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Abstract: The spirocyclic peptidomimetics cycl§{RS39)-cyclo-R GD{ (2S39)-cyclo-RGD] (3) and cyclo-

[{ (2R 39-cyclo-R GD{ (2R 39-cyclo-R GD] (4), containing

2,3-methanoarginine (cyclo-Aresidues, were prepared.

Conformations of these molecules were studied via a combination of CD and 1D and 2D NMR, and these data were
interfaced with extensive molecular simulations. Conformational biases for mol&cafet! were thereby deduced

and were compared with conclusions previously obtained (Burgess, K.; Lim, D.; MousaJSM&d. Chem1996

39, 4520) for cyclo-[RGDRGD] 2). Molecule3 has a relatively clear conformational bias toward a structure with

a type Il 8-turn between the Gly O and Gly NH atoms, bu# is more flexible, existing in conformers wherein the

Asp and Arg side chains tend to be on opposite faces of the backbone cyclic structure. These conclusions were used
to interpret the relative affinities d2—4 with respect to the vitronectin receptor.

Cyclic peptides are often prepared as a prelude to develop-containing the RGD sequeniée?® as a result of the pivotal role
ment of pharmaceuticals from linear peptide lead compounds. of this fibrinogen motif in cell surface interactiof%. Our

Joining peptideN- and C-termini significantly restricts their

preliminary work in this area featured preparation, conforma-

conformational freedom, often in ways that enforce or preclude tional studies in solution, and biological data for the linear

bioactive conformationk:® Either of these results, positive or
negative, can be informative. It is not easy, however, to
confidently predict the conformational effects of such restrictions

hexapeptide RGDRGDLJ and the cyclic hexapeptide cyclo-
[RGDRGD] (2).3° Compound2 was found to adopt a type |
p-turn conformation with a relatively short distance between

in advance, and the cyclization event does little to constrain the Asp and Arg side chains. It selectively bound 33

side-chain conformations. New approaches to this old problem
therefore, are desirable.

Our studies of 2,3-methanoamino aéidked us to speculate
about the effects that these would have on cyclic peptidic
system$. In small linear peptides, cyclopropyl amino acids
restrict the conformations of otherwise flexible systéimid,so
in cyclic compounds it seemed logical that they would affect

backbone and side-chain conformations simultaneously. We g

,vitronectin receptor in preference to the BBAibrinogen
receptor, and this bioactivity may be associated with relatively
close Asp/Arg side-chain proximities. Moreover, these observa-
tions concerning the conformation and receptor binding proper-
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therefore decided to investigate spirocyclic peptides formed from J. M.; vasko, J. A.; Wong, A.; Huffman, W. B. Med. Chem1992, 35,

2,3-methanoamino acids.

Almost any model peptidic system could be used to explore ;
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had already prepared two stereoisomers of 2,3-methanoargin

ine!®> Moreover, there is abundant data on cyclic peptides
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ties of the peptide were in harmony with structaeetivity T T | T T T
correlations made for other RGD-based syst&m&3!
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Figure 1. Overlaid CD spectra for RGDRGO), cyclo-[RGDRGD]
(2), cyclo-ff{ (2S39-cyclo-R GD{ (2S 39-cyclo-R GD] (3), and cyclo-
[{ (2R 39)-cyclo-R GD{ (2R 39-cyclo-R} GD] (4).

Results and Discussion

Synthesis of 3 and 4.Various solid phase approaches using
FMOC-protected amino aciék®*3and PyBOP/HOBt-mediated
coupling$* were investigated for potential syntheses of these
molecules. Epimerization complicated the outcome of routes
which began with FMOC-Asp-ODmb (Dmb is 2,4-dimethoxy-
benzylf> attached to Wang resin via the acid side chain, or
FMOC-Asp(CBu) attached to 4-methylbenzhydrylamine (MBHA)
resin via the highly acid labile 4-(hydroxymethyl)-3-methox-
yphenyl butyrate (HMPB) linke¥ Subsequently, we found that
samples in the cyclo-[RGDRGD)] series could be formed without
contamination by any significant byproduct via solid phase
syntheses beginning with coupling of Gly to HMPRIBHA
resin, elongation of the supported chain, cleavage, cyclization
in solution, and then side-chain deprotection. This route avoids
epimerization at Asp.

CD Studies. Figure 1 shows that the maximum molar
ellipticities for 1—4 are in the orde2 > 3 > 1 > 4. Cyclo-
[RGDRGD] @) and cyclo-{ (2S39)-cyclo-R GD{ (2S39)-cyclo-
R}GD] (3) would be expected to have more structured amide
group environments, and thus stronger CD signals, than
RGDRGDL1. However, the weak ellipticities observed for cyclo-
[{ (2R 39-cyclo-R GD{ (2R 39-cyclo-R GD] (4) were surpris-
ing. Interestingly, the ellipticity maximum observed for cyclo-
[{(2S39)-cyclo-R} GD{ (2S5 39)-cyclo-R} GD] (3) was opposite
to that observed for cyclo[RGDRGDPR), even though3 is
composed of naturalamino acids and @39)-cyclo-R (which

The research described in this paper covers syntheses of thds stereochemically closer to-Arg than (R39)-cyclo-R is).
peptidomimetic§3 and 4 and conformational biases of these One explanation for this would be ODDOSite orientations for some
molecules in solution as ascertained by a combination of CD, or all of the cyclic backbone amide groups3rand2.

