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Herein, we report studies on the influence of chjfdlamino acids in the design of conformationally
homogeneous cyclic tetrapeptide scaffolds. The cyclietrapeptideyclo-Phes-Pro-Lys-Phe-) 1) and

its four mixed analogues, having one of tiePhe replaced by either ag)¢ or an R)-5*hPhe residue
(i.e.,cycla-(R)-f*hPhep-Pro-Lys-Phe) 2a), cyclo(-(S)-5?hPhep-Pro-Lys-Phe-) Zb), cyclo(-Pheo-Pro-
Lys-(R)-3?hPhe-) 8a), andcycla-Phep-Pro-Lys-R)-3?hPhe-) 8b)), were all synthesized through solid-
phase procedures followed by solution-phase cyclization. Initially, alldix@o-peptides were analyzed

by *H NMR spectroscopic studies in different solvents and at variable temperatures. Subsequently, a
detailed 2D NMR spectroscopic analysis of three of the mixed peptides in water was performed, and the
information thus extracted was used as restraints in a computational study on the peptides’ conformational
preference. An X-ray crystallographic study on the side chain-protected fBageyealed the solid-state
structure of this peptide. The results presented herein, together with previous literature gasnono

acid residues, conclusively demonstrate the potentiAtadnino acids in the design of conformationally
homogeneous cyclic peptides that are homologous to peptides with known applications in biomedicinal
chemistry and as molecular receptors.

Introduction Cyclic tetrapeptides, such as chlamydocin (Figure 1a),

Natural products comprising cyclic peptides are widespread
in nature and often display unique biological effects (e.g.,
cytotoxic, immunosuppressive, and antibacterial activifies).
Cyclization is also a common methodology for reducing the
conformational freedom of linear peptidess the high flex-
ibility that is characteristic of smaller linear peptides often is

trapoxin B, and HC toxin, are an especially interesting class of
natural products, which have been shown to modify histone
deacetylase function and thereby affect cell growth and mor-
phology# Cyclic tetrapeptides are also sufficiently small to be

considered “druglike” and have been used in the search for novel

undesirable for biological applicatioAsCyclization also en- VO('J(‘:))r(a;\)l RTlgg, % ﬁle(rtisecmh’lléé f\aﬂfgx-1R?éﬁﬁghgglgSJZFGrl].SSn%Qr(b%
- . o . yer, N. Top. Curr. | 1. uner, R.; Finsinger, D.;
hances bioavailability and metabolic stability of a peptide. Kessler, HAngew. Chem., Int. Ed. Engl997, 36, 1374.
(4) (a) Taunton, J.; Collins, J. L.; Schreiber, S.1.Am. Chem. Soc.
T Uppsala University. 1996 118 10412. (b) Itazaki, H.; Nagashima, K.; Sugita, K.; Yoshida, H.;
#Mahidol University. Kawamura, Y.; Yasuda, Y.; Matsumoto, K.; Ishii, K.; Uotani, N.; Nakai,
(1) Sewald, N.; Jakubke, H.-Peptides: Chemistry and Biologwiley- H.; J. Antibiot.199Q 43, 1524. (c) Closse, A.; Huguenin, Rlely. Chim.
VCH: Weinheim, Germany, 2002. Acta1974 57, 533. (d) Ciufetti, L. M.; Pope, M. R.; Dunkle, L. D.; Daly,
(2) For reviews, see: (a) Horton, D. A.; Bourne, G. T.; Smythe, M. L. J. M.; Knoche, H. W.Biochemistry1983 22, 507. (e) Yoshida, M.;
Mol. Diversity 2002 5, 289. (b) Davies, J. Sl. Pept. Sci2003 9, 471. Horinouchi, S.; Beppu, TBioEssaysl995 17, 423.

6814

10.1021/jo060854n CCC: $33.50 © 2006 American Chemical Society

J. Org. Chem2006§ 71, 6814-6821 Published on Web 08/10/2006



Homogeneous cyclo-Peptide Scaffolds

o, : o, :
>N o >N o
HN HN
A =4l
N N\)
O7HN—~ O"HN
>0 o}

FIGURE 1. Examples of cyclic tetrapeptides. (a) Natural product
chlamydocin, which inhibits mammalian histone acetylases. (b) Syn-
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structure®® and have been used in peptide design to obtain
mixed peptides that retained their biological activifiésyhile
showing enhanced proteolytic stabili®in addition to di-, tri-,
and tetra-substituted analogues, proteinog@gh@nino acids
with the side chain either at the-carbon $2-amino acids) or
at theS-carbon 2-amino acids) may be synthesized. Oligomers
of B-amino acids (i.e3-peptides)t have also received tremen-
dous interest as foldaméfsvith promising biological activities
(e.g., antibacteria® somatostatin mimicking? and disruption
of protein—protein interactions3? Further, they are completely
resistant to proteolyt?@ and metaboli€ degradation.
Theoretically, each additional methylene group incorporated
into the backbone of a peptide introduces extra degrees of
torsional freedom due to rotation around the-&CS3 bond?3

thetic peptide designed and synthesized to be used as a stereoselectiviowever, similar ta>-amino acids and prolings-amino acids

molecular receptor.
antibacteridl and cytotoxi€ agents. They have also been used

are proven to be turn-inducing residues with potential to enhance
structural stability of short peptidé4.Sewald et af> have

as stereoselective hosts in supramolecular applications (Figurereported studies concerning the incorporation g#-amino acid

1b) and could probably find future applications in asymmetric
catalysis® Unfortunately, the use of cyclic tetrapeptides in these
fields is limited by short supply of the few known naturally
occurring derivatives and by the difficulties of synthesizing
them? In all applications listed above, reduced conformational
freedom of the peptide backbone is desirable. Although cy-

residue into cyclic tetra- and pentapeptides otherwise only

(13) For an overview, see: von Nussbaum, F.; Spiteller3-Rmino
Acids in Nature. InHighlights in Bioorganic Chemistry: Methods and
Applications Schmuck, C., Wennemers, H., Eds.; Wiley-VCH: Weinheim,
Germany, 2004, pp 6389.

