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Summary

Examples of reverse turns as recognition motifs in biological systems can be found in high-resolution crystal
structures of antibody-peptide complexes. Development of peptidomimetics is often based on replacing the amide
backbone of peptides by sugar rings, steroids, benzodiazepines, or other hetero- and carbocycles. In this approach,
the chemical scaffold of the peptide backbone can be replaced while retaining activity as long as the pharma-
cophoric groups of the peptide side chains stay in relatively the same place; in other words, similar functional
groups must overlap in space for interaction with critical receptor sites. This study evaluates the potential of metal
complexes of chiral pentaazacrowns (PAC) derived by reduction of cyclic pentapeptides as B-turn mimetics. Due
to the limited flexibility of the pendant chiral side groups in these metal complexes, one can potentially elicit
information about the receptor-bound conformation from their binding affinities. 11 PAC crystal structures with
different substitution patterns complexed with 3 different metals (Mn, Fe, Cd) as a prototypical database of poten-
tial side-chain orientations. Complexation with different metals induces subtle differences in the conformations of a
particular azacrown scaffold. The lack of parameterization of transition metals for force field calculations precludes
a thorough theoretical study. Thus, this study utilizes a simple geometrical comparison between the experimental
data for crystalline PAC complexes and the side-chain orientations seen in classic f-turns. The FOUNDATION
program was used to overlap the C,-Cy vectors of the corresponding ideal B-turn side-chains to all possible leaving
groups of the PAC complexes. When comparing the relative orientations of the chiral side chains, a strong overlap
of the bonds (between about 0.1 A to about 0.5 A RMS for 3 residues and up to about 1 A RMS for 4 residues)
was observed for many of the molecules. Such metal complexes may lack complete peptidomimetic activity due to
the lack of spatial overlap of all four side-chain residues, however, if only three peptide side chains are needed for
receptor recognition and/or binding, the metal complexes should show biological activity.

Introduction a prerequisite for structure-based drug design. The

main obstacle for rational drug design for many bio-

As high-throughput biological screening has gained
popularity, peptide and peptidomimetic libraries have
been instrumental in producing hundreds of thousands
of different compounds for this process. At the same
time, cloning and expressing of potential therapeu-
tic targets has become routine to provide reagents
for screening and possible structural determination,

*Correspondence.

logical systems, however, is the lack of information
about the three-dimensional structure of the peptide in
the receptor-ligand complex. This is often due to the
limited information regarding the three-dimensional
structure of the receptor, or other therapeutic target,
despite the rapid progress in structural determination
by crystallography and NMR spectroscopy. Studies of
the isolated ligand or therapeutic target alone can be
misleading since the bound structure of the ligand-
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receptor complex is often different from the combined
structures of the unbound ligand and receptor [1, 2].
Current indirect methods attempt to deduce the struc-
ture by interpreting the response of the receptor based
on consistent data from biological testing. Then, by
iterative chemical modification and subsequent bio-
logical testing, a hypothesis of the receptor-bound
conformation may be generated [3]. Conformation-
ally restricted peptides are the subject of increasing
interest as potential new bioactive molecules. Peptide
mimics with amide bonds and amino acid side chains
dispersed in a more rigid arrangement can give valu-
able information on the bioactive conformation of the
mimicked peptide in the complex with its receptor.
Moreover, peptidomimetics with potential therapeu-
tic value may result that display beneficial features
such as enhanced oral bioavailability and metabolic
stability.

Reverse turns are common secondary structural
features and recognition sites in proteins [4]. Receptor
recognition, substrate specificity, and catalytic func-
tion generally reside in these loop regions that often
connect residues of the o helices and p strands con-
tributing to the structural stability of proteins. B-turns,
the most common type of reverse turn comprised of
four residues, are characterized by their ®;, Vs, ®3,
and W3 torsion angles. The classic B-turn is stabilized
by an intramolecular hydrogen bond between the car-
bonyl oxygen of residue i to the amide hydrogen of
residue i + 3, although this is not an essential fea-
ture of four-residue reverse turns common in proteins.
The distance between these heteroatoms for a reason-
able hydrogen bond is 2.8-3.0 A. B-turns are often
conserved during evolution, and have been shown to
be involved in molecular recognition [1, 4, 5] and
considered as initiation sites for protein folding [6].
Development of compounds designed to mimic these
secondary-structural features of B-turns has been an
important aspect of elucidating the receptor-bound
conformation of a biologically active peptide. Confor-
mationally restricted B-turn mimics, with the amino
acid side chains in a relatively rigid arrangement, can
give valuable information about the bound conforma-
tion of the mimicked peptide [7, 8] when incorporated
into the native sequence, if they retain activity. Thus,
B-turn mimetics provide a conformational template for
probing the receptor for its spatial requirements for
molecular recognition.

