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Molecules that bind to specific protein surface sites are of
fundamental interest, from the perpective of molecular recognition,
and practical interest, from the perspective of medicine. Such
molecules should disrupt specific proteiprotein interactions,

12-helicals-peptide sequences, however, we could obtain only very
weak Bcl-x ligands (IG, > 500uM in a competition fluorescence
polarization (FP) assay that employs a fluorescently labeled
derivative of the Bak 16-mer as the ligand to be displaéttiye

which are frequently associated with human diseases. Traditionalthen examined-60 14-helical designs, but again we could obtain

“small molecule” approaches, very successful for enzyme inhibition,
have been less productive for generation of protgirotein
interaction antagonistsalthough some recent achievements are very
impressivé2 We and others are interested in the prospect that
unnatural oligomers with discrete folding propensities (“foldamers”)
might provide a rational and general basis for development of
molecules that block proteirprotein interactiong Here we explore
this possibility in the context of BcliXBH3 domain interactions,

only weak Bcl-x ligands. In both classes, the best ligands were
shown via HSQC NMR analysis to bind to the BH3-recognition
cleft on Bcl-x.. Our inability to generate high-affinitg-peptide
ligands led us to suspect that neither the 12-helix nor the 14-helix
has a shape that is sufficiently complementary to the cleft on Bcl-
XL.

We have recently identified two new foldamer scaffolds, the 11-
helix and 14/15-helix formed by/S-peptides (oligomers with a

a system that is attractive for fundamental studies because consider1:1 alternation ofa- and g-amino acid residues along the

able structural information is availabie.

Interactions within the Bcl-2 protein family control the fate of a
cell in response to cytotoxic stimuli. In many cancers, anti-apoptotic
Bcl-2 proteins such as Bclxare overexpressed and protect
malignant cells from death (apoptosis) by direct interaction with
pro-apoptotic proteins such as Bak and Bakhus, inhibitors of
the Bcl-x /Bak interaction could be therapeutically useful. A 16-
residue peptide from the BH3 domain of Bak binds astamelix
to a hydrophobic groove on Bcl-xburying four hydrophobic Bak
side chains (Val-74, Leu-78, lle-81, and lle-84Many small
molecule ligands for the BH3-recognition domain have been
described. Most have only modest activil§ Yalues in competition
binding assays typically-1 uM),” perhaps because of the large
surfaces buried in the Bcl-#Bak 16-mer complex; however, a
potent small molecule has very recently been repcitdtlimerous
medium-lengtha-peptides (16-32 residues) have shown high
affinity for Bcl-x,.8 Foldamers that mimic the-helical display of
Bak side chains might be a good source of BdBak interaction
antagonist$¢ Foldamers can be proteolytically staBlen advantage
relative toa-peptide inhibitors. We describe foldamers containing
both a- and 3-amino acid residues that compete effectively with
the Bak 16-mer for binding to Bclx the development of these
antagonists illustrates principles that may be general for foldamer-
based approaches to inhibitors of proteprotein interactions.

Our initial efforts focused opi-peptides as potential ligands for
the BH3-recognition cleft of Bcl.x because it is possible to design
p-peptides that will adopt specific helical conformations, the 12-
or the 14-helix, and display side chains in predictable arrange-
ments!® Of these twag3-peptide scaffolds, the 12-helix appears to
be a better structural match to thehelix3>1°After evaluating>100
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backbone}2 and we designed new Bcl-Xigand candidates based
on these secondary structures. Both helices appear to be promoted
by -residues with a five-membered ring constradt/3-Peptide
designs based on the 11-helix were no more successful than the
puref-peptide designs (l& > 500uM). In contrast, designs based
on the 14/15-helix displayed significant activity in the FP assay,
although thesex/-peptides were not as effective aspeptides
corresponding to natural BH3 domain sequences. For examile,
peptide 15-med displayed 1Gy = 40 uM (K; = 1.5 uM),*3 while
ICs0 = 0.67uM (K; = 0.025uM) for the unlabeled Bak 16-mer
(Figure 1)*1In 1 and relatedy/3-peptide designs, Leu-6 is intended
to play the role of the Leu residue conserved in all BH3 domains
reported to date (e.g., Leu-78 of Bék)Ve speculate that ACPC-
3, f%-homonorleucine-9 A-hNle-9), and/j3-hPhe-13 ofl also
contribute to the hydrophobic surface required for binding to the
BH3-recognition cleft of Bcl-x. Arg-4 and Asp-11 ofl may be
involved in electrostatic interactions with residues on the edge of
the Bcl-x_cleft, as proposed for analogous residues in the Bak 16-
mer$