NMR, and molecular simulation experiments. Each of these

One-Dimensional NMR Studies. Throughout this work,

techniques for conformational analysis is considered separatelyNMR spectra for2—4 were collected for samples in 50 mM
below, and then they are considered collectively to formulate phosphate buffer at pH 5.4. At this pH, the Asp and Arg side
conclusions regarding structural biases. Biological studies chains will be predominantly anionic and cationic, respectively.

which parallel those performed fdt were also undertaken.
Overall, this work is a logical comparison of a cyclic peptide
and two spirocyclic peptidomimetics featuring 2,3-methanoargi-

nine.
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Table 1. Selected ROE Data for the Cyclic Peptidomimetics in
90% H0—10% DO, pH 5.4, 50 mM Phosphate Buffer

2a 3a 4a
Arg NHP—Gly NH vwe M M
Gly NH—Asp NH VW VW VW
Asp NH—Arg NH \W% VW
Arg NH—Aspa W S M
Arg NH—Asp /p' VW VW VW
Asp NH—Gly o M w W
Asp NH—Gly o w w w

a2 = cyclo-[RGDRGD];3 = cyclo-[{ (2539)-cyclo-R} GD{ (2S 39)-
cyclo-RGDJ; 4 = cyclo-[{ (2R 39-cyclo-R GD{ (2R 39-cyclo-R GD].
b1In this table, the abbreviation “Arg” is used forArg or cyclo-Arg
as appropriate for structur@-4. ¢S = strong; M= medium; W=
weak; VW = very weak.

All the cyclic compounds studied gave only one set of proton
NMR signals for the “RGD” component; hence, they either exist
in predominantlyC,-symmetric conformations or in noGy-
symmetric conformations that interconvert rapidly on the NMR
time scale. The Gly and AspH\chemical shifts for3 and4
were within 0.55 ppm of those values observed for the
corresponding protons in cyclo-[RGDRGD]. However, the Arg
NH protons were shifted to significantly lower field in the two
spirocyclic peptidomimetics)(ppm, 8.08 for2, 9.09 for3, and
9.03 for 4), indicative of a different environmentCoupling
constants for the Gly and AspHN-a. spin systems foB and4
were in the range 4:56.0 Hz,i.e., less than the value typically
associated with random coil conformations-& Hz) 37

Figure 2 compares the rate of amide proton H/D exchange
for 3and4. Protons associated with the Gly residues exchange
much slower than the others. In general, exchange rates for
Gly NH protons are intrinsically slower than those for the other
protein amino acid2® but for 3 and4, the rate of NH exchange
of the Gly NH was even slower than that for the Gly\brotons
in cyclo[RGDRGD] @). This implies that the solvent shielding/

Lim and Burgess
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intramolecular H-bonding effects for the parent peptide are 100
different from those of the spiropeptides and that the cyclo- LT T
Arg NH protons in the s_piropeptidomimetics are least likely to 80 b Y o (28,38)-Arg-NH |
be solvent shielded or intramolecularly hydrogen bonded. Ekm e Asp-NH
In general, temperature coefficient d&td! for peptides/ & solb R e Gly-NH |
peptidomimetics in aqueous solutions are very hard to interpret. - i N
Similar experiments are informative when DMSO is the 2 .0 l ° 3
solvent#243put H-bonding effects in agqueous systems are much 2 N R
more complicated. Consistent with this, temperature coefficient - _\ e
data were collected for peptidomimeti@&-4 (Supporting 20 174 el
Information) but were not easily interpreted. 5&_ L ﬂ
Two-Dimensional NMR Studies. Selected RO# data for 0 0 500 1000 1500 2000
2—4 are shown in Table 1. Quantitative interpretation of ROE Time (sec)
data is less reliable than for NOE studies, but trends for this
series of compounds having similar structures and almost 4
identical molecular masses are informative. Relative to the 100 #—— — T
parent cyclic peptid®, cyclo-[ (25:39-cyclo-R GD{(2S 39)- g
cyclo-R GD] (3) has stronger cyclo-Arg N—Asp a. and cyclo- 80 | W * (2R,38)-Arg-NH -
— Lo e Asp-NH
(37) Withrich, K. NMR of Proteins and Nucleic Acid®Viley: New 2 80 j a -3 - Gly-NH R
York, 1986. > ! W
(38) Dempsey, C. EJ. Am. Chem. S0d.995 117, 7526. ‘a M N
(39) Stevens, E. S.; Sugawara, N.; Bonora, G. M.; TonioloJ.CAm. S 40 [t o -
Chem. Soc198Q 102, 7048. = ¢ ‘A
(40) Stevens, E. S.; Sugawara, N.; Bonora, G. M.; TonioloJ.CAm. i .
Chem. Soc198Q 102, 7048. 20 - § ERE 1
(41) Kessler, H.; Bats, J. W.; Griesinger, C.; Koll, S.; Will, M.; Wagner, Eo% REETI
K. J. Am. Chem. Sod.98§ 110, 1033. 0 Sew
42&2112) Kopple, K. D.; Ohnishi, M.; Go, AJ. Am. Chem. S0d.969 91, 0 300 600 900 1200
- iohi M - ; ; Time (sec)
36(41923)4.Ohn|sh|, M.; Urry, D. WBiochem. Biophys. Res. Commas69 Figure 2. Rate of H/D exchange of amide protons (25 in D;O):