(14) (a) Spiteller, P.; von Nussbaum, B-Amino Acids in Natural

clization reduces the conformational space available to a peptide,products. IrEnantioselectie Synthesis g8-Amino Acids2nd ed.; Juaristi,
cyclic peptides as short as tetramers most often still exist asE., Soloshonok, V., Eds.; Wiley-Interscience: Hoboken, NJ, 2005; pp 19

multiple conformers in polar solvents such as water or DMSO.

91. (b) Ondetti, M. A.; Engel, S. LJ. Med. Chem1975 18, 761. (c)
Cardillo, G.; Gentilucci, L.; Melchiorre, P.; Spampinato, ESoorg. Med.

Thus, all areas where cyclic tetrapeptides have been successfullyshem. Lett200q 10, 2755. (d) Sagan, S.; Milcent, T.; Ponsinet, R.; Convert,

applied in the past would benefit from new ways of increasing

O.; Tasseau, O.; Chasssaing, G.; Lavielle, S.; LequirE@. J. Biochem.

the structural stability and simultaneously enhance the synthetic2003 270, 939.

accessibility and increase the structural diversity of compounds ()

related to these important peptides.

Cyclic peptides of necessity contain a turn in the sequence.
D-Amino acids and proline residues have been widely used for ;|

incorporating designed turns into peptideEhe insertion of a
p-amino acid strongly influences the position of this turn and
does in most cases control the overall conformation of the
peptide!! Likewise, proline residues strongly affect the con-
formation of a peptide chain by restraining the conformational
space and inducing different types of tufAgzurther, proline
has the ability to change the conformation of the peptide chain
by undergoingris-/transisomerization.

p-Amino acids (i.e., amino acids containing an extra meth-
ylene group in the backbone) occur naturally in peptidic

(5) Shute, R. E.; Kawai, M.; Rich, D. Hletrahedron1988 44, 685.

(6) Bernardi, E.; Fauchere, J.-L.; Atassi, G.; Viallefont, P.; Lazaro, R.
Peptides1993 14, 1091.

(7) (a) McEwen, |Biopolymersl993 33, 693. (b) McEwen, |.; Ottosson,
K. Biopolymers1993 33, 1377.

(8) For selected reviews, see: (a) Miller, SAtc. Chem. Re2004
37, 601. (b) Jarvo, E. R.; Miller, S. Jetrahedron2002 58, 2481. (c)
Baltzer, L.; Nilsson, JCurr. Opin. Biotechnol2001, 12, 355.

(9) Cavelier-Frontin, F.; Ree, G.; Verducci, J.; Siri, D.; Jacquier, R.
Am. Chem. Sod 992 114, 8885.

(10) Kawai, M.; Pottorf, R. S.; Rich, D. HJ. Med. Chem1986 29,
2409.

(11) (a) Roedern, E.; Lohof, E.; Hessler, G.; Hoffmann, M.; Kessler, H.
J. Am. Chem. So&996 118 10156. (b) Bobde, V.; Sasidhar, Y. U.; Durani,
S.Int. J. Pept. Protein Red.994 43, 209. (c) Weisshoff, H.; Peang, C.;
Henklein, P.; Ffmamel, C.; Zschunke, A.; Myge, C.Eur. J. Biochem1999
259 776. (d) Miler, A.; Schumann, F.; Koksch, M.; Sewald, Mett. Pept.
Sci. 1997, 4, 275.

(12) (a) Morita, H.; Nagashima, S.; Takeya, K.; Itokawa, H.; litaka, Y.
Tetrahedronl995 51, 1121. (b) Rose, G. D.; Gierasch, L. M.; Smith, J. A.
Adv. Protein Chem1985 37, 1. (c) Haque, T. S.; Little, J. C.; Gellman, S.
H. J. Am. Chem. Sod996 118 6975. (d) Karle, I. L.; Awasthi, S. K;
Balaram, PProc. Natl. Acad. Sci. U.S.A996 93, 8193.

(15) (a) Abderhalden, E.; Reich, Fermentforschund.928 10, 173.
Abderhalden, E.; Fleischmann, Rermentforschund928 10, 195. (c)
Steer, D. L.; Lew, R. A.; Perlmutter, P.; Smith, A. I.; Aguilar, M.d.
Pept. Sci200Q 6, 470. (d) Steer, D. L.; Lew, R. A.; Perlmutter, P.; Smith,
A. |.; Aguilar, M.-l. Lett. Pept. Sci.2002 8, 241. (e) Hook, D. F;
dschaller, P.; Mahajan, Y. R.; Sebesta, R.; Kast, P.; SeebacGhbm.
Biodiversity 2005 2, 591.

(16) For a recent review, see: Seebach, D.; Beck, A. K.; Bierbaum, D.
J. Chem. Biodiersity 2004 1, 1111.

(17) For a review, see: Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T.
S.; Moore, J. SChem. Re. 2001, 101, 3893.