We wondered whether the failure bfand relatedy/3-peptides
to show greater efficacy in the FP assay reflects a local mismatch
between some portion of the helical scaffold and the BH3-
recognition cleft of Bcl-x. To test this hypothesis, we examined
chimeric oligomers in which either the N-terminal portion or the
C-terminal portion ofl is replaced by am-amino acid segment
based on an-peptide known to bind tightly to Bclix For example,
(a/p3 + ) oligomer2 contains the first nine residues @f3-peptide
1, but the last sixx-residues are related to the C-terminal segment
of the Bak 16-mer, with Phe-13 & intended to correspond to
lle-84 of Bak. In ¢ + a/p) oligomer 3, the first nine residues
correspond to positions 781 of Bak with Val-74 replaced by
Leu; the final seven residues correspond to the C-terminal portion
of a/B-peptidel. These complementary chimeric analogued of
show very different activities in the FP assay: fa/f + o)

10.1021/ja053678t CCC: $30.25 © 2005 American Chemical Society
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Figure 1. Competition FP data for binding to Bcl-of 13, Bak 16-mer,
and control hexax-peptide Ac-GDAFNR-NH. A fluorophore-labeled Bak

16-mer peptide was used as the displaced fluorescent probe (see Supporting

Information for details).

oligomer2 ICsp = 0.059uM (K; = 0.0019uM), while for (o +
o/f) oligomer 3 ICso > 700 uM (Figure 1). Thus,2 is 10-fold

more potent than the Bak 16-mer. This result suggests that the 14/ 0.054

15-helicalo/f-peptide scaffold is well-suited to occupy a portion
of the BH3-recognition cleft on Bclyx but that some other foldamer
backbone, distinct from the- ando/-peptides we have examined
thus far, will be necessary to replace the proteolytically susceptible
o-peptide segmeht for optimal fit to the remainder of this cleft.

Several control studies were conducted witf3(+ o) oligomer
2 and related compounds. The hexgeptide corresponding to the
C-terminal segment df (Ac-GDAFNR-NH,) at 500uM displayed
no interaction with Bcl-x in the FP assay (Figure 1). Thus, the
o-peptide segment of chimeric oligomeris probably not the
dominant contributor to Bclixbinding affinity 16

Binding of 2 to 1°N-labeled Bcl-x was examined vialH,*>N]-
HSQC NMR measurements (Figure 2). Most of the Bclxnide
N—H cross-peaks were significantly shifted upon addition of 50
uM 2 to 100 uM Bcl-x. (Figure 2A). The pattern of shifts and
resonance broadening induced by additior2 @re comparable to
the effects induced by addition of the Bak 16-raepeptide (Figure
2B).