(44) Bothner-By, A. A_; Stephen, R. L.; Lee, J.; Warren, C. D.; Jeanloz, Cyclo-[RGDRGD] @); cyclo-[{ (2S33)-cyclo-R} GD{ (2S39-cyclo-R} -

R. W.J. Am. Chem. S0d984 106, 811.

GD] (3); and cyclo-{ (2R 39-cyclo-R GD{ (2R 39-cyclo-R GD] (4).
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Figure 3. ¢,y dot plots generated in a QMD simulation of{@) cyclo-[RGDRGD] @); d—f cyclo-[{ (2539)-cyclo-R GD{(2S 39-cyclo-R} GD]

(3); and (g-i) cyclo-[{ (2R 39)-cyclo-R GD{ (2R 39)-cyclo-R} GD] (4). For 2, most of the conformers have similéry bond angles, so a single
averaged structure is expected. Conformer8 afuster in threep,y regions for the cyclo-Arg residue, one for the Gly, and two for the Asp,
indicative of six significant conformers. Many conformers are possibletfor

Table 2. Structural Characteristics of the Averaged Low-Energy
Conformers from Each of the Families Generated in the QMD
Study of cyclo-{ (2S39)-cyclo-R GD{ (2S39)-cyclo-R GD] (3)

dihedral
residue angle F1 F2a F2b F3 F4
(2S3S)-cyclo-Arg ¢ 57 58 —83 57 —80
Y 46 24 15 —97 11
Gly ¢ 97 116 92 —130 114
Y —51 —88 —-68 -—-21 -97
Asp ¢ —81 —70 —59 —-95 —63
) 94 124 -54 138 —46
no. of members 4 15 3 8
in each family
average energy —23.46 —23.34 —21.96 —22.74

(kcal/mol1)

Arg NH—Gly NH cross peaks. Cycld-(2R39)-cyclo-R} GD-
{(2R39)-cyclo-Ry GD] (4) also has significant cross peaks for
these two contacts, but the difference betw8eand 2 is less

than that betweed and2. Other differences in the ROESY
spectra of the three compounds exist, but they are less
pronounced. Overall, these data indicate tBaind 3 have
appreciable conformational differences, whiles intermediate
between the two.

Molecular Simulations. The cyclic system2—4 are C,-
symmetric structures. This molecular characteristic makes it
easy to identify stable no@, symmetric conformers by NMR,
and none were observedide suprg. It also means that the
number of cross peaks observed for these molecules was about
half those for cyclic hexapeptides lackiri@y symmetry ele-
ments. The paucity of data is especially inconvenient for the
spirocyclic systems because the methanoarginine residues have
no GH protons.

Quenched molecular dynamics (QMD) simulatitf§were
used in this research since methods based on distance geometry
considerations are unsuitable for molecules that are significantly
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Table 3. Structural Characteristics of the Averaged Low-Energy Conformers from Each of the Families Generated in the QMD Study of
cyclo-[{ (2R 39-cyclo-R} GD{ (2R 39-cyclo-R GD] (4)

residue dihedral angle F1 F2a F2b F3 F4a F4b F5 F6 F7
(2R 39-cyclo-Arg ¢ 64 68 -90 -—-82 80 —127 53 21 —62
P 28 20 25 38 11 13 -7 2 25
Gly ¢ 94 94 88 85 34 -7 —145 —-117 —161
Y —56 —61 —-62  —67 —86 23 37 —64 —25
Asp ¢ —68 -72 —-53 -101 43 —133 -101 —106 —165
P 102 120 —-69 34 —4 -35 62 103 —143
no. of members in each family 16 7 4 6 7 8 4
average energy (kcal/md) —-15.22 —14.23 —13.45 —15.06 —-14.02 —-13.92 -14.84

affected by conformational averagifi§. The QMD approach Table 4. ROE Cross Peak Intensities and Interproton Distances
provides structural representatidreforeconstraints from NMR from Consensus Structures Generated from Each QMD Family for

are considered, so NMR data that are wholly or partially cyclo-[{(2S39-cyclo-R} GD{(2S39)-cyclo-R GD] (3)*

perturbed by conformational averaging do not lead to erroneous
/F
d o)
Ry N
H
e Hb
H

A
simulations. B c
Details of the QMD simulation of cyclo-[RGDRGD] have /
already been publisheéfl. Those data indicate that the pepti- y © j’//
~¢ N N I~
A 2N 3
° Hc ° ~coy

domimetic adopts a single predominant conformational state N/\ﬂ/ o
with a type 15-turn between the N and QD groups of opposite H o
Gly residues in the ring ang-turns centered about the Gly Hb
residues. HoN._ _NH D,E HoN_ N

