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_The polyproline I_I (PPII) helix i_s a common se_condary s_tructyre o ~
within natural proteins and plays important roles in many biological | 2R ﬁ—\k |28
processes.The development of molecular probes that allow for o
influencing the conformational stability of the PPII structure is 5 o Fay fj
therefore an important go&t? Likewise, conformationally well- g / )
defined molecular scaffolds that allow for facile functionalization S 0gy @- %—
have become increasingly important for applications ranging from % 1o ¢ ~
the generation of functional materials to the development of cell- = N A M’
penetrating compounds, antibiotics, and inhibitors for specific -20 N AN
protein—protein interactioné> Here we demonstrate that 4-azi- 0
doprolines can be used both as conformation directing elements of 200 210 220 230 240 250 200 210 230 230 240 250
the PPII structure and as functionalizable sites for the development Wavelength (nm) Wavelength (nm)
of proline-based molecular scaffolds. Figure 2. CD-spectra of Ac-[(R)Azp]s-OH 2R (left) and Ac-[(45Azp]s-

. . I OH 2S (right) in agueous phosphate buffer (10 mM, pH 7.2) (red), 25%
Short proline oligomers adopt the PPII conformation in aqueous volvol n-PrOH in buffer (dark purple), 509 PrOH (yellow), 75%n-PrOH

solution, and changing to a less polar solvent, like aliphatic alcohols, (aqua), 85%n-ProH (light purple), 90%n-ProH (black), 95%n-PrOH
can induce a different secondary structure, the polyproline | (PPI) (green), anch-PrOH (blue). Spectra were recorded at concentrations of

helix. The PPII conformation is a left-handed helix with all amide 6 x 10~* M per residue at 23C.

bonds instrans conformations and every third residue stacked on phosphate buffer (10 mM, pH 7.2);PrOH, and mixtures thereof

top of each other in a lateral distance of 9.4 &The PPI helix is by CD-spectroscopy (Figure 2).

right-handed and more compact (helical pitch of 5.6 A per turmn) " The CD-spectrum c2R in phosphate buffer is typical for a PPII

with all amide bonds irs-cis conformations and 3.3 proline residues  helixs (maximum at 225, minimum at 207 nm) and hardly any

per turn®’ The characteristic well-defined conformation of oligo-  conformational change occurs up to a content of 90% vol/vol of

prolines in water, combined with the possibility of switching from  .prOH in buffer. Only in pure-PrOH is the CD spectrum &R

one conformation to anothémender oligoprolines interesting as  jngicative of a PPI helix (minimum at 230 nm, maximum at 212

molecular scaffolds, if attachment sites can be introduced that allow nm). |n contrast, the conformation 26 changes drastically toward

for site-specific placement of functionalized side chains. PPI whem-PrOH is present in aqueous buffer (Figure 2). Analysis
Previous studies on B- or (49-azidoprolines (Azp) had  of the unmodified 9-mer of proline, Ac-[ProPH, revealed that

revealed that their conformation is governed by an “azido gauche jts conformational stability is in between those2it and2S (see

effect” which leads to significantly differerdtransé-cis isomer Supporting Information). These results demonstrate tHaYAZp

ratios around their amide bonds (Figure® Eor Ac-(4R)Azp-OCHs stabilizes whereas GAzp destabilizes the PPII conformati®ifhe

1R and Ac-(£)Azp-OCHs 1S stransé<is ratios of 6.1:1 and  data suggest that the stabilizing effect oRJAzp is due to an

2.6:1, respectively, were observed in@compared to a ratio of  enhancement of the-rr 7* interactions which have been proposed

4.6:1 for Ac-Pro-OCH The highersiranss<is isomer ratio  tg stabilize the PPII conformatichComparable observations have

observed for the B)Azp derivative was rationalized on the basis peen made by Raines et al. with 4-fluoroprolid@siuggesting that

of a stabilizing n— 7* interaction between the oxygen of the acetyl  the effect of an azide is comparable to that of a fluorine. In contrast

group with the carbonyl group of the methylester of gigans to fluorine, azido groups allow for further functionalization.
conformer of1R.2# To evaluate the functionalizability of Azp containing oligopro-
N, Ny lines, we prepared oligoproline Ac-[ProR¥Azp-Prok-OH 3R with
*& ,Z—)‘ AKC-(4H)AE%?C|5|3,O1R Azp residues in every third positiol8BR was used as a model
N COCHy = N7 ~CO5CHg wansicis = 6-1 (D20) compound, designed to have all Azp residues stacked on top of
/g )\ Ac-(48)Azp-OCHg, 18 each other at one edge of the PPII helix (Figure 3A). Conformational
s_trang OS_CI.S Kiransrcis = 2.6 (D20) analyses 08R in agueous solution support this geometry. The CD-

