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The development of unnatural oligomers that adopt predictable
secondary structures has led to interest in expanding the confor-
mational repertoire of foldamers to include discrete, cooperatively
folded tertiary and quaternary structuteSuch advances could lead
ultimately to protein-like activities. Reported efforts have focused
on inter- or intramolecular association of helical foldamers, with
the aim of generating helix bundle architectu#esin the examples
described to date, all helical elements in the assembly have had
the same type of backbone, as is the case with helix bundles found
in proteins® we refer to such systems as homogeneous helix
bundles’ Here we report the first examples of heterogeneous
quaternary structure, tetrameric helix bundles that contain both
o-peptide and/f-peptide segments.

o/p-Peptide foldamers with 1:1 alternation af and f-amino
acid residues have been studied recently by several gfoufss.
have shown that five-membered ring-constraipe@sidues, such
as ACPC and APC (Figure 1), favor a helical conformation
with i, i+4 C=0---H—N backbone H-bonds (“14/15-helix”) when
the o/8-peptide contains at least 15 resid@@<ur structural data
suggested that a 14/15-helicals-peptide could mimic the side
chain display found amongx-helical o-peptides that form
natural helix bundles. Sucho-peptides display a heptad
sequence repeat, with hydrophobic side chains at the first and
fourth position (positionsa and d in an abcdefgheptadf We
hypothesized that an appropriately designé@peptide sequence
would display an analogous set of side chains and therefore allow
formation of heterogeneous/3-peptide+ a-peptide) quaternary
structure.

The Acid-pLL/Base-pLLa-peptides of Kim et af. (1 and 2;
Figure 1), which form a 2:2 tetrameric helix bundle, served as the
basis for our test of this hypothesis. Association in water is driven
by interactions among Leu side chains atand d positions.
Electrostatic interactions guide the assembly: self-association of
only 1 or only 2 is less favorable than association Bf2. o/f-
Peptide3 was generated by replacing every otheresidue of2
with a S-residue 3>-Homoleucine §>-hLeu) in 3 replaces Leu in
2 at a and d positions, and all other replacements are cyclic
p-residues, which should promote 14/15-heli¢itySimple helix-
net overlay analysis suggested tifidthLeu would be preferable
to %-hLeu for mimicry ofa-helical 2.

Comparisons among the circular dichroism (CD) spectra for 100
uM 1, 100uM 3, and 50uM 1 + 50 uM 3 in phosphate-buffered
saline (PBS) provide strong evidence for intermolecular association
betweenl and3 with concomitant increase in helicity (Figure 2A).
The CD spectrum aof is characteristic of a partially foldeg-helical
peptide? and the minimum near 206 nm f&is consistent with
o/p-peptide helicity¥l The CD spectrum fod+3 is much more
intense than the average bfalone plus3 alone, which suggests
that 1 and 3 associate in a way that promotes helical folding. A
Job plot indicates 1:1 stoichiometry for the association betwleen
and 3 (Figure 2A, inset).
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o-peptide 1
o-peptide 2
o-peptide 4

AQLEKELQALEKELAQLEWELQALEKELAQ
AQLKKKLQALKKKLAQLKWKLOALKKKLAQ
AQLEKENQALEKELAQLEWELQALEKELAQ

o/B-peptide 3
o/B-peptide 5
o/B-peptide 6
o/B-peptide 7

XPLZPKZPLRPALEK ZPKLIAXPL 2P 2P LXPALIK ZPKLIAXP
XPLZPKZPNXPALSK ZPK LEAXPL 2P 2P L XPALIK ZPKLIAXP
XPLZPKZPNXPALIK ZPK LEAXPL 2P ZPLXPALIK ZPKLEAXP
X LRIKKINXPALOKKIK LAAXPLRIWKELXPALIKKEKLIAK?

ity

ACPC (xP) APC (2F)

(FLEMEALTE)

B*-homoleucine (Lf) PB°-homoleucine (1§)  B*-homolysine (kE)

Figure 1. (A) Sequences ofi- and a/p-peptides. Bold letters represent

B-amino acids, using the following abbreviation$? = ACPC,Z# = APC,

LS = p2- homoleucmeLﬁ = fB-homoleucineK’ = 3-homolysine. Non-
bold letters represeru-amino acids according to the standard one-letter
code. (B) Helical wheel representationscopeptidel and o/S-peptide3
viewed from the N-terminus of each peptide. (C) Structureg-amino
acids.
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Figure 2. (A) CD spectra of 10@M 1, 100«M 3, and 50uM 1 + 50 uM
3[(1+3)7] in PBS at 25°C. (1 + 3)ayg is the average of the CD spectra of
1 alone plus3 alone. Inset shows a Job plot @f] s for 100uM solutions
differing in relative amounts of and 3. (B) Variable temperature CD at
100 uM total peptide for tetramer€l + 3),, (4 + 3)2, (1 + 5), (4 + 5)s,
and (4 + 6),. Solid lines are fits of the data from which, values were
obtained.