Examples of turns as recognition motifs can be
found in the literature in high-resolution crystal struc-
tures of antibody-peptide complexes [5, 9, 10]. Cur-

rent activity in the development of peptidomimetics is
based on replacing the amide backbone of peptides
by sugar rings, steroids, benzodiazepines, or other
hetero- and carbocycles. In this approach, the chem-
ical scaffold of the peptide backbone can be replaced
while retaining activity as long as the pharmacophoric
groups of the peptide side chains stay in relatively the
same place; in other words, similar functional groups
must overlap in space for interaction with critical re-
ceptor sites. X-ray structures of peptides complexed
with antibodies [5, 9, 10] are consistent with receptor
recognition of turn motifs determined by structure-
activity studies of the peptide hormones angiotensin II
[11, 12], bradykinin [13, 14], GnRH (gonadotrophin-
releasing hormone, LHRH) [15, 16], somatostatin [17,
18], and many others.

Cyclic and bicyclic dipeptide analogs have been
developed to stabilize the reverse-turn in a peptide
chain [19-23]. The dipeptide lactam [24], the bicyclic
dipeptide BTD [25], and similar proline derivatives
[26], spirolactam-bicyclic and tricyclic systems based
on proline [27-30], substitution by a,a-dialkylamino
acids [31-33], N-aminoproline [34], functionalized
dibenzofurans [35-37], and substitution by dehy-
droamino acids [38—41] are all examples which en-
hance reverse-turn propensity [42, 43]. Other turn
mimetics have focused on stabilizing a type VI B-
turn with a cis-amide bond between residues i + 1
and i + 2 through disulfide bonds [18, 44]. This can
also be accomplished by incorporation of tetrazole
rings as cis-amide bond surrogates [45-47], incor-
poration of sequences into cyclic peptides [48], or
replacing the hydrogen-bonding groups with covalent
bonds in order to stabilize the turns [49-56]. Ben-
zodiazepines have also been used as turn mimetics
[57-59] (In fact, the pioneering work of Ripka et al.
[58-59] showed a clear geometrical correspondence
between substituent positions on benzodiazepine scaf-
folds and the orientation of side chains in classical
B-turns). Many of the reverse-turn mimics described in
the literature, however, particularly the polycyclic sys-
tems, require multistep syntheses that severely limit
the practical possibilities for selective side-chain in-
corporation. Takeuchi and Marshall [43] described
theoretical calculations that suggest the simple incor-
poration of Pro-D-Pro-NMe-AA (AA = amino acid
other than Gly) into a peptide sequence will stabilize
a B-turn with easily accessible side-chain functionality
in the i + 2 position. The availability of chimeric pro-
line analogs [12, 13, 60—63], or pipecolic acid analogs
[64] where side chain functional groups have been



stereoselectively attached to the two ring systems, sug-
gest the preparation of analogs of D-Pro-NMe-AA and
Pro-D-NMe-AA, or their pipecolic analogs, that con-
tain side chain functional groups at all positions in the
turn.

The availability of other rigid conformational tem-
plates that are synthetically accessible for chiral side-
chain placement to constrain the conformation of
peptides in various conformational states would be ex-
tremely useful. Useful constrained scaffolds should
satisfy the following three requirements: (i) they
should possess only one 3D structure (or only a few
well-determined possible structures), (ii) they should
be reasonably easy to synthesize in chiral form, and
(iii) they should be able to uniquely position the pep-
tide side chains (the recognition elements believed to
transfer most information during the peptide-receptor
interaction). Pentaazacrowns, when complexed with
a metal, are excellent candidates for such conforma-
tional templates, as they are relatively rigid structures,
relatively easily synthesized by reduction of the amide
bonds from precursor cyclic peptides [65], and have
many synthetically accessible functional groups from
amino acid synthons for chiral side-chain placement.
Extensive experimental studies [65-72] on the com-
plexes of PACs as superoxide dismutase mimetics with
therapeutic applications have been reported by Riley
et al. What, however, is the structural basis for con-
sidering metal complexes of azacrowns as potential
peptidomimetics? If we look at a peptide structurally,
we can divide it into units that go from one C, atom to
the next Cy. Each such unit is a planar rigid group due
the partial double-bond character of the trans-amide
group with known bond distances and bond angles.
The relative orientation of adjacent peptide groups
(Figure 1) is determined by two degrees of freedom;
rotation around the NH-C, bond and the C,—C=0
bond between the two amides, phi (¢) and psi (),
respectively. Since the peptide units are effectively
rigid groups linked by covalent bonds at the C,, atoms,
the only degrees of freedom are rotations around these
bonds. Thus, the distance between the two C, atoms
remains fixed (as the two Cgys are on the axes of ro-
tation). In peptides, the C, to C, distance measures
approximately 3.85 A for the fran-amide. With the
exception of amides involving N-methyl-amino acids
such as proline, cis-amide bonds are generally not ob-
served in peptides. The Cy to C, distance measures
approximately 2.90 A for the cis-amide. One can iso-
late one unit of the turn, reduce the amide bond, and
introduce a new torsional degree of freedom, rotation
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around the new CH>-NH bond. A distance range of
2.95 to 3.95 A was calculated between the carbon
atoms of the azacrown unit corresponding to the C,
atoms of two consecutive amino acids of a peptide us-
ing systematic search in SYBYL [73]. Thus, reduction
of the amide bond dramatically increases the possible
distances between the atoms that carry the side chains
by the new torsional degree of freedom as well as the
concomitant changes in bond lengths and bond angles.
If we do the same calculation between adjacent nitro-
gen atoms, we get a distance range of 2.88 to 3.87 A.
Complexation with the metal, however, restricts the
positions of adjacent nitrogens in the azacrown struc-
ture (2.70 to 2.90 A) and, thereby, the possible dis-
tances of the carbons corresponding to the C, atoms
in these complexes. The distance measured between
atoms (corresponding to the C, to Cy in peptides) in
the crystal structures of the macrocyclic ligands when
complexed to the three metals (Mn, Cd and Fe), ranges
from 3.60 to 3.97 A, overlapping the fixed Cy to Cq
distance (3.85 A) in peptides with rrans-amide bonds.
This provides a relatively simple explanation as to why
metal complexes of pentaazacrowns may effectively
mimic peptide structures.