A fluorescein-labeled derivative ¢ (Flu-2) was prepared to
compare binding to Bclxwith binding to unrelated proteins. Direct
FP titration of 50 nMFIu-2 with protein indicatey = 0.014uM
for Flu-2 binding to Bcl-x (Figure 3). In contrast, no binding to
boviney-globulin (BGG) could be detected at 500 BGG, and
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Figure 2. HSQC NMR binding assays. (A) Overlay 8N-Bcl-x, spectra

in the presence (red) and absence (black)odf (+ o)-peptide2. (B)
Overlay of15N-Bcl-x, spectra in the presence (green) and absence (black)
of the Bak 16-mer.
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Figure 3. Direct FP titration of fluorescein-labeled/f + a)-peptideFlu-2
with Bcl-x., BSA, and BGG.

that the affinity of2 for Bcl-x, is not simply the result of its
hydrophobicity, but instead reflects complementarity to the BH3-
recognition cleft. As a further test of such complementarity, we
compared @/ + ) oligomer 4 and its enantiomer in the
competition FP assay (Figure 4). Oligomkis an isomer of in
which 3-hNle-9 has been replaced [5§-hLeu; this small change
leads to slightly improved affinity for Bclx(ICso = 0.029uM,

Ki = 0.0007uM for 4). The enantiomer ofl, however, displays
very low affinity for Bel-x_ (ICso > 1000uM).

The folding of @/f + o) oligomer5 in CD3OH was examined
by 2D NMR;18 5 has two modifications relative #(Ala-2 — Lys
and Lys-8— lle), which moderately diminish binding to the BH3-
recognition cleft of Bcl-x (ICso = 0.40uM). Good dispersion of
IH resonances was observed frwhich allowed assignment of
many NOEs between backbone protons. Numeigus 3 NOEs
were observed along the entire lengttbdfigure 5). Of particular

the onset of binding to bovine serum albumin (BSA) occurred above importance are the three-residue H(i) — f-residue H(i + 3)

10 uM BSA (Figure 3). Thus, binding dflu-2 to BGG or BSA is
at least 18fold weaker than binding to Bclx Both BGG and
BSA are promiscuous receptors for hydrophobic ligatidgie
failure of Flu-2 to bind tightly to either of these proteins suggests

NOEs in thea/S-peptide segment ob. This NOE pattern is
predicted for the 14/15-helix but not for the 11-héeliXn contrast,
a-residue H(i) — a-residue NHi + 2) NOEs are predicted for
the 11-helix but not for the 14/15-heli? and none of these NOEs

J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005 11967



COMMUNICATIONS

4 (o/por) \ o
2 o WK o W H o H w @
Ayt H_l.:n_g,.T i H_.L / ”ir"“ hi vaﬁn,\g..})nl\ru\l)\u i A,
HNT - k oH
1, | ) A
H,uJ“uH W H;u’J“*m
100+
4
= 809
2
=
o 60+
=
i 401 ent4
°7 204
04
L] L] L] L] L) L) L)
-4 -3 -2 -1 0 1 2 3

log [peptide], uM

Figure 4. Competition FP binding assay for binding to Bel-af (a/f +
o)-peptide4 and its enantiomer.
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Figure 5. NOEs observed for oligomées in CDsOH. NOEs consistent
with the 14/15-helix only (blue arcs), both the 11- and 14/15-helix (black
solid arcs), ando-helix (red arcs). Ambiguously assigned NOEs are
represented by dotted arcs.

is observed for5. Thus, the NMR data suggest thathas a
substantial propensity to adopt the 14/15-helical secondary structure
in its N-terminal region, a propensity that is likely to be manifested
also by closely related molecules suchamterestingly, the,i +
3 NOEs involving the C-terminabk-peptide region ob suggest
that the 14/15-helicak/3-segment can nucleate helix formation in
the shorto-peptide segment.

Our results show that foldamer-based designs can provide tight-
binding ligands for a large protein recognition sikg for 4 = 0.7
nM). The path from3- to a/f- to (/8 + o)-peptide ligands such
as 2 leads us to conclude that foldamer-based strategies for
disrupting protein-protein interactions will grow in scope and
efficacy as the number of foldamer scaffolds with distinct shapes
is increased. The tight binding of chimeria/( + a)-peptides to
Bcl-x, suggests that combining different foldamer scaffolds will
be an effective and perhaps general strategy for protein ligand
design.