(18) (a) Hamuro, Y.; Schneider, J. P.; DeGrado, WJFAmM. Chem.
So0c.1999 121, 12200. (b) Porter, E. A.; Wang, X.; Lee, H.-S.; Weisblum,
B.; Gellman, S. HNature200Q 404, 565. (c) Arvidsson, P. I.; Frackenpohl,
J.; Ryder, N. S.; Liechty, B.; Petersen, F.; Zimmermann, H.; Camenisch,
G. P.; Woessner, R.; Seebach, BhemBioChem2001 1, 771. (d)
Arvidsson, P. I.; Ryder, N. S.; Weiss, M. H.; Gross, G.; Kretz, O.; Woessner,
R.; Seebach, DChemBioChen2003 4, 1345. (e) Epand, R. F.; Raguse,
T. L.; Gellman, S. H.; Epand, R. MBiochemistry2004 43, 9527. (f)
Arvidsson, P. |.; Ryder, N. S.; Weiss, H. M.; Hook, D. F.; Escalante, J.;
Seebach, DChem. Biodiersity 2005 2, 401.

(19) Nunn, C.; Rueping, M.; Langenegger, D.; Schuepbach, E.; Kim-
merlin, T.; Micuch, P.; Hurt, K.; Seebach, D.; Hoyer, Daunyn-
Schmiedeberg’s Arch. Pharmac@003 367, 95.

(20) (a) Werder, M.; Hauser, H.; Abele, S.; SeebachHBlv. Chim.
Acta 1999 82, 1774. (b) Kritzer, J. A.; Lear, J. D.; Hodsdon, M. E.;
Schepartz, AJ. Am. Chem. So2004 126, 9468. (c) Stephens, O. M.;
Kim, S.; Welch, B. D.; Hodsdon, M. E.; Kay, M. S.; Schepartz,JAAm.
Chem. Soc2005 127, 13126.

(21) Frackenpohl, J.; Arvidsson, P. I.; Schreiber, J. V.; Seebach, D.
ChemBioChen2001, 2, 445.

(22) Wiegand, H.; Wirz, B.; Schweitzer, A.; Camenisch, G. P.; Perez,
M. I. R.; Gross, G.; Woessner, R.; Voges, R.; Arvidsson, P. |.; Frackenpohl,
J.; Seebach, DBiopharm. Drug Dispos2002 23, 251.

(23) DeGrado, W. F.; Schneider, J. P.; HamuroJYPept. Res1999
54, 206.

(24) (a) Krauthaser, S.; Christianson, L. A.; Powell, D. R.; Gellman,
S. H.J. Am. Chem. Sod997 119 11719. (b) Seebach, D.; Abele, S.;
Gademann, K.; Jaun, BAngew. Chem., Int. EA.999 38, 1595.

(25) (a) Schumann, F.; Mier, A.; Koksch, M.; Miler, G.; Sewald, N.

J. Am. Chem. SoQ00Q 122 12009. (b) For a related example on the
effect of 2-aminocyclohexane carboxylic acid, see: Strijowski, U.; Sewald,
N. Org. Biomol. Chem2004 2, 1105.
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containinga-amino acids. They found an enhanced stability of
the overall secondary structure, more specifically that the
incorporated unnatur@amino acid residue preferably occupied
the central sequence position of a modifjetlirn conformation.
Similar studies were published by Fairlie et &lwhere they
investigated hoys®-amino acids influence the stability of cyclic
tetrapeptides by incorporating #-hPhe 3-(S-homopheny-
lalanine) residue into an-peptide sequence, which contained
another conformationally biasing residue (iproline). They
too observed an enhanced conformational stability of the
resulting peptide, but only when thg*-hPhe residue was
positioned opposite and not adjacent to thproline residue.

In line with our interest on the synthesis and conformational
analysis of cyclic peptides consisting merely3edmino acid¥’
and the recent interest in designing turn mimetics for disruption
of protein—protein interactiond® we became interested in
finding out whether gs%-amino acid residue would impose
similar restriction on the conformational space of cyclic peptides
otherwise composed only ofamino acids. Theoretical studies
by Wu and Wang have shown thAtsubstitution §3-amino
acid) is more efficient tham-substitution g%-amino acid) in
reducing the flexibility of aB-peptide backbon#. However,
the unigue structures found fg82-amino acid containing
peptided*?30 suggest thap2-amino acids could also have a
stabilizing effect on cyclio-peptides. Herein, we wish to report
our findings on the influence of both enantiomers gfamino
acid on the conformational preference of a cyclic tetrapeptide.

Results

Design and SynthesisTo study the effect gfi>-amino acids
and to be able to compare the result to the influencg®f
amino acids, as studied by Sewald et%&nd Fairlie et al?f

Norgren et al.

CNHZ

o : [0} z (o) H
»NH_o »>"NH,0 »=NH_0
Th o o pbal b
0N O%N N /& _/&N
% L{Qo o N=o
1 2 a (R)-f*hPhe 3 a (R)-fhPhe
2 b (S)-FhPhe 3 b (S)-fFhPhe

FIGURE 2. Cyclic tetrapeptidd and mixed cyclia//3?-tetrapeptides
2ab and3ab.