This study evaluates the potential of metal com-
plexes of chiral pentaazacrowns (PAC) as f-turn mim-
ics. Due to the limited flexibility of the pendant chiral
side groups in these metal complexes, we can elicit
information about the receptor-bound conformation
from their binding. We examined 11 PAC crystal
structures [67, 74] (courtesy of Dr. Dennis P. Riley,
MetaPhore Pharmaceuticals, Inc.) with different sub-
stitution patterns complexed with 3 different metals
(Mn, Fe, Cd) as a prototypical database of potential
side-chain orientations. It is obvious that complex-
ation with different metals will potentially induce
different conformations of a particular azacrown scaf-
fold. The lack of parameterization of transition metals
for force field calculations, despite the recent devel-
opment of an accurate force field describing metal
binding including d-orbitals by Carlsson and Zapata
[75, 76], precludes a thorough theoretical study of
the potential energy surface of such complexes at this
time. Thus, we have restricted this study to a sim-
ple geometrical comparison between the experimental
data for PAC complexes and the side-chain orien-
tations seen in classic B-turns. The FOUNDATION
program [77] was used to overlap the Cy-Cy vectors
of the corresponding ideal p-turn side-chains to all
possible leaving groups of the PAC complexes. When
we compared the relative orientations of the chiral
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Figure 1. Fixed distances between carbon-alphas in peptides and impact of amide bond reduction and subsequent metal complexation on

distances.

side chains, a strong overlap of the bonds (between
about 0.1 A to about 0.5 A RMS for 3 residues, in
most cases, and up to about 1 A RMS for 4 residues
in a limited number of comparisons) was observed.
Such metal complexes may lack biological activity as
a peptidomimetic due to the lack of spatial overlap
of all four side chains; however, if only three peptide
side chains are needed for receptor recognition and/or
binding, the metal complexes should show biological
activity.

Methods

Computational studies were undertaken to evaluate the
ability of the designed system to adopt the desired
B-turn conformation. A capped tetraalanine peptide,
Ac-Alag-methylamide, was set to the classical torsion
angles associated with the different classes of B-turn
types (Table 1). These structures were generated by
constraining the backbone angles in residues i +2 and
i + 3 to be close to the ideal values and minimizing
with SYBYL [73] using the AMBER all-atom force
field [78], followed by relaxation of the constraints and
further minimization [42, 43], and was used to locate
a local minimum near the ideal values for classic p-
turns. Table 1 shows the dihedral angles of 10 classes
of ideal beta-turns. The dihedral angles and other mea-
surements of our modeled B-turns after minimization
are shown in Table 2.

Table 1. 1deal B-turns

Class $2 2 93 U3

Type I —60 -30 —-90 0
Type I 60 30 90 0
Type 11 —60 120 80 0
Type II 60 —120 —80 0
Type 11 —60 -30 —60 30
Type 1II’ 60 30 60 30
Type V —80 80 80 —80
Type V’ 80 —80 —80 80
Type Vla —60 120 —-90 0
Type VIb  —120 120 —60 0

Ideal torsion values for minimization from:
Creighton, Thomas E.: Proteins: Structures and
Molecular Principles. Table 6-5, page 237.
Hutchinson, E. G. and Thornton, J. M.: A re-
vised set of potentials for beta-turn formation in
proteins. Protein Science, December 1994.

The 11 PAC compounds used in this study are
shown in Figure 2. The following structures can be
found in the Cambridge Structural Database': (2) as
NAYSEL, (4) as TOJVAP, (6) as PIHWEI, (7) as
NAYSAH, (9) as RUGZOI, and (10) as PURWUU.
The other 5 structures are not yet available from the
Cambridge Structural Database, but the coordinates

IThese data can be obtained free of charge via www.
ccde.cam.ac.uk/conts/retrieving.html  (or from the CCDC, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033;
e-mail: deposit@ccdc.cam.ac.uk)
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Figure 2. Structures of the 11 pentaazacrown-metal complexes. All macrocyclic ligands are capped in the axial positions by two trans-chloro
ligands, unless otherwise noted. *This complex is the bis(nitrato) derivative of (6), which crystallized as the six-coordinate nitrato nitrate

complex. +This complex has only one axial chloride.

of crystal structures of the Cd(I) complex (3) [68]
and the Mn(Il) complex (11) [66] are published. Thus,
only coordinates of complexes 1, 5 and 8 are not easily
accessible. The iron complexes of the pentaazacy-
clopentadecane ligands have a very low Fe!'/II redox
potentials resulting in Fe!l complexes that are readily
oxidized and very unstable in air. Consequently, for
reasons of stability and ease of handling, the crystal
structures of the Fe!ll complexes of the pentaazacy-
clopentadecane ligands were determined [67]. The
crystal structures as would be expected for small mole-

cules all have a high resolution (less than 1.0 A). The
estimated standard deviation (esd) of the unit cells are
all given in the thousandths place, the Goodness-of-Fit
are all close to 1.0, and R-factors are all less than 5%.