A QMD simulation of cyclo-{ (2539)-cyclo-R GD{ (2S 39- \ﬂ/+ \ﬂ/+
cyclo-RGD] (3) indicates that several conformational states NH NHz
are open to this molecule. This is evident from the dot ROE distance calculated from QMD (A)
plots of the lowest energy structures generated from th(_a QMD i htact intensity ~ F1 Foa 2b =) Fa
procedure. These,y dot plots are compared fd& and 3 in
Figure 3. Minimized structures for the Arg residue in cyclo- 'g‘ MW %'gg g'ii g'gg ‘1"3; g'gg
[RGDRGD] (2) cluster in one region of conformational space ¢ s 195 200 343 211 338
for all three amino acids (Arg, Gly, Asp), but conformations of D w 247 233 210 287 2.00
cyclo-[{ (2539)-cyclo-R GD{ (2S39-cyclo-RIGD] 3 occupy E w 33 345 332 322 3.24
three distinct regions ap,yy about the cyclo-Arg residue and F M 232 239 324 238 3.16
two about the Asp residue. Thus, realistic grouping of the low- averagep,y of 57,46 58,24-83,15 57,-97 —80,11
energy structures should generate a minimum of three distinct Egggf’)'mg
conformational families foB, and six conformational families  no. in family 4 15 3 8
would be reasonable. Several grouping methods were testechverage energy —234 —23.3 —220 -227
(see Experimental Section), and one was selected, giving the (kcal mor™)
four families outlined in Table 2. Family 2 was n@; 2 Discrepancies between the ROE and simulated distances are shown

symmetric, so the two RGD components were considered in bold.

separate_ly, as F_2_a and F2b. All the othe_r famllles_ wWese intensities for cyclo{(2539)-cyclo-R GD{ (2S39-cyclo-R} -
symmetric. Families 1 and 2a were very similar; for instance, GD] (3) and interproton distances for consensus structures
none of the backbong,y» angles for the consensus (averaged) generated from each QMD family in the appropriate simulation.
conformations represented by these families differed by more yterproton distances that do not match the ROE data well are
thar_1 3r. highlighted in bold font. The correspondence between the ROE
Figure 3 also showsp,y dot plots for the low-energy  gata and the simulated distances is excellent for families F1

structures generated in the QMD simulation of cydl2R 35)- and F2a. There are discrepancies for each of the other families,
cyclo-R GD{(2R 39-cyclo-R GD] (4). Comparison of the data  icuding at least one serious violation in which the ROE is
indicated that more conformations were accessiblé tban stronger than predicted on the basis of the simulated distance;

for 3. In fact, the QMD study o8 gave only 34 conformers s js'a more serious type of violation than ones in which the
within 6 kcal/mol of the lowest energy conformer identified ~ RoE js less than predicted. There are few differences between
(cf. Table 2), but 52 conformers were within 4 kcal/mol of the  {he consensus structures represented by families F1 and F2a
lowest energy one found in the QMD study&(cf. Table 3). " (Tapje 2, maximum dihedral difference is*37 Family F2a is
Consequently, the energy minimum located 3owas narmow  gerjved from nonc,-symmetric simulated structures wherein
and deep relative to that found fér Table 3 shows that seven  he other part of the virtual conformation (F2b) does not fit the
families were selected fof, of which two (families 2 and 4)  ROE data well. Overall, 19 of the 34 lowest energy structures
were notC; symmetric. Comparison of the backbone dihedrals ¢ontain an RGD conformation which fits that in F1 (or F2a),
for these seven families showed that families 1 and 2a were anq the structures which contain this motif are, on average, the
very similar. ) very lowest in energy of those detected in the QMD analysis.
Formulation of Conformational Models from the CD, Overlay plots for family 1 in the QMD simulation & are
NMR, and QMD Studies. Table 4 shows ROE cross peak shown in Figure 4. The molecule contains three interlocked

(45) Pettitt, B. M.; Matsunaga, T.; Al-Obeidi, F.; Gehrig, C.; Hruby, v. turn elements: a type fi-turn between the Glycarbonyl and

J; Karplgs, M.Biophys. J. Biophys. Sot991, 60, 1540. the Gly* NH, a y-turn centered around the Gly residues, and a
Chgg)l%éoggogs%m Smith, P. E.; Al-Obeidi, F.; Pettitt, B.M.Med.  tyne 1 f-turn between the Adpcarbonyl and the ASpNH.
(47) Wright, P. E.; Dyson, H. J.; Lemner, R. Biochemistry1988 27, The postulated presence of the typesHturn is supported by

7167. the CD studies, which give a significant positive ellipticity at
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Figure 4. Plots from the QMD simulation: (a) overlay of family 1 (F1) for cyclp@S 39-cyclo-R} GD{(2S39-cyclo-R} GD] (3); (b) averaged
structure of F1 foi3; (c) overlay of F1 for cyclo{(2R3S)-cyclo-R GD{ (2R 39-cyclo-R} GD] (4); (d) averaged structure of F1 fdf (e) overlay
of F5 for 4; (f) averaged structure of F5 fdr It is proposed that a and b represent the predominant conformati@efudt that4 exists in a series

of conformers including those shown in c/d and e/f.
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G O Ho NG andO;®
Figure 5. Key local interproton distances from averaged structures generated in the QMD simulations and observed ROE intensities for cyclo-
[RGDRGD] (2) and cyclo-{ (2S39)-cyclo-R GD{ (25 39)-cyclo-R GD] (3).

