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ABSTRACT

st-synthetic aX=F,Y=H
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1 peptide 7 conformationally diverse peptides
Strong conformational hiases in peptides and proteins can be achieved with 4-substituted proline residues (cis -, trans -, or disubstituted

fluoroproline or hydroxyproline). The practical, divergent synthesis of peptides containing these residues, via postsynthetic modification of a
peptide containing an internal  trans -hydroxyproline residue, is described. Significant differences in the conformations of the peptides Ac-
TYXN-NH; were observed, including  Kians/cis Values, which varied from 1.5 (X = cis-fluoroproline) to 7.0 (X = trans-fluoroproline).

Protein function is tightly linked to protein conformation.
Peptides are commonly used to study macromolecular

interactions, but, due to significant conformational entropy, X H X Y H Y
unstructured peptides often display only moderate biological “b H@ Hb Hb
activity. The limitations of unbiased peptides have stimulated chr'“ N chr"' N Rc\ﬁ\‘“ N HC\T“ N
the development of strategies to stabilize peptides in biologi- 0 R R R R
cally active conformation. 1aX=OH (4R) Hyp % 3aX.Y=04-oxo-Pro da¥=OH (4S) hyp
Proline performs numerous biological roles due to its 1bX=F (4R)Fip Pro. 3bXY=FFFPro  4bY=F (48)flp
unique status as a conformationally restricted amino %cid. "”1%‘};’1?5?;’:]
4-Substituted proline derivatives (Figure 1) exhibit strong X
and disparate conformational biases that are dependent on " Y omx
the stereochemistry and the electronics of the substitétion. o N g v
Dramatically, collagen can be significantly stabilized or A Mixture of exo and endo ring Favor Cy-endo

destabilized via appropriate site-specific incorporation of ring pucker puckers ring pucker

proline derivatives:® A general synthetic approach to pep- Figure 1. Proline and 4-substituted proline derivativeRR)<
tides containing divergent 4-substituted proline residues stereochemistry (trans substitution) at the proline 4-position is
would provide a new tool to investigate protein structure— indicated by upper case letters in the name, whereas (S)-stereo-
chemistry (cis substitution) is indicated by all-lower case letters in
(1) (a) Fairlie, D. P.; West, M. L.; Wong, A. KCurr. Med. Chem199§ the name.

5, 29-62. (b) Peczuh, M. W.; Hamilton, A. DChem. Re»2000, 100,

2479—2493. (c) Venkatraman, J.; Shankaramma, S. C.; Balaraiem. . . . . . . "
Rev.2001,101, 3131—3152. (d) Cowell, S. M.: Lee, Y. S.; Cain, J. P.; function relationship8.Herein, we describe proline editing,

Hﬂ(lg)y,( \)/ ;-Cug- %e%v %_hemZOO"‘\h llﬁ 2;8%—375:%%8 1200014 a strategy for the preparation of a family of peptides that
a ay, b. K] lilamson, M. P.; Sudol, H= . s y . i . . .
231-241. (b) Reiersen, H.; Rees, A. Reends Biochem. Sc2001. 26. are |nd|V|d_uaIIy cor_lformatlonally restricted but collectively
679—684. conformationally diverse.
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Proline derivatives with strong conformational biases are ||| NNEGGNGNGNGNGEGEGEE

potent tools to elucidate the roles of secondary structure, turn - gcheme 1. Solid-Phase Synthesis of Peptides Containing

geometry, and cis—trans isomerization in protein structure Trityl-Protectedtrans-Hydroxyproliné

and function’ Trans-4-substituted prolines strongly favor Fmoc-Hyp-OH

trans amide bonds by promoting Cy-esing pucker, and aibel DR ol 9y

cis-4-substituted prolines favorn/&endoring pucker and can (FmocrHNHink—O-—-b- FmocHN—{HyJ:)Asn(Tﬂ}—N—O

promote cis amide bonds; 4,4-difluoroproline reduces the O, H

activation barrier of cis—trans isomerization, potentially a Triv chioride ot = Sy Y @

rate-limiting process in protein folding, protein misfolding ——= FmocHN—(HyJ;)Asn(m}_N_o _;..O_Hgﬁ Sy

and diseasé?® o R
Despite their utility, fluoroproline-containing peptides are 2% TFA HO, H b