The minimized structures of the turns and the crys-
tal structures of the pentaazacrowns (PAC) were mod-
eled in SYBYL and the coordinates converted from
Cartesian space to a distance space matrix, retaining
the interatomic distances as a function of atom pairs.
The FOUNDATION program [77], that uses a clique-
finding algorithm to search the three-dimensional
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Table 2. Modeled B-turns after minimization

Class o)) Vo b3 V3 [a%) w3 Distance  Distance
Coy-Cay  HB (A)*
Type I —59.8 —29.6 -90.4 0.1 178.1 179.9  4.499 1.629
Type I 59.2 29.3 89.0 —0.1 175.2 175.8  4.990 1.631
Type II —-59.9 120.6 80.2 0.5 179.2  —-179.2 4712 1.628
Type I’ 59.5  —119.7 —80.4 0.3 1723  —176.5 4.291 1.712
Type 111 —59.9 —30.1 —61.1 —-304 1774  —176.5 5.003 2.116
Type I’ 59.6 30.2 60.2 30.1 183.6 183.4  5.072 1.958
Type V 35.8 53.1 54.3 308 —176.9 179.8  5.268 1.642
Type V’ 67.2 —-72.6 —106.7 56.6 178.6  —176.1 5.743 4.111
Type Vla —61.1 121.6 -92.5 0.0 —22.7 168.9  4.383 2.940
Type VIb  —121.3 122.5 —63.8 —-13 —185 —169.2 4.112 3.437

*HB Distance is the distance from the carbonyl oxygen of residue i to the amide hydrogen of residue i + 3.

distance-geometry database for a user-defined query,
was used to retrieve the hits as well as the many
near-misses. Finally, all candidate combinations were
evaluated for query equivalence.

In the FOUNDATION program, potential matches
are retrieved by systematically superimposing each
query element upon every atom of the structure being
processed. The area around each element is scanned
for other query elements with a user-specified distance
range (or error margin), creating a hollow sphere.
Any atom within the thick wall of the hollow sphere
is included as a possible candidate. Thus, the user-
specified error margin influences the number of atoms
chosen. The constraints perform two major functions:
(1) screening and removing query candidates that fail
to meet user specifications, drastically reducing the
number of combinations that must be checked, and
(2) acting as a filter to ensure that the most relevant
candidates for the system are returned. Other subset
constraints allow the user to specify particular atom
types and bond-atom constraints. The number of com-
binations varies according to the size of the query, the
constraints placed on the query, and the number of
matching elements requested. The ability of FOUN-
DATION to retrieve partial hits makes this tool indis-
pensable for this application. Query specifications can
contain any number of atoms or bonds provided that
adequate constraints are given to reduce the computa-
tional load. The constraints are: (1) bonded vs. isolated
atom distinction, (2) atom type designation, (3) defini-
tion of subsets with occupancy specification (>, =, <
X atoms), (4) RMS fit, (5) active-site volume acces-
sibility of atoms linking query elements, (6) number,
atom type, and cyclic structure constraints for atoms

linking pharmacophoric elements, and (7) automatic
error boundary adjustment.

The hits and near-misses matching our query were
examined for reasonable line-up of the peptide back-
bone with the pentaazacrown of the complex. If the
metal atom did not fall near the center of the B-turn
it was discarded as a possible candidate. For ex-
ample, molecule (10) aligned with B-turn type III’,
but the metal ion in the center of the pentaazacrown
aligned with an atom in the backbone of the peptide.
This alignment was dropped from further considera-
tion. The molecules remaining were then evaluated
for alignment with a leaving group on the PAC with
the side chains of the B-turns. Candidates for leav-
ing groups were all of the hydrogens on the carbon
and nitrogen atoms of the PAC. Measurements were
taken of (1) the distance between the C, of the B-turn
residue with the matching atom of the PAC, (2) the
Cg atom with matching atom, and (3) the angle be-
tween the matching bond pairs. These measurements
are illustrated in Figure 3.