In contrast to the readily available (both synthetically and
commercially)53-amino acids, the synthesis of enantiomerically
pure f2-amino acids is far more tedious and still requires
laborious multistep procedures despite numerous developments
in this field 32

The protectedB2-amino acids, FmocR)-52hPhe-OH and
Fmoc-©)-A%hPhe-OH, were synthesized enantiomerically pure
utilizing a procedure developed by Seebach and co-woiRéfs,
with the exception of using the Evans type of chiral oxazoli-
dinone auxiliary?*

The general strategy for the syntheses of the cyclic tetrapep-
tide 1 and the mixed cycliao/?-peptides2a/b and 3a/b is
outlined in Scheme 1 and included first solid-phase synthesis
of the linear peptide, followed by cleavage of the precursors
from the resin and final cyclization in solution. The linear
peptides were all synthesized by standard Fmoc solid-phase
peptide synthesis protocols on 2-chlorotrityl chloride redin (
Barlos resin)® Cleavage of Fmoc-deprotectédrom the solid
support was performed under the typical mild conditions for

we chose a sequence closely related to that used by Fairlie etnjs resin (j.e., acetic acid) and gave the side chain Boc-protected

al. Hence, a cyclic tetrapeptide consisting merelyedmino
acids, that iscycla-Phep-Pro-Lys-Phe-) 1), was synthesized
for comparison. Although this peptide does not contain the
nonproteinogenic amino acid $8S)-2-amino-8-0x0-9,10-ep-
oxydecanoic acid (Aoe), known to be necessary for the
biological activity of chlamydociri! this sequence still has close

linear tetrapeptidé. For cyclization, the linear precursérwas
dissolved in dry DMF followed by addition of DIEA. This
mixture was then added slowly over 20 h via a syringe pump
to a flask containing a vigorously stirred solution of PyBOP
and DIEA in dry DMF to get a final peptide concentration of
about 1 mM. The products were obtained after preparative

structural resemblance to such entities, suggesting that theyeyersed-phase HPLC, and the yields for the cyclization step

structures identified in this study could serve as a scaffold for
further developments of biologically active substances and
molecular receptors.

The positional effect of thg2-amino acid incorporation was
of high interest, whereupon we synthesized mixed cyclic
tetramers with th@?hPhe residue either in position- 1 (2a,b)
ori + 2 (3ab) with respect to the-proline. Additionally, the
effect of the chirality of the side chain of th#?-amino acid
was also of significant interest, and therefoRy-g%hPhe was
inserted ikaand3aand ©)-%hPhe in2b and3b, respectively
(Figure 2).

(26) Glenn, M. P.; Kelso, M. J.; Tyndall, J. D. A,; Fairlie, D. .Am.
Chem. Soc2003 125, 640.

(27) (a) Biitner, F.; Erdgi, M.; Arvidsson, P. |.Helv. Chim. Acta2004
87, 2735. (b) Bitner, F.; Norgren, A. S.; Zhang, S.; Prabpai, S.; Kongsaeree,
P.; Arvidsson, P. IChem—Eur. J. 2005 11, 6145.

(28) Burgess, KAcc. Chem. Re®001, 34, 826.

(29) (&) Wu, Y. D.; Wang, D. PJ. Am. Chem. Sod.999 121, 9352.

(b) See also: Martinek, T. A.; Fiop, F.Eur. J. Biochem2003 270, 3657.

(30) Seebach, D.; Abele, S.; Gademann, K.; Guichard, G.; Hintermann,
T.; Jaun, B.; Matthews, J. L.; Schreiber, J. V.; Oberer, L.; Hommel, U.;
Widmer, H.Helv. Chim. Actal998 81, 932.

(31) (a) Meinke, P. T.; Liberator, Eurr. Med. Chem2001, 8, 211. (b)
Brosch, G.; Ransom, R.; Lechner, T.; Walton, J. D.; Loidi,Rtant Cell
1995 7, 1941.
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were in a narrow range of 3&0% for all peptides (Table 1).

Characterization of the mixed cyclic peptides by reversed-
phase HPLC on an analytical C18 column revealed interesting
results. The retention time @b is only about half as long as
that for the other cyclopeptides (Table 1). This behavior
represents a remarkable change in overall hydrophobicity under
these conditions, suggesting a different conformatior2lof
caused by the reversed stereochemistry géthBhe-OH residue
compared to that of its diastereoniza

Solid-State Structure through X-ray Diffraction. Before
deprotection of the Boc-protected lysine side chain, we obtained
crystals of2a suitable for X-ray diffraction (Figure 3).

(32) For recent reviews, see: (a) Lelais, G.; SeebactBibpolymers
2004 76, 206. (b) Campo, M. A.; Escalante, J.; SebestggZRmino Acids
with Proteinogenic Side Chains and Corresponding Peptides: Synthesis,
Secondary Structure, and Biological Activity. Emantioselectie Synthesis
of f-Amino Acids 2nd ed.; Juaristi, E., Soloshonok, V., Eds.; Wiley-
Interscience: Hoboken, NJ, 2005; pp 598L7.

(33) Hintermann, T.; Seebach, Bynlett1997 437.

(34) Evans, D. A.; Urpi, F.; Somers, T. C.; Clark, J. S.; Bilodeau, M. T.
J. Am. Chem. S0d.99Q 112 8215.

(35) Chan, W. C.; White, P. D. Ikmoc Solid-Phase Peptide Synthesis,
A Practical ApproachChan, W. C., White, P. D., Eds.; Oxford University
Press: New York, 2000; pp 4176.
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General Synthetic Route for the Cyclic Tetrapeptides, Exemplified by 4

._'E abcbdbeCI
BocHN

H
N

NHFmoc

a Reagents and conditions: (a) Fmoc-Phe-OH, DIEA, DCM, room temperature, 1 h; (b) 2% DBU/2% piperidine in BNBFM; (c) Fmoc-Lys(Boc)-
OH, HBTU, HOBt, DIEA, DMF, room temperature, 3 h; (d) Fmoe?ro-OH, HBTU, HOBt, DIEA, DMF, room temperature, 3 h; (e) Fmoc-Phe-OH,
HBTU, HOBt, DIEA, DMF, room temperature, 3 h; (f) DCM/GBOOH/TFE, (3:1:1), room temperature, 2 h; (g) PyBOP, DIEA, DMF, room temperature,

24 h; (h) TFA.