Analytical ultracentrifugation (AU) of 5uM 1 + 50 uM 3
indicates a single species with the molecular weight expected for
a 2:2 heterotetramé?.In contrast, AU results for 100M solutions
of 1 alone or3 alone are consistent with monomeatimer equilibria,

[6],¢ (deg-cm?-dmol* x10-%)
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Table 1. CD Intensities and Melting Temperatures for Tetrameric
Helix Bundles Formed by o/f-Peptide Foldamers and a-Peptides

[61206/(deg-cm?-dmol )2 T.0°C
tetramer 100 uM© 100 uMe 25 e
(1+3), —30200 >95 ~o1
(4+3) —29000 >87 69
(1+5) —26900 80 66
(4+5), —26100 67 50
(4+6) —26500 70 58

aData obtained at 2%C in PBS.P T, for each mixture is the temperature
at the midpoint of the unfolding transition shown in Figure® Indicated
values represent total peptide concentration.

with the monomers predominant in both ca¥eBhe heterotetramer
(1+3), is extremely stable; for 5aM 1 + 50 uM 3, we observe
only the beginning of an unfolding transition at 95 (Figure 2B).

This transition occurs at lower temperatures when peptide concen-
tration is diminished (Table 1). In contrast, for 1001 1, a partial
unfolding transition is observed at low temperature, andA03
displays no transitio®? These results indicate thatpeptidel and
o/-peptide3 combine to form a stable, cooperatively folded helix
bundle quaternary structure that is comparable to the hetero-
tetramerico-helix bundle formed byo-peptidesl and 2.° It is
noteworthy that heterotetramgtl+3), is fully associated at
micromolar concentratiors®>

We probed the predicted hydrophobic interfacgbft 3), by
replacing a single position Leu ina-peptidel and ino/S-peptide
3 with Asn to generate-peptide4 anda/f-peptide5, respectively.
Combinationsl+5, 443, and4+5 were examined by CD and AU.
Each pair forms a cooperatively folded 2:2 heterotetrahibat is
less stable tha(il+3), (Figure 2B, Table 1). Variable temperature
CD data indicate that heterotetran{ds-5),, which has four Asn
substitutions, is less stable th@ht-3), or (1+5),, which each have
two Asn substitutions. This progressive loss of stability upon
Leu—Asn mutation is consistent with the energetic penalty expected
for burial of the polar Asn side chain at the hydrophobic interface
of the heterotetraméf. The Leu—Asn effects could arise also, at
least in part, from diminished helical propensity of Asn relative to
Leul? Addition of NaCl to the buffer leads to an increase in the
stability of (4+5),,2° which supports the hypothesis that interhelical
association is driven primarily by hydrophobic rather than electro-
static interactions. Whether the helices in the tetrameric assembly
have a preferred relative orientation is currently under investigation.

Our next test of the design hypothesis involve-peptide6,
the isomer o6 in which the fours?-hLeu residues are replaced by
B3-hLeu. CD and AU data indicate that heterotetrarfdet- 6), is
moderately more stable thgd + 5), (Figure 2B, Table 1). This
enhancement may arise from more favorable packing®dfLeu
relative to that of?-hLeu at the helix bundle interface, from a
difference in helical propensities, or from a combination of these
effects.

The contribution of the cyclically constraingéamino acid
residues to the stability of the heterotetrameric assembly was
evaluated witho/-peptide?, in which the six cationic APC residues
of 5 are replaced with acyclic cation-homolysine residues. CD
data for the 1:1 mixture of and7 indicate substantially diminished
helicity relative to all othel-peptide+ a/B-peptide paird? AU
analysis of 5uM 4 + 50 uM 7 suggests multiple species, with
monomers predominaft. These results imply that backbone
preorganization due to cyclié-residues is critical for stability of
the heterogeneous quaternary assemblies.

We have provided the first evidence that helices formed by
different types of oligomeric backbones can associate to form
discrete heterogeneous assembife®ur results suggest that the

intimate packing of secondary structural elements that underlies
tertiary and quaternary structure in proteins does not require that
the subunits all have the same backbone. These observations
highlight the prospect that many combinations of foldamer and
a-peptide subunits, or of different types of foldamers, could lead
to folding and/or assembly behavior reminiscent of that necessary
for complex function among proteins. Such heterogeneous as-
semblies could combine functional mimicry of a natural protein,
conferred bya-peptide components, with the high conformational
and metabolic stability provided by foldameric components.

Acknowledgment. This research was supported by the NIH
(GM56414 and GM61238). J.L.P. was supported in part by a
Chemistry-Biology Interface Training Grant (T32 GM008505), and
W.S.H. was supported in part by an NIH postdoctoral fellowship
(CA119875). We thank Dr. Darrell McCaslin for assistance with
AU experiments, and PepTech for providing the Fmoc-protected
[3-amino acids at a discount.