Results and discussion

Table 1 shows the ¢2, {2, ¢3, and {3 values for the 10
classes of ideal B-turns. Table 2 shows the ¢7, 2, w2,
b3, V3, w3, distance between the C,, of the first residue
(i) and the C, of the fourth residue (i 4+ 3) (Cy1-Cua
distance), and the distance from the carbonyl oxygen
of residue i to the amide hydrogen of residue i + 3
(HB distance). A comparison of Tables 1 and 2 shows
that the ¢2, U2, ¢3, and Y3 are very close in values
for almost all of the 10 classes of ideal f-turns. The



Table 3. Angle between the vectors (Cy to Cg bond vs. metal complex of PAC; C to methyl bond of B-turn), the Cy and Cg
distance difference for each match of the residues in the reverse turn, and the RMS overlap of the residues.

Turn Ligand Angle (degrees)
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0.22
0.57

0.35
0.61
0.54
0.36
0.32

Jj+3
1.23
0.44
0.23

0.49
0.25
0.53
0.67

0.18
0.48

0.79

0.38
0.56
0.71

0.30
0.52

0.43
0.42

0.39

0.47
0.24
0.72

0.54
0.26
0.27
0.24
0.37
0.28

2.81
2.00

0.36
1.51
2.11
0.46

J

0.14
0.13
0.16

0.23
0.35
0.33
0.21

0.16
0.22
0.16

0.06
0.11
0.11
0.01
0.13
0.05
0.23
0.08
0.10
0.07
0.07
0.13
0.05

0.20

0.28
0.24
0.21
0.24
0.15

1.62
0.15
0.20

0.15
0.22

0.15
0.29

0.13
0.19
0.44
0.19
0.22

Jj+1
0.46
0.24
0.37

0.61

0.38

0.37
0.23
0.60

0.24
0.18
0.34
0.40
0.52
0.39
0.56
0.48
0.30
0.46
0.51
0.59
0.28

0.57

0.47
0.69
0.49
0.43

0.20
1.52

0.63
0.45
0.14
0.15
0.15
0.37
0.35
0.12

0.45
0.41

1.61
0.44
0.44

0.48

Jj+2
0.48
1.66
0.76

0.47

0.61

0.71
0.84
1.09

0.25
0.24
0.32
0.65
0.28
0.34
0.68
0.53
0.34
0.47
0.52
0.62
0.81

0.54
0.47
0.49

0.60

0.56
0.28
0.15

0.25
0.54
0.63
0.58
0.60
0.58
0.60
0.61

0.27
0.48

0.69
0.53
0.53
0.55
0.32

0.54
0.19
0.75

0.56
0.41
0.41
0.52
0.47
0.42

0.53
1.28

0.52
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Figure 3. Measurements taken on the residues of the beta-turns to the hydrogens of the ligands. Measurements were taken of (1) the distance
between the Cy of the B-turn residue with the matching atom of the PAC, (2) the Cg atom with matching atom, and (3) the angle between the

matching bond pairs.

angles measured after relaxation of the constraints and
minimization for turn types V and V’ are not as close
to the ideal B-turns as the other turn types. The other
measurements are given to give a sense of the different
types of ideal B-turns. The most open turn is turn type
V’ defined by a Cy1-Cyy distance of 5.74 A and a HB
distance of 4.11 A, followed by type V (based on the
Cy1-Cyq distance). The HB distance of V' and VIb
are greater than the distance expected for a hydrogen
bond, thus, these turns are characterized by a lack
of hydrogen bonding between the carbonyl oxygen of
residue i to the amide hydrogen of residue i + 3.
After analysis with FOUNDATION, distances be-
tween atoms, angles between bonds, and RMS val-
ues were determined. The angle between the vectors
(bonds) and the C, distance and Cg distance for each
match is given in Table 3. The RMS values are also
given in Table 3. However, if the measured value of the
Cy or Cg distance was greater than 2 A, the RMS was
not reported. The number of B-turns hit by the mole-
cules and the types of theses turns, as well as the total
number of hits of each molecule, is shown in Table 4.
The average and all the distances of the bonds between
the nitrogen of the azacrown and the metal ion of the
macrocyclic ligand for each molecule are given in Ta-
ble 5. The best fit of any molecule to a classical turn
is complex (3) to B-turn type II’ (Figure 4). The RMS

fit of the ith, i + Ist, i + 2nd, and i + 3rd Cy to Cg
vector is 0.129, 0.515, 0.278, and 0.338, respectively,
indicating that a high degree of similarity existed in
the turn region with the PAC in terms of potential side-
chain mimicry for all four-residue vectors. B-turn type
I’ also had two other complexes with a four-residue
match (Figure 6 and 9a).

Interestingly, the two complexes with the most hits
are (2) and (3), which have nearly the shortest and
longest average N-to-metal ion distances. The shortest
and longest average distance, molecules (10) and (1)
respectively, were also popular B-turn hits with 4 and
5 different B-turns hit.

The ideal beta-turn type I found hits with mole-
cules (2), (10), and (11). Molecule (2) hit the ith i +1st,
and i 4 2nd positions with reasonable distance of Cq
being less than 0.7 A. Angles between those vectors
were all less than 30°. The fourth vector shows the C,
atoms off by 0.76 A. The angle between the vectors
is 41.0°. Molecule (10) shows a tight fit for residues
i, 1 + Ist and i + 3rd. The third vector, i + 2nd, es-
sentially has no overlap. Molecule (11) shows good
overlap between the same residues as molecule (10).
However, the i + 2nd residue on molecule (11) is off
by over 0.7 A for both the C, and Cg, but the angle
is still under 30°. Both vectors point in approximately
the same direction, but this residue on molecule (11)
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Figure 4. Beta-turn type II" aligned with complex (3). Red atom indicates cadmium; numbers indicate rmsd between a—f vectors.