TABLE 1. Isolated Chemical Yields and Retention Times during
Analytical RP-HPLC of Purified Mixed Cyclic a/f-Tetrapeptides

peptide tr (min) yield (%)
2a 19.7 37
3a 22.8 40
2b 10.9 36
3b 23.0 36

All transamide bonds were observed in the solid-state
structure of Boc-protecte®a. While thei + 1 amide nitrogen
(relative to thep-Pro residue) formed a hydrogen bond inter-
molecularly, the two amide nitrogensiat 2 andi — 1 positions
formed intramolecular hydrogen bonds to carbonyl oxygen
atoms of thei + 1 residue and ob-Pro, respectively. These
two intramolecular H-bonds, with distances of 2.94(1) A and

ence of the peptides by NMR spectroscopy and Monte Carlo
conformational search, we made some brief predictions of the
expected conformations from how the different amino acid resi-
dues are positioned relative to each other. Stru@Qareyclq-
(R)-B2hPhep-Pro-Lys-Phe-)) an@b (cycla-(S)-52hPhep-Pro-
Lys-Phe-)) have the turn-inducing residue$ro ands?hPhe

ati andi — 1 positions, respectively, assuming a stabilizing
effect in thep-Pro82hPhe sequence. The cyclic peptidkes
(cyclo-Phebp-Pro-Lys-R)-#%hPhe-)) and@b (cyclo(-Phes-Pro-
Lys-(9-52hPhe-)), however, have the two turn-promoting resi-
dues separated from each other ini@amdi + 2 relation. This
could lead to stabilization of the conformer at two positions in-
dependent of each other, similar to the observations made by
Fairlie and co-worker& Further, the chirality of thg?-amino
acid was expected to influence the conformational stability,

3.17(1) A between the heavy atoms, respectively, contribute to which rationalized the synthesis fthPhe residues with either

the rigid conformation of this cyclic peptide. Despite much
effort, no crystals of sufficient quality for X-ray diffraction

the side chain of the same relative configuration as natural
a-amino acids (R)-4%hPhe) or with the opposite chiralityS)

measurements were obtained for any of the other peptides inf?hPhe)?®

protected or deprotected form.
Solution-State Structures through NMR Spectroscopy and
Calculations. Before investigating the conformational prefer-

FIGURE 3. Perspective drawing of the crystal structure of Boc-
protected?a. Two intramolecular hydrogen bonds are shown in dashed
lines.

IH NMR spectra of the five cyclic tetrapeptidésind2—3a/b
were first recorded in BD/H,O (1:9). The amide region of cyclic
o-tetramerl gives the expected indication of several conformers
in slow interconversion (Figure 4a). Further, the coupling
constants are smaller than what would be expected for an
ordered conformation.

The amide regions of the spectra arising from the four mixed
tetrapeptides all give the indication that replacement of one
o-amino acid residue with g-amino acid analogue gives rise
to peptides with enhanced structural stability.

Comparing the spectra given for diastereontzasand 2b,
the only significant difference observed is a drastic change in
shift of the o-Phe amide proton signal (Figure 4b,c, respec-
tively). In comparison between the amide regions of tHe

(36) It should be noted that, as the backbone of the amino acids are
prolonged with an extra methylene group, the nomenclaturR ahd S
according to the CIP rules can change even though the absolute configuration
remains unaltered.

J. Org. ChemVol. 71, No. 18, 2006 6817
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FIGURE 4. H NMR (500 MHz) spectra ol (a), 2a (b), 2b (c), 3a 88 86 84 82 80 7.
f)?])’tgnis;be(e;ec)ﬁnﬁg/?g&gﬁfggﬁfr‘%?sHOf\,f,ges‘mgguﬁ%c;g Ik?e'd47FIGURE 5. Solvent contribution to the conformational stability
L 4p3 b and3a) and 53 o P " evaluated by*H NMR (500 MHz) spectroscopy in GED/CHOH
(1), 4.3 @a 2b, ), -3 §D). (1:9) and DMSOds. Two conformations ob (a) appear in DMSO-

o ) ds but not in methanol or water. The existence of multiple conformers
NMR spectra arising from the diastereom8esand 3b, there seen in aqueous solution of cyclic tetran3ér (b) (see Figure 4e) is,

is no dramatic change in shifts due to the change of chirality; however, reduced to one in both @DD/CH;OH (1:9) and DMSQOd.
however, the high degree of conformational stability seen in TABLE 2. Amide Proton Temperature Coefficients AS/AT

the spectra o8a has _been _re_duced in the_SpeCtrEB_bf(Flgure (ppb/K) of'the Cyclic #?hPhe Containing Peptides 2a, 2b, 3a, and 3b
4d,e). One observation arising from this is the existence of two \easured in DMSO-ds over the Temperature Range 25-85 °C
separate amide proton signals arising from the Lys residue (

= 8.38 and 7.77 ppm, WitRlyncre = 6.9 Hz in both cases). _ AJIAT :
Cyclic tetramers2a and 2b give rise to sharp amide proton peptide Lys Phe p*hPhe
signals and largeX8 Hz) 3Jnncho for the a-Phe and3?hPhe 2a 6.6 11 1.2
residues, whereada shows large®Jnycra (7.8 and 8.5 Hz, 2b 4.7 5.1 12
i i : 3a 5.3 5.2 3.8
respectively) for thex-Phe and Lys residues and a well-defined 3b 19 o1 5

triplet signal from 82hPhe. The large coupling constants

observed strongly support thag, 2b, and3a all exist as one o ) .
predominant conformer in aqueous solution. Interestingly, the bonding in each peptide. The value of the temperature coefficient

coupling constant of Lys is smalbduicha &~ 5—6 Hz) in 2a for the f2hPhe amide proton iBain DMSO suggests that this

and2b, but in cyclic tetrapeptid@a and 3b large NH-CHa proton is between solvent-exposed and hydrogen-bonded states.