infrequently reported. Although Fmdcans-fluoroproline ‘?,;,“53 H b

(Flp) is commercially available, it is quite expensive. Fmoc- P s O_F'gqr"' N

cis-fluoroproline (flp), Fmoc-4,4-difluoroproline §Pro), o *

Fmoc<is-hydroxyproline (hyp), and Fmoc-4-oxoproline (4- 6

oxo-Pro) are not commercially available. The most practical  akey: (a) 20% piperidine/DMF; (b) Fmoc-Asn(Trt)-OH, HBTU,
syntheses of these compounds require, for each Fmoc amin®@IPEA/DMF; (c) Fmoc-Tyr(@Bu)-OH, HBTU, DIPEA/DMF; (d)
acid, 57 steps from commercially availaliens-hydroxy- Fmoc-Thr(OtBu)-OH, HBTU, DIPEA/DMF; (e) 10% AO/pyri-
proline methyl estet Moreover, using standard methodology, dine-

the synthesis of a series of peptides, each containing a
different proline derivative, would require the solution-phase
synthesis of each Fmoc derivative, as well as the repetitive

peptidg synthesis ofaihresidugs N-terminal tq the'proline The overall approach is presented in Schemes 1 and 2.
derivative (1 x msteps). Alternatively, an attractive divergent Commercially available and inexpensive Fritcaas-hy-

strategy would be to incorporate into a peptide sequence ayqyynroline (Hyp) was incorporated via standard solid-phase

(3) (@) Panasik, N.; Eberhardt, E. S.; Edison, A. S.; Powell, D. R.;
Raines, R. Tint. J. Pept. Protein Red994,44, 262—269. (b) Eberhardt,
E. S.; Panasik, N., Jr.; Raines, R.JTAm. Chem. S04996,118, 12261— Scheme 2. Proline Editing to Synthesize Conformationally
12266. (c) Holmgren, S. K.; Taylor, K. M.; Bretscher, L. E.; Raines, R. T. Diverse Peptidés
Nature 1998 392 666-667. (d) Holmgren, S. K.; Bretscher, L. E;

Taylor, K. M.; Raines, R. TChem. Bio0l.1999,6, 62—70. (e) Bretscher, L. Ac—TYHYpN-NH:

E.; Jenkins, C. L.; Taylor, K. M.; DeRider, M. L.; Raines, R. J.Am. 7 Ac—TYﬂpN-NHz

Chem. Soc2001, 123, 777—778. (f) Jenkins, C. L.; Raines, R. Nat.
Prod. Rep2002,19, 49-59. (g) DeRider, M. L.; Wilkens, S. J.; Waddell, 8

M. J.; Bretscher, L. E.; Weinhold, F.; Raines, R. T.; Markley, J. L.

J. Am. Chem. So2002,124, 2497—-2505. (h) Hodges, J. A.; Raines, R. T. DAST

J. Am. Chem. So®003,125, 9262—9263. (i) Jenkins, C. L.; McCloskey, Ac-‘I‘Y(4-0XO-Pr0)N-NI-Iz
A. l.; Guzei, I. A.; Eberhardt, E. S.; Raines, R. Biopolymers2005, 80, 9

1-8.

(4) (a) Gerig, J. T.; McLeod, R. S. Am. Chem. S0d.973,95, 5725—
5729. (b) Renner, C.; Alefelder, S.; Bae, J. H.; Budisa, N.; Huber, R.;
Moroder, L.Angew. Chem., Int. EQR001,40, 923—925. (c) Dugave, C.;
Demange, LChem. Re. 2003 103 2475-2532. (d) Taylor, C. M.; Hardre,
R.; Edwards, P. J. B]. Org. Chem2005,70, 1306—1315.

(5) (a) Babu, I. R.; Ganesh, K. N. Am. Chem. So001,123, 2079—
2080. (b) Malkar, N. D.; Lauer-Fields, J. L.; Borgia, J. A.; Fields, G. B.
Biochemistry2002,41, 6054—6064. (c) Doi, M.; Nishi, Y.; Uchiyama, S.;
Nishiuchi, Y.; Nakazawa, T.; Ohkubo, T.; Kobayashi, ¥.Am. Chem. (o]

Soc. 2003, 125, 9922—-9923. (d) Persikov, A. V.; Ramshaw, J. A. M.; /©)L0H Ac-TYF 5 Pron-NHz
1.
O;N

single residue, which could be transformed, after peptide
synthesis, into any member of a diverse series of residdés.