Figure 5. Beta-turn type II” aligned with complex (6). Red atom indicates manganese; numbers indicate rmsd between o—f vectors.
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Figure 6. Beta-turn type II” aligned with complex (1). Red atom indicates manganese; numbers indicate rmsd between o—f vectors.

Figure 7. Beta-turn type II” aligned with complex (2). Red atom indicates manganese; numbers indicate rmsd between o—f vectors.
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Table 4. Number of hits and type of B-turn hit for each molecular complex.

Molecule #  No. of Turns Hit ~ Turns Hit Number of Hits
(1) 5 T, I0, 1, 11", VIa 5
2) 7 LI, I, 0L, 1r, v’, Vib 12
3) 7 I, I, 10, V, V', Vla, VIb 13
“) 1 I 1
5) 0 - 0
(6) 3 IL 1, V° 3
@) 1 iy 1
8) 2 mw,v 4
9) 1 \'% 2

(10) 4 LI, I, v’ 5

(11) 1 r 1

Table 5. Distance between nitrogens of azacrown and metal ion (all Mn except
3 (Cd) and 10 (Fe)).

Molecule #  Average N-Metal  Lengths: N-Metal (shortest to longest)
(1 2.422 2.31,2.34,2.34,2.53,2.56
) 2.28P 2.27,2.28,2.28,2.28,2.31
3)-Cd 2.415¢ 2.35,2.38,2.41,2.45,2.48
4) 2.33 2.31,2.32,2.32,2.34,2.38
%) 2.33 2.23,2.30, 2.35,2.37,2.38
6) 2.36 2.26,2.27,2.40,2.41,2.44
7 2.33 2.31,2.31,2.32,2.34,2.37
(8) 2.33 2.27,2.34,2.34,2.34,2.34
©) 2.34 2.31,2.33,2.35,2.36,2.36

(10) - Fe 2274 2.25,2.26, 2.28,2.28,2.29

(11 2.32 2.24,2.30, 2.31, 2.35,2.41

4Longest Mn average N-metal distance.
bShortest Mn average N-metal distance.
€Cd average N-metal distance similar to longest Mn average N-metal distance.
dFe average N-metal distance similar to shortest Mn average N-metal distance.

is set out further away from the turn. This may line-up
with longer side-chain residues as the flexibility of the
side chain may compensate during receptor interac-
tion, but the utility as relatively rigid mimetics would
be compromised.

For ideal beta-turn type I’, 4 different molecules
from the database matched the query. There were two
hits by molecule (3). These two hits were on different
atoms of the molecule and matched different combi-
nations of residues. Molecules (1) and (3) matched
residues i, i 4+ 1st, and i +3rd. Molecules (2) and (3) hit
residues i, i 4+ 2nd, and i 4+ 3rd. Molecule (1) was the
best line-up for residues i, i +1st, and i +3rd. Molecule
(2) was the best line-up for residues i, i + 2nd, and
i + 3rd.

Beta-turn type II had three molecules match the
query. Molecule (4) hit all four residues and is by far
the best fit to this turn. Molecule (6) had good line-
up with all but the third residue (i 4+ 2nd), yet had a
reasonable line-up with this residue.

Beta-turn type II” was very popular having 13 hits
from 7 different molecules (Figures 4-9), not all are
shown. The best overall fit was from molecule (3)
matching all four residues with an RMS ranging from
0.129 to 0.515 A for the vector overlap (Figure 4).
Molecule (1) lined up all four residues (Figure 6) with
RMS values, from 0.059 to 0.639 A, similar to these
given for the line-up with molecule (3). Molecule (10)
also had a good line-up with all four residues (Fig-
ure 9a & 9b), but the trans-cyclohexane rings may
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Figure 8. Beta-turn type II” aligned with complex (7). Red atom indicates manganese; numbers indicate rmsd between o—f vectors.

Figure 9a. Beta-turn type II” aligned with complex (10). Red atom indicates iron; numbers indicate rmsd between o—f vectors.
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Figure 9b. Beta-turn type II’ aligned with complex (10). Red atom indicates iron; numbers indicate rmsd between o—f vectors.

cause problems sterically. If you recall, molecule (2) is
the bis(nitrato) derivative of molecule (6). Comparing
the alignment of these molecules with ideal B-turn I’,
we can see that they line-up with the same residues (i,
i+ 1, and i +2) but in slightly different ways. Looking
at the side view of the two figures shows residue i + 3
off by a greater distance in molecule (2) than in mole-
cule (6), but RMS values show a smoother line-up of
the three residues. [t!]

Beta-turn type III had only one hit. Molecule (2)
aligned with residues i, i 4 1st, and i + 3rd. There was
no alignment from any molecule to residue i 4+ 2nd in
combination with another position.