coupling constants of 8 Hz are observed. From the variable temperature measurements, it could also be
The solvent contribution to the conformational stability was N°ted that only the major conformation of peptiiein DMSO-

investigated by running addition#i NMR spectra of the five s Was observed at temperatures above'@5

compounds in CBEOD/CHOH (1:9) and DMSOds. This The peptides giving rise to only one major conformer y©D
analysis revealed interesting details about compo@tdand H20 (1:9) @a, 2b, and3a) were next evaluated by 2D NMR
3b. When the spectrum dtb was recorded in CEDD/CHs- experiments (ROESY, TOCSY, PE-COSY, and gHMBC). To

exclude the possibility of analyzing incorrect peaks arising from
TOCSY side effects in the ROESY spectra, NOESY was
additionally run for structurea and 3a. From the 2D NOE
experiments we could establish that all secondary amide bonds

OH, the conformational stability seen in aqueous solution was
left unchanged. However, when DMSfgwas used as a solvent
the cyclic peptide adopted higher flexibility and gave rise to a

double set of amide proton signals (Figure 5a). Despite the - ; .
existence of more than one conformer in DMSO, these appearhad thetrans-configuration according to the lack of NOEs
between Cld; and ChHy;;. Concerning thep-Pro residue,

as greatly ordered ones according to the observations of large
g y 9 g ROESY cross-peaks between throtons of theo-Pro and a

8JnHen arising for both conformers. In the case 8h, the 8 - )
multiple numbers of conformers seen in aqueous solution are Packbone proton on the adjacent Phe residuefds in the
case of3*hPhe and CHl in the case of Phe) were observed for

reduced to one stable conformer in both DM8¢£and methanol : . oo X
(Figure 5b). The mixed cyclic tetrame2a and3a do not give the cyclic tetrapeptide®a and3a, indicating atrans-amide bond

rise to any significant conformational change upon change of IN these peptides. The 2D spectra2ti, however, lacked the
solvent. presence of such NOEs, thus suggesting the presenceisf a

The amide proton temperature coefficiehtsere measured amide bond. The. e.xpected NO.ES qrising betweerui@md
for all peptides in DMSQgs (Table 2). The measured values CHoai+1, characteristic for such@s-amide bond, were difficult

suggest that two amide protons are involved in intramolecular LO observteh in_ the 'dRObESE spelgtrgjm ab |dlé|edt(t) obverlap; ;
hydrogen bonding in peptidze, while peptide2b and3b only owever, thecis-amide bond could be concluded 1o be presen

; ; [ due to the dramatic change in chemical shift of €CHf the
h t I t lecular h . :
ave one amide proton involved in intramolecular hydrogen b-Pro residue as compared to thatazfand3a (cf. 3.70 ppm

(37) (a) Kopple, K. D.; Ohnishi, M.; Go, AJ. Am. Chem. Sod.969 (2b) to 4.38 and 4.52 ppm frorﬁ.a and3a, reSpeCtl\.lely)' .
91, 4264. (b) Ohnishi, M.: Urry, D. WBiochem. Biophys. Res. Commun. As a complement to the experimental conformational studies,
1969 36, 194. (c) Kessler, HAngew. Chem., Int. Ed. Endl982 21, 512. a theoretical conformational search was performed on the mixed
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Discussion

It should be noted that the NMR restrained calculations were
performed in a water continuum and did not involve any
hydrogen-bonding restraints. Still, the resulting structures show
excellent agreement with the predictions made from the DMSO
temperature coefficients concerning the presence and location
of hydrogen bonding. Thus, the structure 2d in Figure 6
features two hydrogen bonds, involving the amide protons on
FIGURE 6. Results from the computational conformational search th€/?hPhe residue and the Phe residue, just as predicted from
made by Monte Carlo search shown as bundles of six @for 2b) the data listed in Table 2. Likewise, the amide proton of the
low-energy structures fror@a (a), 2b (b), and3a (c). B?hPhe residue in peptid2b was predicted to be involved in

hydrogen bonding and found to be so in the calculation. The
cyclic peptides evaluated by the 2D NMR studies obtained in solution-state structures calculated for pepBdeare also seen
D,0/H,0 (1:9). NOEs derived from ROESY or NOESY cross- to involve a hydrogen bond involving ti#8hPhe residue; again,
peaks of the mixed cyclic tetrapeptides were introduced using the temperature coefficient in DMSO suggested this, even if
the upper bond distance limits: strong 251 A, medium 3.0 the value here was not as small as that observed for the other
+ 1 A, and weak 4.6t 1 A in a conformational sampling (see  peptides. The solution structure of peptitein water was not
Experimental Section for details). Further, the three secondarycalculated due to the presence of two conformers. Still, as the
amide bonds were all fixed to 18& 20°. For compound®a temperature coefficient suggested involvement of the lysine
and3a, the tertiary amide bond was locked into a trans-position residue in hydrogen bonding, it may be envisaged that the

by 180 + 20°, whereas in structur@b it was fixed to acis- opposite chirality of thgg?hPhe residue i8b, as compared to
amide bond by 0+ 20°. that of 3a, forces the molecule into a conformation where the