Table 5. ROE Cross Peak Intensities and Interproton Distances from Consensus Structures Generated from Each QMD Family for
cyclo-[{ (2R 39-cyclo-R GD{ (2R 39)-cyclo-R GD] (4)?

distance calculated from QMD (A)

contact ROE intensity F1 F2a F2b F3 F4a F4b F5 F6 F7

A M 2.76 2.83 3.07 3.23 2.72 3.11 3.24 3.02 3.05
B VW 3.25 3.40 3.39 3.47 2.29 2.53 2.46 2.48 1.90

C VW 431 4.46 3.11 2.06 2.12 2.13 3.21 3.41 3.74

D M 2.03 2.02 3.52 3.46 3.23 3.18 2.29 2.15 2.54
w VW 3.95 3.86 3.04 3.67 4.26 3.04 3.98 3.73 2.86
F w 2.47 2.39 2.42 2.26 2.86 2.25 2.73 2.22 2.38
G w 3.47 3.47 3.47 3.35 3.55 2.81 3.45 3.16 2.67
H w 3.22 3.23 2.71 2.49 3.31 2.86 291 2.31 2.11
| S 2.41 2.38 3.36 3.20 2.36 3.24 2.24 2.30 2.33
averagep,y of (2R,39-Arg (deg) 64,28 68,20-—-90,25 —82,38 80,11 —127,—-13 53,7 21,2 —62,25
no. in family 16 7 4 6 7 8 4
average energy (kcal md) —-15.2 —-14.2 —-134 -151 —-140 -139 -148

a Discrepancies between the ROE and simulated distances are shown in bold.

approximately 207 nm. Positive ellipticities at approximately and F6, although the fit of the NMR data is not as good for F5

this wavelength have been associated with typé-tiirns#8 and F6. Consensus structures for families F1 and F2a are very
The discussion above indicates that the preferred conforma-similar (Figure 4): both have conformations in which the Asp
tion of 3 is unlike that previously determin&dfor cyclo- and Arg side chains are on opposite faces of the plane formed

[RGDRGD] (2). Further support for this conclusion was by the backbone. Consequently, these two charged side chains
obtained by comparing the local contacts for fhirn regions are not well disposed to maximize electrostatic interactions
in the simulated structures a2 and 3. Results for this between them. Unlike F1 and F2a, families 5 (Figure 4) and 6
comparison are presented in Figure 5. Throughout, the simu-both have inverse-turn motifs about the Asp residue. These
lated differences and the ROE cross peak intensities corresponcorrespond to the negative/positive quadgangt conformational
to the proposed structural elements. space, which the QMD study indicates is populated for this
Matching of the ROE data with the simulated structures for molecule (Figure 3). The backbone conformations in families
cyclo-[{ (2R 39-cyclo-R GD{ (2R 39-cyclo-R GD] (4) was ex- F1/F2a and F5/F6 are different; hence, the simulations indicate
pected to be less clear-cut than fbibecause there are more that conformational averaging between dissimilar conformational

conformers open to the former moleculéde supra Table 3). states may occur. This inference is consistent with the lack of
The actual extent of correspondence is illustrated in Table 5. CD ellipticity observed fo# (Figure 1).

No serious violations are observed for families F1, F2a, F5, Receptor Binding Studies. The peptidomimetics produced

(48) Kitagawa, O.; Velde, D. V.; Dutta, D.; Morton, M.; Takusagawa, in this study were tested for their ability to disrupt ¥/ 33-
F.; Aubg J.J. Am. Chem. Sod.995 117, 5169. vitronectin and GPlIb/llla-fibrinogen interaction. Data from the
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same assays have already been reported. fand 2.3° The modeling studies to predict the best 2,3-methanoarginine isomers
spirocyclic peptides were significantly less active than these to obtainaV3 receptor selectivities are now plausible.
compounds. Cyclof[(2S39)-cyclo-R GD{ (2S39-cyclo-R} -

GD] (3) at 10uM concentration showed only 9% inhibition of  Experimental Section

the aV33-vitronectin interactions, and cycl§{PR 35)-cyclo- )

R} GD{ (2R 35)-cyclo-R} GD] (4) showed 52% inhibition under ~__ Synthesis of cyclo-[(3,3S)-cyclo-R]GD[(2S 35)-cyclo-RIGD (3).

the same conditions. As a reference2-aminobutyroxyN- Stepwise couplings of FMOC-amino acid derivatives on HMPB

thyl invl-alvevl -3 . thvlb . MBHA resin were used to prepare a linear precursor, which was then
methyl+-arginyl-glycyl+-aspartyl)-3-aminomethylbenzoic cyclized off the resin. A scheme summarizing this synthesis is given