Beta-turn type III” found 6 matches, but molecule
(10) did not line-up with the backbone of the turn.
Thus, molecule (10) was not included in this analy-
sis. Once again, molecule (3) had two matches, but
aligned different residues. No molecules matched all
four residues together, but all combinations of three
residues were matched at least once, except the sec-
ond, third, and fourth residues ( i + 1st, i + 2nd,
i + 3rd).

Beta-turn type V has three matches from only one
molecule. It is, however, the same molecule that hit 7
out of the 10 turn types, molecule (3). There is a pos-
sibility of aligning all 4 residues. Residue I for match
(3)a was off by 0.98 A (for Cy) and 2.07 A (for Cp)
and by 41° for the angle between the vectors. Residue

i 4 1 for match (3)b was off by 1.4 to 1.6 A, but the
angle between the vectors was off by less than 20°.

Beta-turn type V’ has 8 hits from 6 different mole-
cules. The only two combinations of hits were residues
i, I + 1st, and i + 2nd and residues i + 1st, i + 2nd,
and i 4 3rd. Residues i and i 4 3rd are not hit at the
same time.

Beta-turn type VIa had only two hits and only
residues i, i + 1st, and i + 2nd were hit for the
two molecules. Residue i 4 3rd had no alignment in
combination with another residue.

Beta-turn type VIb had 5 hits from two molecules.
The closest to a four-residue fit was from molecule (2).
This is the same molecule that hit four times. Differ-
ent atoms were aligned to the turn vectors in each hit.
Molecule (3) matched residues i, i + 1st, and i 4+ 2nd.

Overall, peptidomimetics based on Molecule (3)
is going to easily mimic the ideal beta-turn type I,
but is not able to distinguish it from a Type V turn.
Molecule (2) will best mimic a Type VIb turn. Mole-
cule (4) peptidomimetics will likely indicate a Type 11
turn. Scaffolds utilizing Molecule (1) will likely bind
to sites with preferences for a Type II” turn.

It is interesting to compare the conformational
impact on changing the metal used for complex for-
mation with the same ligand. In the database of 11
complexes used for in this study, there are two ex-
amples available for such a comparison. First, com-
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plexes (3) with cadmium and (6) with manganese
utilize the same unsubstituted pentaazacrown ligand
with two chlorides as axial ligands. Figures 4 and
5 show molecules (3) and (6), respectively, lined-up
with ideal pB-turn II’. Note that complex (3) aligns
all four residues while complex (6) aligns only three
of the residues. The question then is, ‘“What is the
difference in the two metals used which allows this
difference in the alignment with the same B-turn?’ If
we compare the molecules with structural similarity
and different metal ions we can, perhaps, answer this
question. Looking at Table 6 we see that the average
distance between the nitrogens of the ligand and the
metal is 2.42 A for the cadmium complex and 2.36 A
for the manganese complex. In order to compare the
distance between the carbon atoms around the ring of
the macrocyclic ligand corresponding to the C, atoms
of a peptide, we measured the distance between every
carbon atom in the ring with every carbon 3 atoms
away. Molecule (6) measures an average distance of
3.70 A with a standard deviation of 0.12 A. Molecule
(3) has an average distance between carbon atoms (3
atoms away) of 3.72 A with a standard deviation of
0.14 A. The distance between the nitrogen atoms of
molecule (6) averages 2.80 A with a standard devia-
tion of 0.07 A, while the distance between nitrogen
atoms of molecule (3) averages 2.86 A with a standard
deviation of 0.01 A. These numbers are not surprising
if we refer to the periodic table. Cd has a much higher
nuclear charge (Z), a higher period (n), and a greater
number of core electrons. These are competing effects,
but n has the strongest effect, so the ionic radius of
Cd is larger than Mn, more substantially larger than
the ionic radius difference between Fe and Mn. Com-
plexes (7) with iron and (10) with manganese utilize a
pentaazacrown ligand with two fused cyclohexyl rings
and two chloride atoms as ligands. The alignment of
complexes (7) and (10) with ideal B-turn type I’ is
shown in Figures 8 and 9, respectively. Line-up of
residues i, i + 1, and i 4+ 2 with molecule (7) is shown
in Figure 8. The two alignments of molecule (10) with
residues i, i + 1,7 + 2, and i + 3 and residues i + 1,
i + 2, and i 4+ 3 are shown in Figure 9a and 9b, re-
spectively. The average distance (Table 5) between the
nitrogens of the ligand and the metal is 2.27 A for the
iron complex and 2.33 A for the manganese complex.
Molecule (7) has an average distance between carbons
3 atoms away of 3.77 A with a standard deviation of
0.02 A and an average N-to-N distance of 2.75 A with
a standard deviation of 0.05 A; while the average car-
bon to carbon distance for molecule (10) is 3.76 A with