DAST

Kirkpatrick, A.; Brodsky, B.J. Am. Chem. So003,125, 11500—11501. 10
(e) Barth, D.; Milbrandt, A. G.; Renner, C.; Moroder, ChemBioChem
2004,5, 79-86. (f) Berisio, R.; Granata, V.; Vitagliano, L.; Zagari, A. PhaP: DIAD
Am. Chem. So2004,126, 11402—11403. i

(6) Kim, W. Y.; George, A.; Evans, M.; Conticello, V. EBhembiochem 2. K;CO5/MeOH
2004,5, 928—936.

(7) (@) An, S. S. A.; Lester, C. C.; Peng, J.-L.; Li, Y.-J.; Rothwarf, D. {aftarstep )
M.; Welker, E.; Thannhauser, T. W.; Zhang, L. S.; Tam, J. P.; Scheraga,
H. A. J. Am. Chem. S04.999,121, 11558—11566. (b) Keller, M.; Sager,

C.; Dumy, P.; Schutkowski, M.; Fischer, G. S.; Mutter, B1.Am. Chem. R g DAST
Soc.1998, 120, 2714—2720. (¢) Halab, L.; Lubell, W. B. Am. Chem. Ac-TYNY PN-NH: Ac-TYhyp(4-NO5B2Z)N-NH:
S0c.2002,124, 2474—2484. (d) Delaney, N. G.; MadisonJVAm. Chem. 13 11

Soc.1982,104, 6635—6641.
(8) (@) Schmid, F. X.Adwv. Protein Chem2002, 59, 243—-282. (b)

Andreotti, A. H. Biochemistry2003,42, 9515—9524. Ac-TYFIPN-NH2

(9) (a) Demange, L.; Ménez, A.; Dugave, Tetrahedron Lett1998, 12
39, 1169—-1172. (b) Doi, M.; Nishi, Y.; Kiritoshi, N.; lwata, T.; Nago, M.;
Nakano, H.; Uchiyama, S.; Nakazawa, T.; Wakamiya, T.; Kobayashi, Y. a .
Tetrahedron2002 58, 8453-8459. (c) Fmoc amino acids may also be Each sequence was followed by standard acidic cleavage and
prepared from commercially available Boc-flp, Boc-hyp, Beg4®, or Boc- deprotection of the peptide.
4-oxo-Pro.
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peptide synthesis into a peptide chain containing a tyrosine-

proline residue pair, which promotes cis amide bol¥ds.

The coupling reaction with Hyp was immediately followed
by a protection step, in which trityl chloride was allowed to
react with the free hydroxyl group of the hydroxyproline.

able fritted polypropylene columns and required no special
handling. Analysis of minor impurity peaks revealed no
evidence of dehydration side product.

The intermediate6 was readily converted to the 4,4-
difluoroproline-containing peptid&0 by a two-step protocol.

This protection step was conducted on the synthesizer inPDC oxidation of6 generated the 4-oxoproline-containing
automated fashion in standard activator solution. The peptidepeptide. Subjection to standard cleavage conditions yielded
synthesis was completed by standard Fmoc protocols and9, which contains an orthogonal ketone chemical hatfdle.
required no user intervention between the start of the peptideAlternatively, reaction of the oxoproline-containing inter-

synthesis and N-acetylation of the peptide. The trityl group

mediate with DAST and subsequent standard cleavage/

was then removed using standard selective deprotectiondeprotection yielded0. The crude HPLC chromatograms

conditions to reveal the free hydroxyl group on the hydroxy-

revealed high conversion to the product in each reaction

proline. The effectiveness of this reaction sequence was(Supporting Information).
demonstrated by the absence of O-acetylated peptides in the The intermediat® was alternatively converted to tlogs-

crude HPLC chromatograni$.
The intermediate6 was readily converted to 4-cis-
fluoroproline-containing peptid8 by reaction with DAST,

hydroxyproline-containing peptide3 via solid-phase Mit-
sunobu reaction with 4-nitrobenzoic aditt® Reaction
progress was followed by cleavage bf from resin and

followed by standard peptide cleavage/deprotection. The analytical HPLC, as the nitrobenzoate ester was stable to

HPLC chromatogram (Figure 2) revealed nearly complete

10 15 20 25 30 35 40
time, min

Figure 2. Crude HPLC chromatogram @, indicating clean
conversion to product. Crude HPLC chromatograms of other
peptides all indicated high conversion to product (Supporting
Information).