Acknowledgment. This research was funded by the NIH
(GM56414). We thank Z. Nikolovska-Coleska (U. Mich.) for
assistance with FP assays and Yumi Udea (Georgetown) for
assistance with protein purification. We are grateful to G. Wagner
(Harvard), A. Lugovskoy (Biogen Idec), and P. Hajduk, E.
Olejniczak, and colleagues (Abbott) for providing Bel-XMR
assignments. The fluorescence plate reader is in the UW-Madison
W. M. Keck Center for Chemical Genomics. An NSF predoctoral
fellowship and an NIH Molecular Biophysics grant (GM08293-
14) partially supported J.D.S. and M.A.S., respectively.

Supporting Information Available: Experimental details, peptide
characterization data (HPLC, MS), and other results. This material is
available free of charge via the Internet at http://pubs.acs.org.

11968 J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005

References

(1) (a) Arkin, M. R.; Wells, J. ANat. Re.. Drug Discaery 2004 3, 301—
317. (b) Cochran, A. GChem. Biol.200Q 7, R85-R94. (c) Gadek, T.
R.; Nicholas, J. BBiochem. Pharmacol2003 65, 1-8. (d) Berg, T.
Angew. Chem., Int. Ed2003 42, 2462-2481. (e) Peczuh, M. W,
Hamilton, A. D.Chem. Re. 200Q 100, 2479-2494.

(2) (a) Arkin, M. R.; Randal, M.; DeLano, W. L.; Hyde, J.; Luong, T. N.;
Oslob, J. D.; Raphael, D. R.; Taylor, L.; Wang, J.; McDowell, R. S;
Wells, J. A.; Braisted, A. CProc. Natl. Acad. Sci. U.S.A2003 100,
1603-1608. (b) Vassilev, L. T.; Vu, B. T.; Graves, B.; Carvajal, D;
Podlaski, F.; Filipovic, Z.; Kong, N.; Kammlott, U.; Lukacs, C.; Klein,
C.; Fotouhi, N.; Liu, E. A.Science2004 303 844-848. (c) Oltersdorf,
T., et al.Nature 2005 435, 677-681.

(3) (a) Werder, M.; Hauser, H.; Abele, S.; Seebach,H2lv. Chim. Acta
1999 82, 1774-1783. (b) Lee, H.-S.; Syud, F. A.; Wang, X.; Gellman,
S. H.J. Am. Chem. So@001, 123 7721-7722. (c) Ernst, J. T.; Becerril,
J.; Park, H. S.; Yin, H.; Hamilton, A. DAngew. Chem., Int. E2003
42, 535-539. (d) Kritzer, J. A.; Lear, J. D.; Hodsdon, M. E.; Schepartz,
A. J. Am. Chem. So@004 126, 9468-94609.

(4) Petros, A. M.; Olejniczak, E. T.; Fesik, S. \Biochim. Biophys. Acta
2004 1644 83—-94.

(5) (a) Adams, J. M.; Cory, SSciencel998 281, 1322-1326. (b) Coultas,
L.; Strasser, ASemin. Cancer Biol2003 13, 115-123. (c) Letai, A.;
Bassik, M. C.; Walensky, L. D.; Sorcinelli, M. D.; Weiler, S.; Korsmeyer,
S. J.Cancer Cell2002 2, 183-192.

Sattler, M.; Liang, H.; Nettesheim, D.; Meadows, R. P.; Harlan, J. E.;
Eberstadt, M.; Yoon, H. S.; Shuker, S. B.; Chang, B. S.; Minn, A. J.;
Thompson, C. B.; Fesik, S. W5ciencel997, 275 983-986.