fiCld,“_9_’5Otested simultaneously in this same assay, gave a 50%ijn the Supporting Information. Thus, manual peptide synthesis was
inhibition at 20 nM concentration. Neith@8mor4 showed any  carried out in a 30 mL vessel fitted with a coarse glass frit using a
detectable inhibition of the GPlIb/llla-fibrinogen interaction. wrist action shaker (Burrel, Model 75). The reagents were added
Conclusions. Results presented in this paper imply that manually. All reactions were carried out at 26 unless otherwise
cyclo-[{ (2539-cyclo-R GD{ (25 39-cyclo-RIGD] (3) has a specified. FMOC deprotection was performed by shaking the resin
relatively clear conformational preference for a structure with twice with 20% piperidine in DMF (5 mL, 3 min and 5 mL, 7 min);
three interlocking turn elements. The intrinsic bias of 2,3- DMF washing cycles (10« 1 min, ca. 10 mL) were performed after
methanoamino acids towangturn conformations, which we each coupling and de_protectlor_l. The coupling conditions were as
- L - . follows. The symmetric anhydride of FMOC-Gly-OH was prepared
have_ Suggesf[ed_l(irh Fhe basis of other_ StUd'QS with linear by mixing 0.339 g of the amino acid derivative (1.14 mmol) and
peptidomimetic; 4 is apparently overridden i8 by the gjisopropyl carbodiimide (DIPCDI) (82L, 0.57 mmol) in CHCl, (4
cyclization constraints. Like cyclo-[RGDRGDZ)*° molecule mL). The mixture was stirred fol h and used for coupling without
3 has ag-turn between the O and the M of the two Gly purification. HMPB-MBHA resin (200 mg of 0.57 mmold capacity,
residues in the large ring angturns centered on the same NovaBiochem) was swelled in DMFc4. 10 mL) for 1 h and then
glycines. However, th@-turn type isgl for 2 and Al for 3, reacted with (FMOC-GIy0O (0.57 mmol, 5 equiv) and DMAP (28 mg,
meaning that the amide bond between the¢ 1 andi + 2 0.228 mmol) in DMF (5 mL). The mixture was stirred for 19 h at 25
residues adopts opposite orientations. This conformational °C: @nd the resin was washed. The FMOC protecting group was
difference may explain why the CD spectra of the two molecules removed, and the resin was washed as previously. Five cycles of

} o deprotection and coupling were then performed. The 4-methoxy-2,3,6-
are so different. Switching between teturn types can have trimethylbenzenesulfonyl (Mtr) group was used as side-chain protection

a profound effect on the receptor binding affinities for RGD {6 ¢ycio-arginine (e., FMOC(Z39)-cyclo-Arg(Mtr) was used). The
peptidomimetics!->! and in this work3 (postulatedsll turn) tert-butyl (Bu) ester was used for side-chain protection of aspartic acid.
binds less strongly thad (8l turn). Selectivity for theaV33 For the coupling of the Arg analog, a mixture of FMOCS@S)-cyclo-
receptor has been associated with relatively close orientationArg'(Mtr) (69 mg, 0.114 mmol), PyBOP (71 mg, 0.137 mmol), HOBt
of the Arg and Asp side chairf$>! Such conformations are (19 mg, 0.137 mmol), and NMM (1&L, 0.137 mmol) was used. In
possible for cyclo{(2S39-cyclo-R GD{ (2539-cyclo-R GD] the coupling qf Asp, freshly preformed FMOC-'A£$JQ)-F52 (0.61

(3); however, it has a weak affinity for that receptor, presumably Mmol. 5.4 equiv) and DIPEA (106L, 0.61 mmol) in CHCl,-DMF
due to an unfavorable backbone conformation. (1:2,~10 mL) were shaken for 30 min. For the Gly coupling, 4 equiv

of each FMOC-Gly-OH, PyBOP, HOBt, and NMM was mixed. The
Cyclo-[{ (2R 35)-cyclo-R} GD{ (2R 35)-cyclo-R GD] (4) has FMOC-protected linear peptide was cleaved from the resin using a 1%

a conformational .b@as Which is different from that &f !_ack TFA solution in CHC, (10 x 2 min, 8 mL), and the cleavage was
of detectable activity for this compound can be attributed t0 checked by TLC. The combined solution was concentrated and then
the fact that the Asp and Arg side chains tend to be oriented onadded dropwise to the ice-cooled water (60 mL) with stirring. The
different faces of the cyclic backbone system. This unfavorable resulting solid was filtered and dried to give 156 mg of crude peptide.
disposition of the oppositely charged groups also accounts for Removal of FMOC was carried out with a 10% diethylamine solution
the greater mobility of the peptide system, which seems to in CH:CN (25 mL). After stirring for 2.5 h at 28C, the reaction
sample other conformational states to decrease the electrostati€!ution was concentrated, and @ (20 mL) was added and

: . . evaporated twice to remove traces of diethylamine and then triturated
energy of the molecule. Lik8, 4 has only a weak affinity for with E,O to remove the dibenzofulvene produced. After filtration and
the oV 33 receptor.

T L . washing with E£O, 121 mg of a white solid was obtained. Cyclization

V33 receptor binding affinities in this research are such that o this peptide was performed using BOP (354 mg, 8.0 equiv), HOBt
2 > 4 > 3. One possible explanation for this observation is (108 mg, 8 equiv), and DIPEA (144L, 8 equiv) in DMF (100 mL, 1
that, in3, the Asp and Arg side chains of consecutive residues M concentration). After being stirred for 4 days, the reaction solution
(i.e., Asp/Arg* and AsfS/Argl) are held relatively close together.  was concentrated, poured inte® and extracted with EtOAc. After
Binding to theaV33 receptor may require that this artificial ~being washed with water and brine and then dried over Mg&@
electrostatic constraint be overcome, and the docking eventorganic layer was concentrated to give the crude cyclized product as a
might, therefore, be relatively unfavorable. white solid. _ _ o _