conversion to the fluoroproline-containing peptide in 4 h.
This reaction was conducted at room temperature in dispos-

(10) For example, the synthesis of a 20 residue peptide in which residue
11 is varied to incorporate each 4-substituted proline derivative described
herein would require & 11 = 77 amide coupling cycles (with each cycle
including deprotection, coupling, and wash steps) after the resin split via
standard methodology, versus 11 amide coupling cycles using proline
editing, a significant reduction in required time and material resources. In
addition, only seven manual on-resin reactions, in total, are required to

prepare all seven derivatives (Scheme 2), versus 27 solution-phase synthetic

steps to prepare the required Fmoc amino acids frams-hydroxyproline
methyl ester.

(11) O’Donnell, M. J.; Zhou, C. Y.; Scott, W. LJ. Am. Chem. Soc.
1996,118, 6070—6071.

(12) (a) Grathwohl, C.; Wiithrich, KBiopolymersl976 15, 2025-2041.

(b) Grathwohl, C.; Wiithrich, KBiopolymers1981, 20, 2623—2633. (c)
Yao, J.; Dyson, H. J.; Wright, P. B. Mol. Biol. 1994,243, 754—766. (d)
Hutchinson, E. G.; Thornton, J. MProtein Sci.1994,3, 2207—-2216. (e)
Wu, W.-J.; Raleigh, D. PBiopolymers1998,45, 381—394. (f) Reimer,
U.; Scherer, G.; Drewello, M.; Kruber, S.; Schutkowski, M.; FischerJG.
Mol. Biol. 1998,279, 449—460. (g) Pal, D.; Chakrabarti, P.Mol. Biol.
1999,294, 271—-288.

(13) Peptide TYHypN was synthesized and Hyp transformed to other
derivatives (Scheme 2) to determine the effect of 4-substituted proline
derivatives on cistrans isomerization within sequences that favor cis amide
bonds. The sequence TYHypN was selected on the basis of model studies
TYPN exhibited the highest % cis of seven model tetrapeptides XYPZ,
with X and Z chosen on the basis of high residue propensities atahe
i + 3 positions in type VI|3-turns!2d
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standard TFA cleavage conditions. The nitrobenzoate group
was readily removed by treatment of the resin witfCIis/
MeOH. Cleavage/deprotection of this intermediate produced
13. Alternatively, the intermediate was readily converted to
transfluoroproline-containingl?2 via DAST. Again, high
conversion was observed for these transformations. The
identities of compound&3 and12 were confirmed by ESI-
MS and by comparison of the NMR spectrum to tha? @ir
to that of 12 alternatively synthesized using Fmoc-Flp,
respectively, indicating that the reactions proceeded stereo-
specifically, as expected.

Analysis of the peptides synthesized via proline editing
revealed dramatic conformational differences (Figure 3 and

12 Ntrans
TYFIpN
85 &7 48 &5 &4 &3 &2 & @
8, ppm
Ntrans
8
TYflpN
88 87 86 85 84 63 82 81 8
6spprn

Figure 3. Amide region of the NMR spectra of peptides differing

in the stereochemistry of a single side chain carbois-fluoro-
proline-containing8 and trans-fluoroproline-containind.2. Key
amide resonances from the cis (cyan) or trans (magenta) conforma-
tions are labeled. Other NMR spectra and full assignments can be
found in Supporting Information.

Table 1). Previous data, in which proline derivatives were
examined as esters of acetylated amino acids, revealed that
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Table 1. NMR Characterization of the Conformational
Properties of Peptides—142

peptide Kiansicis AAG T aN SHY SHY

keal mol* Tyr,;, Tyr,;, Asng,.
TYFIpN (12) 70 -056 7.7 830 863
TYHypN (7) 56 -043 75 834 859
TY(4-0x0-Pro)N (9) 38 -020 57 856 872
TYhypN (13) 23 000 49 849 8.08
TYV.ProN (10) 26 +002 nd 856 858
TYhyp(4-NO;Bz)N(11) 18 +024 53 856 8.17
TYfpN (8) 15 +035 49 858 8.16
TYPN (14) 27 000 6.1 837 840

a AAG values are relative to TYPN (14¥J,n values are in hertzd
values are in parts per million relative to TSBy is the backbone coupling
constant between the amide aadprotons and can be correlated via a
parametrized Karplus equation to the backbone torsion anylél.n was
not determined fod 0 because of spectral overlap.

substitution of a single Pro with Flp or flp resulted in-8.22
to +0.37 kcal mot! change inKyans/cis®®*°¢Our data, the
first extensive analysis of 4-substituted proline derivatives

in the trans conformation, these peptides displayed a
significant upfield shift in the Asn amide resonance relative
to the values observed itrans-7 or trans-12, revealing
conformational effects not only Olyansicis but also on the
nature of the individual trans or cis conformations.