Reviews of small molecule-based approaches to BdhRibition: (a)
Baell, J. B.; Huang, D. C. Biochem. PharmacoR002 64, 851-863.
(b) O'Neill, J.; Manion, M.; Schwartz, P.; Hockenbery, D. Riochim.
Biophys. Act2004 1705 43—51. (c) For a designed Bak mimic witq

= 0.1uM, see: Kutzki, O.; Park, H. S.; Ernst, J. T.; Orner, B. P.; Yin,
H.; Hamilton, A. D.J. Am. Chem. So@002 124, 11838-11839.

(8) (a) Petros, A. M.; Nettesheim, D. G.; Wang, Y.; Olejniczak, E. T.;
Meadows, R. P.; Mack, J.; Swift, K.; Matayoshi, E. D.; Zhang, H.;
Thompson, C. B.; Fesik, S. WProtein Sci 200Q 9, 2528-2534. (b)
Walensky, L. D.; Kung, A. L.; Escher, I.; Malia, T. J.; Barbuto, S.; Wright,
R. D.; Wagner, G.; Verdine, G. L.; Korsmeyer, SStience2004 305,
1466-1470. (c) Gemperli, A. C.; Rutledge, S. E.; Maranda, A.; Schepartz,
A. J. Am. Chem. So@005 127, 1596-1597.

(9) Frackenpohl, J.; Arvidsson, P. I.; Schreiber, J. V.; SeebaciCHam-
BioChem2001, 2, 445-455.

(10) Cheng, R. P.; Gellman, S. H.; DeGrado, W.Ghem. Re. 2001, 101,
3219-3232.

(11) Competition FP assay involved displacement of BODIPY-TMR-labeled
Bak 16-mer from Bcl-x. See Supporting Information for details.

(12) (a) Hayen, A.; Schmitt, M. A.; Ngassa, F. N.; Thomasson, K. A.; Gellman,
S. H.Angew. Chem., Int. EQ004 43, 505-510. See also: (b) De Pol,
S.; Zorn, C.; Klein, C. D.; Zerbe, O.; Reiser, @ngew. Chem., Int. Ed
2004 43, 511-514.

(13) K calculated from 1G: Wang, R.; Nikolovska-Coleska, Z.; Fang, X;
Wang, S. The Ki Calculator. http://sw16.im.med.umich.edu/software/
calc_ki/ (accessed June 2005). Paramet&sfor BODIPY-Bak tracer
=1 nM, [BODIPY-Bak] = 33 nM, [Bcl-x] = 20 nM.

(14) ThisK; for unlabeled Bak 16-mer is similar to the reported value: Zhang,
H.; Nimmer, P.; Rosenberg, S. H.; Ng, S.; Joseph,Avial. Biochem.
2002 307, 70-75.

(15) Rapid proteolysis of the-peptide segment & is observed upon treatment
with Pronase, while the/f8 segment remains intact for at least 24 h.

(16) The o/p-peptide oligomer corresponding to residues9lof chimeric
oligomer4, an isomer o2 (see text), has an kgof 120 M in the FP
assay, suggesting that thé portions of2 and4 target the BH3 binding
site and contribute substantially to binding.

(17) (a) Ali, M.; Smith, L. M.; Feeney, R. BBiochim. Biophys. Actd969
194, 256-264. (b) Church, W. R.; Rawitch, A. B.; Ebner, K. Brch.
Biochem. Biophysl981, 206 285-290. (c) Alizadeh-Pasdar, N.; Li-Chan,
E. C. Y.J. Agric. Food Chem200Q 48, 328-334.

(18) Among o- and fS-peptides, alcohol solvents are known to promote
secondary structure relative to water; the folding observed in such organic
solvents generally reflects the conformational propensities in water. (a)
Luo, P.; Baldwin, R. L.Biochemistryl997 36, 8413-8421. (b) Abele,

S.; Guichard, G.; Seebach, Bielv. Chim. Actal998 81, 2141-2156.
(c) Arvidsson, P. I.; Rueping, M.; Seebach, D.Chem. Soc., Chem.
Commun2001, 649-650.

JA053678T

6

~

@

~