B?hPhe amide proton is no longer involved in hydrogen bonding,
but instead allows the-Phe residue to engage in hydrogen
Fonding to the Lys and/or the-Pro residue. Overall, these
indings consistently support the initial assumptions made at
the beginning; namely, that A%-amino acid is capable of
stabilizing cyclic tetrapeptides into one main conformation even

agreement with the structure given for the Boc-protected . S . .
7 . .. inagueous solution. The stabilizing effect may be obtained either
derivative by X-ray crystallography (Figure 3). More specifi- . . : - o
) ' ., by placing the turn-inducing residuesPro ands*hPhe at and
cally, the energetically most favored conformer in both the solid .

and solution states of a highly polar solvent, such as water, is' 1 position or by having the two turn-promoting residues

. h separated from each other in aandi + 2 relationship.
the one characterized by two intramolecular hydrogen bonds Interestingly, all cyclic peptides with %amino acid
between residues in drto i + 2 arrangement. . . gy y Pepa .
) i ) ) investigated here were shown to incorporate modifiedrns.
A conformational study of the cyclic peptide possessing s s in contrast to the studies reported by Sewald e®al.,
opposite chirality of3*hPhe residue2b) was performed Using  \yherey-turns were observed in a larger cyclic mixed peptide
20 extracted NOEs in a way similar to that described above, incorporating3-amino acids, and in the studies by Fairlie et

but here two sets of conformers were found. These are g 26 \yhere bothy- and g-turns were observed depending on
represented by six low-energy structures each and are shownhe chirality of one of thea-amino acids in the cyclic
in Figure 6b. Comparing the rt_esults from this cyclic peptide tetrapeptide sequence. This observation suggests fatraino
with those extracted from the diastereorley the presence of  5cid has a larger propensity to induyéeurns in cyclic mixed

a cissamide bond in the backbone prevents the formation of o S-peptides than #@3-amino acid residue has and thus may
one of the stabilizing intramolecular hydrogen bonds, thus provide a useful complement {8-amino acids in the design

leaving one stabilizingi to i + 2 hydrogen bond. As a  of conformationally homogeneous cyclic peptides with predict-
consequence, the amide bond positioned opposite t@ithe  gple structural characteristics.

amide bond possesses an enhanced flexibility, which causes the as stated in the Introduction, these findings are expected to
amide bond to fluctuate in orientation at this position. It is find practical use in the area of medicinal chemistry, molecular
reasonable to assume that the rate of this rotation is solvent-recognition, and catalysis. To illustrate the similarity of the
dependent and that the two conformations observed for this Cyc”c mixed tetrapeptides to those of natura”y occurring

peptide in DMSOd; (Figure 5a) represent these two conforma-  pjoactive cyclic tetrapeptides (e.g., HC toxin and chlamydocin),
tions in slow exchange on the NMR time scale. we superpositioned the X-ray structure of chlamyd#bim the
Regarding3a, 16 NOEs were used in the computational solution-state structures of the two mixed cyclic pepti@as
calculation, giving rise to only one conformational family, and3athat were found to have ditansamide bonds. As seen
represented in Figure 6¢c as a bundle of six conformers. Thein Figure 7, the @-carbons of these structures overlay well,
position and chirality of thg2hPhe residue in this peptide allow showing that g32-amino acid in both thé — 1 andi + 2
the formation of one intramolecularto i + 2 hydrogen bond position, relative ta-proline, places all the side chains of the
that involves both the stabilizing+Pro residue and the opposing  mixed a/B-peptide in a spatial orientation similar to that of a
[?hPhe residue, thus again leading to a highly conformationally natural alle-peptide.
homogeneous peptide. The overall shape of this cyclic peptide Furthermore, Fairlie et al. demonstrated that the 13-membered
is similar to that of2a with the exception of the orientation of  ring of their mixed o/S-cyclic tetrapeptides was a potential
the amide bond between the two phenylalanine residues, which
is naturally dependent on the position of {feamino acid. (38) Flippen, J. L.; Karle, I. LBiopolymers1976 15, 1081.

For 2a, 16 NOEs were extracted and used in the conforma-
tional search. Only one family of conformers was found, and
the results of the computational studies are seen as a bundle o
six low-energy structures in Figure 6a. This theoretical structure
extracted from NMR studies in solution is in almost perfect
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B?- and pB3-amino acids provide enhanced conformational
stability of cyclic peptides offers increased variability for
designed placement of functional groups (in space) and pro-
claims further elaboration of entities such as conformational
restraints in future peptidomimetic designs.

Experimental Section

General Method for the Synthesis of Tetrapeptides +3 via
Solution-Phase Cyclization. 1. Loading of the ResinFreshly

FIGURE 7. Superposition of the X-ray structure of chlamydocin activated 2-chlorotrityl chloride resin (1.49 mmol/g, 1 equiv) was

(brown) and the solution state structure of cyclic tetrapeptiiega) put into a manual peptide synthesis vessel and was swollen in dry
and3a (b) (blue). RMSD: 0.57 A (a) and 0.43 A (b) for the founC DCM.3* A solution of 1 equiv of Fmoc-Phe-OH and 2.5 equiv of
carbons. DIEA in dry DCM was added, and argon was bubbled through the

reaction mixture for 45 min. The resin was washed with DMF (2

peptidomimetic scaffold that had a good match between the side-X 2 ’EL)v a mixture of DCWMe?H/DlEA_: 80;}_15:5 was added,
chain positions and a range of structurally diverse nonpeptidic 2nd the suspension was stirred for 10 min. This step was repeated

. . . once. The resin was further washed with DMF, and subsequent
templates found in natural produétsThus, mixed cycliau5- Fmoc deprotection was executed with 2% DBU/2% piperidine in

peptides may be regarded as promising rigid backbones thatDMF (5 x 5 min). The resin was washed with DMF, shrunk with
offer several sites for tailoring the molecule’s properties and peoH (5x 2 min), and finally dried under high vacuum for 10 h.

function at will. Determination of the substitution level of a small sample of the
resin based on Fmoc-UV spectrophotometry resulted in a typical
Conclusions loading yield of 60% (0.89 mmol/g).