spectrum in phosphate buffer is typical of a PPIl conformation and

IH and13C NMR spectra show essentially one set of signals for
These results suggest thaRjAzp and (£)Azp could be used each, the Azp and the two flanking Pro residuesn4BrOH, the

to tune the stability of the PPII conformation. In addition, the azido CD-spectrum of3R is typical of a PPI-helix.

groups of Azp containing oligoprolines would provide versatile sites ~ Functionalization of 18-meBR was accomplished using Huis-

Figure 1. s-Transk-<cis isomer ratios oflR and 1S

for functionalization of the polyproline scaffold. gen’s 1,3-dipolar cycloaddition (“click reaction®j.Reaction of the
To test the influence of @Azp and (HAzp on the PPII six azido groups with methyl propiolate, Cug6H,0, and sodium
conformation, we synthesized the 9-mers AB)Azp]sOH 2R and ascorbate led to the desired hexatriaztiewhich was isolated by

Ac[(49Azp]oOH 2S and studied their conformations in aqueous simple extraction and precipitation in 40% yield (Figure 3B).
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Figure 3. (A) Model of an oligoproline PPII-helix with Azp residues in
every third position. (B) Functionalization of the 18-n&R using “click
chemistry”. (C) The 16-me6R prepared by successive peptide coupling
and cycloaddition steps.

Derivatization of the Azp containing oligoprolines can be expected
to influence the stability of the PPIl and PPI conformations. CD-
spectra o#iR in aqueous buffer and-PrOH are indicative of PPII
and PPI conformations, respectively, demonstrating that triazole
substituents still allow for adopting both helical structures (see
Supporting Information).

For many applications, functionalization of the polyproline
scaffold with different functional groups will be desirable. Thus,
we next focused on differential functionalization of oligoprolines

by successive peptide coupling and cycloaddition steps (Figure 3C).

Fmoc-Pro-(R)Azp-Pro-OH 5R was coupled onto proline-func-
tionalized rink amide resin followed by a “click-reaction” using
methyl propiolate. After a second coupling®R, a cycloaddition
using phenylacetylene was performed. Third, fourth, and fifth cycles
followed with 4-ethynylanisole, phenylacetylene, and methyl pro-
piolate as alkynes. The “click chemistry” steps were monitored by
IR spectroscopy and were complete within 12 h, except for the
cycloaddition of 4-ethynylanisole, which had to be repeated twice.
The 16-mer6R was removed from the resin with a purity of the
crude product of~60% (after 12 synthesis steps) as judged by
HPLC. CD-Spectroscopic analysis of purifié® showed spectra
indicative of a PPIll-conformation in aqueous buffer and a PPI
conformation inn-PrOH (see Supporting Information).

In summary, the presented work is the first study where azido

groups are used both as conformation directing elements and as

sites for further functionalization. Incorporation ofRAzp into
oligoprolines stabilizes, whereasS#zp destabilizes the PPII
conformation. (R)Azp and (H)Azp might therefore serve as
valuable tools to tune the conformational stability of the PPII helix

for studying biological processes where the PPIl conformation plays
a role. Furthermore, we have demonstrated that Azp containing

polyprolines can be efficiently functionalized in a differential way
using “click chemistry”. Upon functionalization the well-defined
PPII conformation is retained, thereby allowing for the positioning
of functional groups at desired sites. In light of the increasing
importance of molecular scaffolds,the presented Azp-containing
oligoprolines might serve as interesting new leads.
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is available free of charge via the Internet at http:/pubs.acs.org.

References

(1) (a) Stapley, B. J.; Creamer, T.Potein Sci.1999 8, 587—595. (b) Rath,
A.; Davidson, A. R.; Deber, C. MBiopolymers (Pept. Sci3005 80,
179-185. (c) Shi, Z.; Chen, K.; Liu, Z.; Kallenbach, N. Rhem. Re.
2006 106, 1877-1897.