Significant differences were also observed in the chemical
shifts of all of the Thgs protons, indicating that changes in
structure extended throughout the pepfiddoreover, even
among proline derivatives that minimally perturbed the
macroscopic valu&ansicis Significant microscopic confor-
mational differences were observed. Peptides containing the
less-biased residue Pra4), the G-endo-favoring residue
hyp (13), and the isomerization activation barrier-lowering
residue RPro (10) exhibited essentially identical values of
Kiransicis However, these peptides differed significantly in the
nature of the trans and cis conformations (Table 1), as
indicated by heterogeneity in coupling constants and chemi-
cal shifts, emphasizing the diversity engendered in 4-sub-
stituted proline residues. Each residue accessible by proline
editing makes individual contributions to the peptide struc-
ture, providing a stronger conformational bias than is
achieved by proline, which exhibits an average of the
accessible conformations.

The conformational effect of proline editing was further

in a non-collagen peptide environment, reveal a context examined by CD (Supporting Information). Comparison of

dependendé for the conformational effect of proline sub-
stitution, with Flp stabilizing the trans conformation by 0.56
kcal mol! relative to Pro and flp stabilizing the cis
conformation by 0.35 kcal mot relative to Pro. Interest-
ingly, in this context, and in contrast to data from collagen
and from model compounds, hyp had no effectknsscis
compared to Pré¢ although conformations differed signifi-
cantly by NMR (see below). In contrast, hyp-4-nitrobenzoate

the CD spectra of and8 indicated a significant difference

in overall structure between these simple tetrapeptides,
emphasizing the conformational diversity introduced via
proline editing.

In summary, we have presented a strategy for the synthesis
of conformationally biased peptides basedpmstsyntheti-
cally changing the identity of a residue within the peptide
sequence. Proline editing is a practical approach to the

significantly enhanced the cis preference of hyp, consistentsynthesis of conformationally diverse peptides containing
with a strong gauche effect due to the electron-withdrawing conformationally distinct proline derivatives. The synthesis
nature of the nitrobenzoyl group, and indicating an alternative uses inexpensive Fmoc-Hyp; involves manipulations per-

electronic approach to tuning peptide structti®verall, a

formed on solid phase; can be readily conducted with no

4.7-fold change in trans/cis ratio was observed across thespecial equipment or handling; and requires no purification

peptides, tunable by the choice of proline derivative.
Perhaps more dramatically, controlling the proline ring

or separation beyond standard HPLC purification of the fully
cleaved and deprotected peptide, providing ready and rapid

pucker fundamentally biased the main chain torsion anglesaccess to peptides containing these useful amino acids. More

of adjacent residuesMost notably, peptide8, 11, and13
displayed significant ordering of the Tyr residue in the cis
conformation, with*J,y = 4.9 Hz for8 and 13, correlating
with ¢ = —65° via analysis by a parametrized Karplus
equationt’ Interestingly, this value is similar to the expected
¢ value (—60°) for a type V-turn, in which a cis amide
bond exists between thet 1 andi + 2 residues. Similarly,

(14) Acetylation of the hydroxyl group was alternatively used as an

effective orthogonal hydroxyl side chain protection strategy. See Supporting

Information for details.

(15) Melnyk, O.; Fehrentz, J. A.; Martinez, J.; Gras-MasseBidpoly-
mers2000,55, 165—186.

(16) (a) Vergnon, A. L.; Pottorf, R. S.; Player, M. BR. Comb. Chem.
2004,6, 91-98. (b) Martin, S. F.; Dodge, J. ATetrahedron Lett1991,
32, 3017—3020.

(17) Vuister, G. W.; Bax, AJ. Am. Chem. So4993,115, 7772—7777.
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generally, proline editing alters the side chain and backbone
conformations in peptide structures, providing a new tool

for the synthesis of strongly conformationally biased peptides
and for diversity-oriented peptide synthesis.
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