2. Amino Acid Coupling. These steps were performed on the
Investigations byH NMR showed enhanced conformational Quest 210 synthesizer, and for Fmoc deprotection the resin was
homogenity of cyclic tetrapeptides due to the incorporation of stirred with 2% DBU/2% piperidine in DMF for 5 5 min. After
af?hPhe amino acid residue. By analyzing spectra recorded inWashing the resin with DMF (5 2 min), we added the solution
different solvents, it could be concluded that peptidasand of the activated amino acid derivative (3 equaivor #?-amino acid,

. . . : 2.9 equiv of HBTU, 3 equiv of HOBt, and 6 equiv of DIEA in
_32]
E’,a, Wh'c,,h both contain R)-5°hPhe (|:e., co_rrespondlng o the DMF). The resin suspension was stirred at room temperature for 3
natural” L-configuration of thea-amino acids), possessed an |, "5 the TNBS te# showed completion of the reaction. The
even higher degree of conformational rigidity as compared 10 resin was washed with DMF (% 2 min) and DCM (5x 2 min)
the mixed peptide&b and3b containing §)-5%hPhe, indepen- and was shrunk with MeOH (5 2 min).

dent of where in the sequence themino acid is placed. 3. Cleavage of the Linear Tetrapeptides from the ResirThe
Fairlie et al. concluded in their study that incorporation of a cleavage mixture (DCM/TFE/AcOK: 3:1:1) was added to the dry
B°hPhe residue into cyclic tetrapeptides enhanced the confor-resin, and the suspension was stirred at room temperature for 2 h.
mational homogenity when thg3-residue was positioneid+ The resin was .filtered off gnd washed two timgs with cleavage
2 relative to the other biasing element (i.e:Pro)28 In our mixture for 2 min. After addingr-hexane (ca. 15 times excess) to
case, this increased conformational stability was observed the combined filtrates, we evaporated the mixture under reduced
independently of the position of tf#hPhe residue. On the other pressure. Water was added, and the crude product was lyophilized.

; ; . ; 4. Cyclization in Solution. The linear tetrapeptide (1 equiv) was
hand, the side-chain chirality of th#-residue was shown to . - .
be relevant. The stabilizing eyffect offaamino acid in the + added to a solution of DIEA (5 equiv) in approximately 15 mL of

o . - dry DMF. This mixture was added slowly over 20 h via syringe
2 position relative ta-Pro, as noted by Fairlie et al. f*- pLymp to a flask containing a well stirregi/ solution of PyB}(/)Pg(3
amino acids, is also noted in our study, provided that the chirality equiv) and DIEA (5 equiv) in dry DMF (final peptide concentra-
of f%-amino acid matches that of the flankiegamino acids  tion: 1 mmol/L). The reaction mixture was stirred at room
(i.e., all “L"-configuration, 3a). However, af2-amino acid of temperature for a further 4 h. DMF was evaporated, and the residue
the opposite chirality at this position (i.ep™amino acids in was purified by RP-HPLC. The cyclic peptidés2a, and2b were
bothi andi + 2 positions) is conformationally destabilizing as  cyclized between the-Phe ands-Phe residues, whereas mixed
seen for3b. Perhaps more surprising is the finding that%a cyclic peptides3a and 3b were cyclized between-Phe and the
amino acid next to the-Pro element is capable of enhancing °-Pro- - _
the conformational stability. Incorporation of3&-amino acid, cyclo(-Phe-d-Pro-Lys-Phe-) (1). The purification was done in
in thei — 1 position as compared to tiePro residue, of the WO Steps. First step: 3675% B over 29 mint, = 18.7 min.

same relative configuration as a natuxamino acid enhances ~ Evaporation of the combined fractions resuited in Boc cleavage,

the conformational homogenity (cfL and 2a), while the and the subsequent second purification step (% B over 29

. . . i A N min, t, = 19.2 min) led after final lyophilization to the target peptide

incorporation of a b”-configured2-amino acid residue in this 1 i 3696 yield. Analytical RP-HPLC (2640% B over 27 min):

position is capable of inducing @s-amide bond Zb). t, = 15.2 min. MALDI-TOF MS: calcd. for GHs/NsOy: 519.285;
Taken together, this study demonstrates that both sjffgle  found: 520.182 ([M+ H]*), 542.133 ([M+ NaJ*), 558.095 ([M

and B%amino acid residues may be used to enhance the+ K]¥).

conformational homogenity of small cyclic peptides in aqueous

Solutlon ThIS |S a pal’tlculal’ly |mp0rtant f|nd|ng |n the case Of (39) DCM: dich|0r0methane; DIEA: N’N.d||50pr0py|ethy|am|ne’

cyclic tetrapeptides, due to their great practical utility as DMAP: 4-(dimethylamino)pyridine; HBTU: 2-{-benzotriazole-1-yl-)-

; ; ; i _1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt: 1-hydrdxy-1
biologically active substances, as molecular hosts in supramo benzotriazole; MaOH: methanol; NMMN-methylmorpholine: PyBOP-

lecular recpgnition, and pOS_Sib|y in_ the futurg devebpment of benzotriazole-1-yl-oxytris(pyrrolidono)phosphonium hexafluorophosphate;
novel peptides with catalytic function. The finding that both TFE: trifluoroethanol; TNBS: 2,4,6-trinitrobenzenesulfonic acid.
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