(2) (a) Bretscher, L. E.; Jenkins, C. L.; Taylor, K. M.; DeRider, M. L.; Raines,
R.T.J. Am. Chem. So2001, 123 777—778. (b) DeRider, M. L.; Wilkens,

S. J.; Waddell, M. J.; Bretscher, L. E.; Weinhold, F.; Raines, R. T.;
Markley, J. L.J. Am. Chem. So@002 124, 2497-2505. (c) Hodges, J.
A.; Raines, R. T.J. Am. Chem. Soc2003 125 9262-9263. (d)
Hinderacker, M. P.; Raines, R. Protein Sci.2003 12, 1188-1194. (e)
Hodges, J. A.; Raines, R. Drg. Lett.2006 8, 4695-4697.

(3) (a) Thomas, K. M.; Naduthambi, D.; Tririya, G.; Zondlo, NQ¥g. Lett.
2005 7, 2397-2400. (b) Kim, W.; Hardcastle, K. I.; Conticello, V. P.
Angew. Chem., Int. EQ006 45, 8141-8145.
For reviews see: (a) Cheng, R. P.; Gellman, S. H.; DeGrado, Whém.
Rev. 2001, 101, 3219-3232. (b) Seebach, D.; Beck, A. K.; Bierbaum, D.
J. Chem. Biodiersity 2004 1, 1111-1239. (c) Fletcher, S.; Hamilton,
A. D. Curr. Opin. Chem. Biol2005 9, 632-638.
For examples see: (a) Farrera-Sinfreu, J.; Giralt, E.; Castel, S.; Albericio,
F.; Royo, M.J. Am. Chem. SoQ005 127, 9459-9468. (b) Fillon, Y.
A.; Anderson, J. P.; Chmielewski, J. Am. Chem. So2005 127, 11798~
11803. (c) Yin, H.; Lee, G.-i.; Park, H. S.; Payne, G. A.; Rodriguez, J.
M.; Sebti, S. M.; Hamilton, A. DAngew. Chem., Int. EQ005 44, 2704—
2707. (d) Stephens, O. M.; Kim, S.; Welch, B. D.; Hodsdon, M. E.; Kay,
M. S.; Schepartz, AJ. Am. Chem. So@005 127, 13126-13127. (e)
Sadowsky, J. D.; Schmitt, M. A.; Lee, H.-S.; Umezawa, N.; Wang, S.;
Tomita, Y.; Gellman, S. HJ. Am. Chem. So2005 127, 11966. (f) Patch,

J. A,; Barron, A. E.J. Am. Chem. SoQ003 125 12092-12093. (g)

Choi, S.; Clements, D. J.; Pophristic, V.; Ivanov, |.; Vemparala, S.;

Bennett, J. S.; Klein, M. L.; Winkler, J. D.; DeGrado, W.Ahgew. Chem.,

Int. Ed. 2005 44, 6685-6689.

For example: (a) Kakinoki, S.; Hirano, Y.; Oka, \Rolym. Bull.2005

53, 109-115. (b) Rabanal, F.; Ludevid, M. D.; Pons, M.; Giralt, E.
Biopolymers1993 33, 1019-1028.
(7) (a) Mutter, M.; Wanr, T.; Gioria, S.; Keller, M.Biopolymers1999 51,
121-128. (b) Engel, J.; Schwarz, G&ngew. Chem., Int. EdL97Q 9,
389-400.
(8) Sonntag, L.-S.; Schweizer, S.; Ochsenfeld, C.; Wennemers, Am.
Chem. Soc2006 128 14697-14703.
(9) Furthermore, the maximum at 225 nm, most indicative of the PPII
conformation (Woody, R. WAdv. Biophys. Chem1992 2, 37—79) is
significantly higher in the spectrum @R in aqueous buffer compared to
those of2Sand unmaodified Ac-[Pre}OH. This further supports the higher
propensity of2R to adopt the PPII conformation.
(10) Horng, J.-C.; Raines, R. Protein Sci.2006 15, 74—83.
(11) For a recent review see: B S.; Gil, C.; Knepper, K.; Zimmermann,
V. Angew. Chem., Int. E®005 44, 5188-5240.

(12) (a) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, KABgew.
Chem., Int. Ed2002 41, 2596-2598. (b) Tornge, C. W.; Christensen,
C.; Meldal, M.J. Org. Chem2002 67, 3057-3064.

JA0671480

4

=

—~
ol
~

6

=

J. AM. CHEM. SOC. = VOL. 129, NO. 3, 2007 467