This study illustrates cases wherein 2,3-methanoamino acids DeProtection of the side chains and purification of the peptide was
incorporated into cyclic systems tend to preclude ideal bioactive performed as follows. A mixture of phenol (0.5 mL), 1,2-ethanedithiol

f i Other st . 23 th - il (0.25 mL), thioanisole (0.5 mL), deionized water (0.5 mL), and
conformations. Er SIEreoiSOmers of 2,5-methanoarginine Will i, o4 cetic acid (8.25 mL) was cooled to°@ and added to the

probably impose different conformations. It should be possible cycjic peptide. The reaction mixture was stirred for 48 h at@%nd

to design molecules which are constrained to adopt favorable then concentrated to dryness. @30 mL) was added to precipitate

orientations for biomolecular interactions as the data set for the product, and then the ethereal solution was decanted away from

predicting the conformational bias of peptidomimetics based the solid residue. The crude peptide was further purified by preparative

on these 2,3-methanoamino acids becomes greater. MoleculaRP-HPLC (Vydac C18 column, 22 mm 25 cm, 1Qum), with a linear

- gradient obtained by mixing solvent A (0.1% TFA in water) and solvent
(49) Mousa, S. A.; Bozarth, J. M.; Forsythe, M. S.; Lorelli, W.; Thoolen, B (0.1% TFA in acetonitrile). The gradient was programmed to

M. J.. Ramachandran, N.; Jackson, S.; Grado, W. D.; Reilly, T. M. j,rea56 from 3 to 4% B over 30 min with a flow rate of 6 mL nfin

Ca(rgbc;Icl\a/%/uls%@)asf??:&??éézarth J. M.; Forsythe, M. S.; Jackson, S. M.; The peak with a retention time of 27.3 min was collected and

Leamy, A.; Diemer, M. M.; Kapil, R. P.; Knabb, R. M.; Mayo, M. C.;  lyophilized. cyclo-[(2S33)-cyclo-R GD{(2S39)-cyclo-R GD] (TFA

Pierce, S. K.; Grado, W. F. D.; Thoolen, M. J.; Reilly, T. Rirculation

1994 89, 3. (52) Carpino, L. A.; Sadat-Aalaee, D.; Chao, H. G.; DeSelms, Rl.H.
(51) Muller, G. Angew. Chem., Int. Ed. Endl996 35, 2767. Am. Chem. Sod99Q 112, 9651.
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salt) was obtained as a hygroscopic powder (10.1 mg, 10% based onNH. Threshold cutoff values were selected to obtain families with

the resin used)=+FAB/DP (thioglycerol),m/zcalcd for G4HoN12010 reasonable homogeneity. Some “families” having only one or two

652, found 653 for [M+ H]*. Details of the proton NMR data of this ~ structures were not listed in Tables 2 and 3.

product are given in Supporting Information Table 1. The coordinates of each family were reoriented by mass weighting
Synthesis of cyclo{(2R,3S)-cyclo-R} GD{(2R,3S)-cyclo-R} GD] an rms calculation using peptide backbone atoms, averaged in Cartesian

(4). Synthesis of this analog was performed using a protocol similar coordinates, and the protons were built on the heavy atoms using

to the one used for cycld{2R 3S)-cyclo-R} GD{ (2R 39)-cyclo-R} - standard geometries. Finally, the interproton distances were calculated

GD] (3) except that FMOC-AsfBu)-OH was used for the coupling  from these coordinates for comparisons of the simulated structures with
instead of FMOC-AspBu)-F. After the solid phase synthesis, cleavage, the ROE data obtained in the NMR studies.

cyclization, and deprotection, one major isomer was obtained. After NMR Studies. NMR spectra were recorded on a Varian UHity
preparative HPLC separatiotg & 16.6 min, 3-8% of B over 24 min), 500 spectrometer (500 MHz). In the COSY/ROESY experiments,
pure product was obtained and characterized by MS and NMR selective presaturation was carried out to suppress the water signal.

spectroscopy:+FAB/DP (thioglycerol)m/zcalcd for G4HaoN12010 652, The peptide (4.76 mM) was dissolved in a mixture of 104®OCand
found 653 for [M+ H]*. NMR data of this product are listed in ~ 90% HO containing potassium phosphate (50 mM, $t5.5). In the
Table 1. H—D exchange experiments, the peptide was placed in a NMR tube,

Molecular Modeling. CHARMm (version 22, Molecular Simula- D,0O was added, and the spectra were recorded at intervals after that.
tions Inc.) was used for the molecular simulations performed in this ~ One-dimensional (LD} NMR spectra were recorded with a spectral
work. Extended atom representations of the nonpolar hydrogen atomswidth of 8000 Hz, 32 transients, dra 5 sacquisition time. Vicinal
were used. Since the CHARMmM 22 does not have parameters for coupling constants were measured from the 1D spectra at ambient
cyclopropyl amino acids as extended atom representations, additionaltemperature. Temperature coefficients of amide protons were measured
atom types were assigned, and a parameter set was built based owia several 1D experiments at-85 °C, adjusted in 10C increments
crystallographic data and CHARMm 22 default parameters and then with an equilibration time of>=10 min after successive temperature
appended to the original parameter set. The residue topology files steps.

