calculations were performed to verify that
fragments shown in Figure 2, this time using the full library 1—6 actually represent complementary host architectures.
and selecting the first linking fragment from each class. This One method for evaluating the degree of structural comple-
run generated 188 214 host structures. The time required tomentarity in a host architecture involves calculating the
perform these calculations is extremely short on all platforms, difference in steric energUcomp between the bound form
demonstrating the computational efficiency of the LINKER of the host and the binding conformer of the hb3these
algorithm (platform, total CPU time in seconds): SUN, 8.9 calculations are done by removing the metal ion from the
s; MAC, 9.5 s; WIN 2.6 s. MM3-optimized complex and performing a second geometry
The top six candidate4,—6, are shown in Figure 7, and  optimization starting from the bound host coordinates.
their M—M distances are given in Table 1. To verify that Complementary architectures should give smAallcomp
the structures produced by LINKER are true minima on the values; in other words, guest complexation should not induce
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Figure 8. Superpositions of the lithium complexes bf6 before and
after optimization with MM3.

steric strain within the binding conformer of the host. In

addition to the change in steric energy, the extent of structural

relaxation that occurs during these optimizations provides

another measure of how well the host architecture comple-

ments the guest. This feature can be quantified by calculating

the RMSD value for the superposition of the bound form of

the host and the binding conformer of the host. Comple-

mentary architectures should give small RMSD values; in

other words, guest complexation should not induce structural

changes to the binding conformer of the host. The results of

these analyses (Table 1) confirm that the structlire&have Figure 9. Linking fragment connectivities and structures of the top four
a high degree of complementarity for lithium. The largest hosts obtained using LINKER to combine two complex fragments derived

from 5.
AUcompVvalue was only 0.23 kcal/mol, and the largest RMSD rom

value was only 0.13 A. contacts between the twil'-methyl groups, thus forcing
The preceding example revealed that a relatively simple LINKER to reject this candidate.

linking fragment, derived from C4=CH,, gave a comple-

: = To overcome this problem, we added an optional process
mentary bidentate host for lithiurh, In the second example,

) ’ ) that checks whether rejected structures could become ac-
we used LINKER to identify potential tetradentate ether hosts cepted structures if a €C bond were formed between
assembled froms. The MM3-optimized coordinates for the  ghaified carbon atoms. With the macrocycle option invoked,
lithium complex of5 were used to prepare the input files | |\KER was used to combine the two complex fragments,

for th? two complex fragments. A_" 12 -€H bonds were 11, where the M-N distance was 2.10 A. As in the previous
specified as attachment vectors. This run generated 3 430 74%xamples all possible-€H bonds were selected as attach-

structures (platform, CPU time): SUN, 116 s; MAC, 155S; \ant vectors. This run generated 4 264500 structures
WIN, 38 s. The top four candidate$;-10, are shown in (platform, CPU time): SUN, 192 s; MAC, 263 s; WIN, 73
Figure 9. Subsequgnt analysis (see Table 1) again confirr_nss' With the stereochemistry of the input complex frag-
that the host architectures generated by LINKER are (i) ments (both+ ), it is possible to generate two cyclam

minima on the Ml\/_l3_p0tential energy surface and (ii) diastereomers, thé -+ + + form and the- + — — form.25
complementary for lithium. ~ With an M—M distance of 0.25 A, LINKER identifies the

was not possible for LINKER to generate macrocyclic architecture. LINKER also locates the + + + isomer,
structures with only one linkage connecting the two complex 13 with an M—M distance of 1.15 A. The results indicate
fragments. As a result, potential macrocyclic host architec- 12 tg pe more complementary thalB, consistent with
tures were overlooked. For example, Figure 10 shows how gnformer populations observed for Co(lll) and Ni(ll)

cyclam, 12, could be built by linking twoN,N'-dimethy!- complexes with 14-membered tetra-aza macrocyéles.
1,3-propanediamine chelate rings]l. However, directly

connecting theN-methyl carbon of one chelate to the (25) Thom, V.. Fox, C. C.; Boeyens, J. C. A.. Hancock, RJDAm. Chem.
N-methyl carbon of the other chelate would give close S0c.1984 106, 5947.

Inorganic Chemistry, Vol. 41, No. 21, 2002 5509



Hay and Firman

4———d1 —»l

“_dg —>I

linking fragment

[-— dp —
complex fragment

Figure 11. Parametersds, d;, and® used to compare the bonding vectors
in the linking fragment and the complex fragment.

ation because of a lack of preorganization. Further screening
for preorganization can be accomplished by performing
conformational analyses on promising architectufes.