a standard deviation of 0.02 A and an average N-to-N
distance of 2.68 A with a standard deviation of 0.05 A.
This is also understandable looking at the periodic ta-
ble. Fe has a slightly higher nuclear charge than Mn,
causing a slightly smaller ionic radius. Clearly, differ-
ent metals will perturb the pentaazacrown in slightly
different ways causing angle changes in the positions
of the leaving groups on the macrocyclic ligand. What
is somewhat surprising is the fact that an increase in
the radius of the bound metal ion of 0.06 A (Cd vs.
Mn) does not produce significant changes in the rela-
tive positions of the carbons to which one would attach
side chains. Future studies with different metals, both
experimental and theoretical, will allow us to deter-
mine how metals affect the positions and orientations
of the leaving groups and should allow more effec-
tive use of these metal-complexes as receptor probes
and peptidomimetics. It should be emphasized that
the comparisons made in this study were on static
crystal structures; the potential surfaces for these com-
plexes have not been characterized and their dynamic
flexibility remains an issue to be determined.
Molecular flexibility may be an important consid-
eration for binding activity [79]. Mao reported that
when molecular flexibility of the octapeptide inhibitor
of the aspartyl proteinase from Rhizopus chinensis,
rhizopuspepsin, was reduced by conformational re-
strictions on dihedral rotations of the polypeptide,
the rigidified molecule could not dissociate in dy-
namical simulations from the binding pocket of the
receptor. This concern is not necessarily general and
may reflect the size of the ligand under study; many
constrained polycyclic compounds such as benzodi-
azepine analogs bind with reasonable affinity and
rapidity to their receptors. Thus, while the rigidity
of some metal pentaazacrowns may limit receptor
binding, the flexibility of these complexes should be
sufficient in the less constrained cases to allow us to
explore this issue. The methodology described here
represents a step towards incorporating side-chain ori-
entation into peptidomimetic design by first using
conformational templates to generate a hypothesis for
the receptor-bound pharmacophore (3D recognition
requirements of the side chains by the receptor). Then,
one can evaluate the role of molecular flexibility in
ligand binding by studying how the rates of dissocia-
tion and association are affected by reduced molecular
flexibility. Once the 3D arrangement of the side-chain
groups are identified and the required molecular flexi-
bility determined, other scaffolds with more desirable
drug-like properties could be utilized in the design of



ligands through the use of a number of computer-aided
tools [77, 80, 81].

The in vivo stabilities of some manganese com-
plexes of pentaazacrowns have been clearly estab-
lished. Riley et al. reported that Mn(II) complexes
with high kinetic stabilities (i.e. low Kgiss) have high
in vivo stabilities with good correlation [71] to their
in vitro measurements. Using cadmium for the metal
ion could be very interesting for spectroscopic stud-
ies, as the !'3Cd chemical shift has been shown to
be remarkably sensitive to the types of donor atoms,
coordination number and geometry [68]. The Cd(II)
and Mn(II) ions possess filled and half-filled d-shells,
respectively, and thus the coordination geometry of
the complexes are not subject to ligand field effects
and have been shown to be stable at physiological pH
[82, 83]. The issue of Fenton chemistry and poten-
tial generation of hydroxide radicals are relevant for
complexes containing iron or copper in any potential
therapeutic application. While complexes containing
Fe(III) have been found to be stable at physiological
pH for months as reported by Zhang et al. [67], the
ability of iron in these intact complexes to generate
hydroxide radicals has not been ascertained. The need
for further in vivo testing and thorough evaluation of
toxicology for any use of such metal complexes as a
pharmaceutical is obvious, but potential problems with
ferric complexes cause additional concern.

Conclusions

This study contributes a simple and direct approach to
peptidomimetic design. Modeling studies have shown
that the potential side-chain orientations of confor-
mations of the limited set of crystal structures of
metal complexes of PACs are in close agreement with
those of ideal B-turns. Considering the conforma-
tion perturbations available from substituent patterns
on the pentaazacrown ring, as well as complexation
with different metals yet to be thoroughly explored,
these results are exceptionally encouraging for de-
veloping a two-dimensional library of different chiral
PACs complexed with different metals to probe the
details of receptor recognition. The minor changes
in side-chain orientation with different metals offer
an opportunity for subtle optimization of binding not
available through conventional organic chemistry. We
believe that these systems can serve as useful con-
formational constraints that, when incorporated in the
sequential side-chain motifs of selective bioactive pep-
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tides, will yield new conformationally constrained
peptidomimetics. Modeling and experimental studies
on a-amylase inhibitors and some platelet aggregation
inhibitors, which contain the recognition sequence
RGD (Arg-Gly-Asp) as their functional motif, with
metal complexes of PACs are underway.

These compounds, with fixed side-chain place-
ment and accessible synthetic routes, provide ideal
structural probes for applications in combinatorial li-
braries. Screening analysis from libraries can be used
to test for a consistent hypothesis concerning the
receptor-bound conformation of the parent peptide.
This hypothetical conformation can then be used to
select additional classes of modifications (cyclization,
new scaffolds, etc.) to be included in further analy-
sis of the receptor-bound conformation. The use of
metal complexes of pentaazacrowns as scaffolding
devices in peptide sequences should lead to the sta-
bilization of the secondary structure and facilitate the
determination of the receptor-bound conformation in
combination with the variety of other scaffolds (cyclic
pentapeptides, benzodiazapines, etc.) currently in use.
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