(RTF) for the two cyclo-Arganalogs were built as well. Ac-(2S,3S)- Two-dimensional (2D) spectra were taken at°’Z5 with a spectral
cyclo-Arg-NHMe was built and minimized to see any structural width of 8000 Hz. Through-bond connectivities were elucidated by
deformation and/or conformational awkwardness to test the topology DQF-COSY spectr& which were recorded with 512 increments and

and parameter sets. A grid search was also performed to check the32 scans pet; increment, with 2K data points &t

energy surface of the molecule. & contour plot for cyclo-Arg Sequential assignments and protgmoton close contacts were
showed that the energy surface is complicated by charge interactionselucidated by ROESY spectfa,which were recorded wita 1 s
between the guanidinium side chain and backbone carbonyl (data notrelaxation delay, 512 increments, and 32 scans pgincrement, with
shown), but it was reasonable based on chemical intuition. Residue 2K data points at,. The spin-lock field was continuous. The carrier
topology files and parameter sets for the cyclo-Arg system are given frequency was fixed to water signal, and resonance offset compensation
in the Supporting Information. was applied. ROESY experiments were performed with mixing times

Quenched molecular dynamics simulations were performed using of 100, 200, 300, and 500 ms for the cyclo-[RGDRGD] to identify
the combined parameters. Thus, the molecules of interest, dyclo-[ peaks caused by spin diffusion; the cross peak intensities were almost
(2S39-cyclo-R GD{ (2S39-cyclo-R GD] and cyclo-{ (2R 39)-cyclo- identical for the mixing times of 300 and 500 ms. Consequently, a
R} GD{ (2R 39)-cyclo-R} GD], were built with positive charges on the 400 ms mixing time was used for cyclf(RS39)-cyclo-R GD{ (2S39)-
guanidine side chains and negative charges on the Asp side chainscyclo-RGD] (3) and cyclo-{ (2R 39)-cyclo-Ry GD{ (2R 39)-cyclo-R} -
These starting conformers were minimized using 200 steps of steepestGD] (4). Both DQF-COSY and ROESY data were zero-filled to 2K
descent (SD) and 1000 steps of the adopted basis NeviRaphson x 2K data sets and Gaussian transformed in both dimensions. The
method (ABNR) in a dielectric continuum of 80 (representing water). intensities of the ROESY cross peaks were assigned as VS (very strong),
The minimized structure was then subjected to heating, equilibration, S (strong), M (medium), W (weak), and VW (very weak) by the
and dynamics simulation. Throughout, the equations of motion were magnitude of their volume integrals. Cutoff distances from ROE data
integrated using the Verlet algorithm with a time step of 1 fs, and tend to be less than those in the corresponding NOE experiftfents.
SHAKE was used to constrain all bond lengths containing polar Nevertheless, an upper level constraifitsoA is maintained in this
hydrogens. Each peptide was heated to 1000 K over 10 ps by increasingstudy to ensure that the boundary conditions for comparisons of NMR
the temperature by 10 K every 0.1 ps. The peptide was equilibrated and experimental data are not too severe.
for 10 ps at 1000 K, during which time-a13 K temperature constraint CD Studies. The peptides were dissolved in 50 mM potassium
was applied to the system. Molecular dynamics production runs were phosphate buffer solution (pH 5.4). Concentrations were determined
then performed in the microcanonical (NVE) ensemble for a total time by comparing the HPLC integration at 214 nm detection with that of
of 1000 ps. The trajectories were saved every 1 ps, and a total ofa RGDRGD sample of exactly determined concentration. The con-
1000 structures was produced. Each of the structures was thoroughlycentration range of the samples studied was28%uM. CD spectra
minimized using 200 steps of SD followed by ABNR until an rms were obtained using an Aviv (Model 62DS).

energy derivative 0f<0.0001 kcal mot! A~ was obtained. Extra
H-bonding options were applied during the minimization since the high _Acknowledgment. We thank Shaker A. Mousa of DuPont

dielectric constant reduces the intramolecular H-bonding contributions Merck for running the receptor binding assays. K.B. gratefully
to the energy term. If the extra hydrogen bonding energy term was acknowledges support from NIH and The Robert A. Welch

not used, the overall fit with the NMR data was poor. Foundation, an NIH Research Career Development Award, and
Structures<4—6 kcal mol? of the global minimum were selected  The Alfred P. Sloan Foundation for a fellowship. We would

for further analyses. For cycld{2S3S)-cyclo-R} GD{(2S39)-cyclo- like to thank Steve Silber for helpful discussions.

R}GD] (3), a 6 kcal mot? cutoff was used, giving 34 structures for

further analysis. A total of 52 structures were obtained for cyfto-[ Supporting Information Available: Experimental scheme

(2R39-cyclo-R} GD{ (2R 39)-cyclo-R GD] (4) after the 4 kcal mol* for the synthesis oB, chemical shift and coupling constant

cutoff. information, parameter sets and topology files for 2,3-metha-

The Quanta 4.0 package was used to display and overlay the selecteghoarginine, and temperature coefficient dataXe# (10 pages).

structures anq to group them into families. Many approaches were ggg any current masthead page for ordering and Internet access
tested to obtain the best clustering. Simple grouping methods basedinstructions

on the calculation of rms deviation of differently selected atom subsets

from the lowest energy structure failed to give reasonably homogeneousJA971629D

families. Consequently, the,;y scatter plot of the Arg analog was (53) Piantini, U.; Sorensen, O. W.; Emst, R..RAm. Chem. S04982
used as a basis. A reference structure was selected from each quadranios ggoo. T e '

and then rms deviations were calculated on the basis of the following (54) Bauer, C. J.; Frenkiel, T. A.; Lane, A. N. Magn. Reson199Q
atoms around the Arg analog: ApQ; cyclo-Ard, NH-Ca-CO; Gly, 87, 144.