IV. The OVERLAY Algorithm

Assembling the PiecesOVERLAY builds new host
structures by superimposing two bonding vectors on a single
complex fragment with two bonding vectors on a linking
fragment taken from the library (vide supra). The user must
provide an input file for a single complex fragment that
specifies the coordinates for all atoms, the atom connectivity,
and the pairs of attachment vectors. As with LINKER, the
attachment vectors are indicated by a list of G(s{l or
C(sp)—H bonds.

The steps used by OVERLAY to construct a new host
L ) L molecule are as follows: (a) select a linking fragment from

Limitations. LINKER experiences two limitations that are  the library; (b) adjust the lengths of the bonding vectors on
common to all fragment-based building approaches: (i) the e complex fragment and the linking fragment to the ideal
number of structures that can be generated is limited by thelength for the type of bond that would be formed:; (c)
contents of the fragment library, and (ii) the synthesis of onhare geometries of the linking fragment vectors and the
some candidate structures might be difficult or impossible. complex fragment vectors; (d) if the vector geometry is
In addition, it is important not to overinterpret the ranking similar, then superimpose the bonding vectors of the linking
of the new host structures that are generated. _fragment on the bonding vectors of the complex fragment

LINKER is designed to examine large numbers of potential give the best overlay possible; and (e) form bonds between

structures in a short period of time and to identify connec- o attaching carbons on the complex fragment and the
tivities and conformations that yield complementary archi- linking fragment.

tectures for metal ion complexation. It is, by necessity, an The comparison of vector geometries in step ¢ involves

approximate method. Because the code is connecting rigidiaying the difference in three geometric parameters shown
components and using generic dihedral a}ngles, the ranklngin Figure 11. These are the distancés,and dz, and the
of the structures on the basis of the-tl distance should  yinedra) angled. Al three differences must be within user-

be regarded as approximate. When-M distances differ  yefineq tolerance limits. Smaller tolerance values give fewer
bY angstror_ns,_ ther_l the_ difference between conver_gent andre:;ults of higher quality. Larger tolerance limits give more
divergent binding sites is clear (see, for example, Figure 4). results, but more of the structures might have distorted

However, when M-M distances differ by less than an o metries. As a compromise, we use tolerance limits of 1.60
angstrom, the ranking becomes more uncertain. To obtain 3R for the distances and 9Gor the dihedral angles

definative ordering of host structures with respect to comple- 4 resulting structure can still be rejected even if the
mentarity, the structures should be examined more carefullybonding vectors of the linking fragment are perfectly
with more expensive MM or electronic structure methods. superimposed on the bonding vectors of the complex

Finally, it must be remembered that LINKER ranks fragment. Although a perfect superposition ensures optimal

structures only in terms of their complementarity for the ~ "~ jistances and-€C—X bond angles, the XC—C—X

metal ion, not their preorganization. In other words, LINKER dihedral angles about each of the new-C bonds could
does not address the issue of conformational freedom within have any value (X any atom). Thus, after a new structure

the host. The top candidates might be highly flexible with has been built, OVERLAY checks the difference between

many degrees of rotational freedom. Moreover, a highly the actual X-C—C—X dihedral angles and the dihedral angle

con}plemen_trai:y strlurc];tureh m'g.ht also be s. hlgh-ene_rghy corresponding to the nearest local minimum (vide supra). If
conformer. Thus, although a given host architecture might o \arional periodicity is-4, all structures are accepted.

be complementary, it might fail to exhibit strong complex- Otherwise, the structure will be rejected if the difference in

Figure 10. Two diastereomers of cyclam, the+ + + form (12) and a
+ + — — form (13) are formed by the combination of the two complex
fragments {12).

(26) (a) Cooper, C. G., Jr.; Zimmer, Matruct. Chem1999 10, 17. (b)
Donnelly, M. A.; Zimmer, M.Inorg. Chem.1999 38, 1650.
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Table 2. Analysis of Tetradentate Ether Macrocycles (Figure 12)
Generated by OVERLAY

host RMSD(vectors) RMSD(complex) AUcomp RMSD(host)

14 0.18 0.30 0.41 0.10
15 0.18 0.11 0.30 0.07
16 0.19 0.10 0.19 0.03
17 0.21 0.21 0.29 0.10

aUnits: distances in A and energies in kcal/mol. RMSD(vecterspot-
mean-squared distance after superimposing the ends of the bonding vectors
used to rank the candidates in OVERLAY, RMSD(complexjoot-mean-
squared distance for the superposition of all non-hydrogen atoms in the
metal complex structures before and after MM3 optimizatidblcomp =
steric energy of the bound form steric energy of the binding conformer,
and RMSD(host)= root-mean-squared distance of the superposition of all
non-hydrogen atoms in the bound form and the binding conformer of the
host.

which range from 0.2 to 0.4 kcal/mol, with those calculated
for lithium complexation with 12-crown-4 (7.7 kcal/mel)
and alkylated 14-crown-4 derivatives (4-8.8 kcal/moljb—¢
suggests that the new architectures provide arrays of binding
sites with significantly higher lithium complementarity than
prior tetradentate aliphatic ether macrocycles.

Enhanced binding efficiency often results when two sets
of binding sites are connected to form a host of higher
denticity! LINKER provides one approach for identifying
optimal connections. An alternative approach is to use
OVERLAY to add connectivity to an existing metal complex
in which the binding sites are in a low-energy configuration.
In the second example, we search for linking fragments to
bridge two chelates in a [U(catecholamigé) complex. To
prepare an input file for the complex fragment, four

Figure 12. Linking fragment connectivities and structures of the top four N-methylformyl substituents were added to the crystal
hosts obtained using OVERLAY to form macrocyclic structures starting structure coordinates of a dodecahedral [U(catecofate)]
from 8. compleX’ to obtain ligand geometries similar to those
2-fold, 45'; 3-fold 30°; 4-fold 30°. Finally, the structure will  °bServed in other chelated catecholamitieour pairs of

. . ttachment vectors were specified using tweHC bonds
be rejected if there are any close contacts between nonbonde .
. o rom eachN-methyl group. This run generated 64 structures
atoms in the linking fragment and the complex fragment.

. (platform, CPU time): SUN, 18.2 s; MAC, 14.6 s; WIN,
Sconng Fhe Results.OVERLAY uses the RMSD for the 4.0 s. With vector overlays of 0.670.15 A, the top four
superposition of the bonding vectors to score the host

. candidates,18—21, are shown in Figure 13. The result
structures that are generated during a run and outputs . .
: . . suggests that a chain length of six carbons between the two
Cartesian coordinates for each structure presented in order”. . . .
. . o . ..~ ~nitrogen atoms is needed to give a host architecture that
of increasing RMSD, that is, in order of decreasing quality L
e places the four oxygen donors on the four coplanar verticies
of the superposition.

Example OVERLAY Applications. We now present two o Ifihrﬁigct)i?)?\(;ahg:j/?FeEOA%hse:fz‘Z?s. from most of the same
examples to illustrate the use of OVERLAY. In the first '

example, we use OVERLAY to search for linking fragments limitations  that pertain to LINKER.: .(') the number of

: . structures that can be generated is limited by the contents of
to form a macrocycle by connecting the terminal methyl the fragment library, (ii) the synthesis of some candidate
groups of the tetradentate eth&r The MMS3-optimized 9 Y y

: " structures might be difficult or impossible, and (iii) the
coordinates for the lithium complex 8fwere used to prepare . o .
: ; : . conformational flexibility of the host structure is not ad-
the input files for the complex fragment. A single pair of dressed
attachment vectors was specified by selecting-&H®bond '
from each methyl group. This run generated 103 structuresy, Summary
(platform, CPU time): SUN, 9.0 s; MAC, 7.7 s; WIN, 1.9
s. The top four candidate$4—17, are shown in Figure 12.
An MM3 analysis of these structures (vide supra) is
presented in Table 2. The results confirm that the hos
architectures generated by OVERLAY are (i) minima on the

MM3 potential energy surface and (ii) highly complementary (27) Sofen, S. R.. Abu-Dari, K. Freyberg, D. P.; Raymond, KJNAM.
for lithium. A comparison of the\Ucomp values forl4—17, Chem. Soc1978 100, 7882.

The ultimate goal of the present approach is the effective
automated design of metal ion hosts. The molecular structure
{ generators and scoring functions described herein represent
only the first step toward achieving this goal. Example
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Figure 13. Linking fragment connectivities and structures of the top four
hosts obtained using OVERLAY to connect two catecholamide ligands in
a dodecahedral U(IV) complex.

applications demonstrate that LINKER and OVERLAY
quickly identify reasonable molecular structures with binding
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sites that are complementary for the metal ion guest. These
algorithms have been implemented in the program HostDe-
signer that offers several interesting features to the potential
user: (i) The program simulates combinatorial chemistry on
the computer. LINKER generates every connectivity, ster-
eochemistry, and conformation that can be made given the
attachment vectors on the complex fragments and the linking
fragments present in the library. OVERLAY generates every
reasonable structure from the linking fragments present in
the library. (ii) Both algorithms generate an unbiased list of
novel structures that can keep the designer from overlooking
possible candidates. (iii) The program runs on any platform
and is easy to use. (iv) The algorithms are computationally
efficient. In the time that it would take to build one structure
by hand with a graphical user interface, the program can
generate and prioritize millions of structures.
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