Supporting Information Available: Supplementary CD and AU
data, and experimental methods. This material is available free of charge
via the Internet at http:/pubs.acs.org.

References

(1) (a) Gellman, S. HAcc. Chem. Re4998 31, 173-180. (b) Kirshenbaum,

K.; Zuckermann, R. N.; Dill, K. A.Curr. Opin. Struct. Biol.1999 9,
530-535. (c) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore,
J. S.Chem. Re. 2001, 101, 3893-4011.

(2) p-Peptide helix bundles: (a) Raguse, T. L.; Lai, J. R.; LePlae, P. R.;
Gellman, S. HOrg. Lett.2001, 3, 3963-3966. (b) Cheng, R. P.; DeGrado,
W. F. J. Am. Chem. So2002 124, 11564-11565. (c) Qiu, J. X.;
Petersson, E. J.; Matthews, E. E.; Schepartz].AAm. Chem. So006
128 11338-11339. (d) Daniels, D. S.; Petersson, E. J.; Qiu, J. X,;
Schepartz, AJ. Am. Chem. So007, 129, 1532-1533.

(3) Peptoid helix bundles: (a) Burkoth, T. S.; Beausoleil, E.; Kaur, S.; Tang,
D.; Cohen, F. E.; Zuckermann, R. Bhem. Biol.2002 9, 647—654. (b)
Lee, B.-C.; Zuckermann, R. N.; Dill, K. Al. Am. Chem. So2005 127,
10999-110009.

(4) Delsuc, N.; Leger, J.-M.; Massip, S.; HucAngew. Chem., Int. EQ007,

46, 214-217.

(5) Horne, W. S.; Price, J. L.; Keck, J. L.; Gellman, S.-HAm. Chem. Soc.
2007, 129 4178-4180.

(6) Forleading references, see: (a) Woolfson, DAN.. Protein Chem2005
70, 79-112. (b) Lupas, A. N.; Gruber, MAdv. Protein Chem2005 70,
37-78.

(7) For a stereochemically heterogeneous helix bundle formeddrdwelical
a-peptides, see: Sia, S. K.; Kim, P.Bochemistry2001, 40, 8981-8989.

(8) (a) De Pal, S.; Zorn, C.; Klein, C. D.; Zerbe, O.; ReiserAdgew. Chem.,

Int. Ed. 2004 43, 511-514. (b) Hayen, A.; Schmitt, M. A.; Ngassa, F.
N.; Thomasson, K. A.; Gellman, S. Angew. Chem., Int. EQ004 43,
505-510. (c) Schmitt, M. A.; Weisblum, B.; Gellman, S. H.Am. Chem.
Soc. 2004 126, 6848-6849. (d) Sharma, G. V. M.; Nagendar, P;
Jayaprakash, P.; Krishna, P. R.; Ramakrishna, K. V. S.; Kunwar, A. C.
Angew. Chem., Int. E@005 44, 5878-5882. (e) Schmitt, M. A.; Choi,
S. H.; Guzei, I. A.; Gellman, S. H.. Am. Chem. So€005 127, 13130~
13131. (f) Baldauf, C.; Gunther, R.; Hofmann, H.Blopolymers2006
84, 408-413. (g) Srinivasulu, G.; Kumar, S. K.; Sharma, G. V. M;
Kunwar, A. C.J. Org. Chem 2006 71, 8395-8400. (h) Seebach, D.;
Jaun, B.; Sebesta, R.; Mathad, R. I.i'¢géh O.; Limbach, M.; Sellner,
H.; Cottens, SHelv. Chim. Acta2006 89, 1801-1825. (i) Jagadeesh,
B.; Prabhakar, A.; Sarma, G. D.; Chandrasekhar, S.; Chandrashekar, G.;
Reddy, M. S.; Jagannadh, Bhem. Commur2007, 371-373. (j) Schmitt,
M. A.; Weisblum, B.; Gellman, S. HJ. Am. Chem. SoQ007, 129,
417-428.

(9) (a) O’'Shea, E. K.; Lumb, K. J.; Kim, P. Surr. Biol. 1993 3, 658-667.
(b) Lumb, K. J.; Kim, P. SBiochemistryl995 34, 8642-8648.

(10) Relevant data may be found in the Supporting Information.

(11) (a) Harbury, P. B.; Zhang, T.; Kim, P. S.; Alber, $ciencel993 262,
1401-1407. (b) Akey, D. L.; Malashkevich, V. N.; Kim, P. 8iochem-
istry 2001, 40, 6352-6360.

(12) Munoz, V.; Serrano, LProteins: Struct., Funct., Genefl994 20,
301-311.

(13) A reviewer suggested that complexes between foldamer ligands and
proteins represent a type of heterogeneous quaternary structure. For
examples, see: (a) Werder, M.; Hauser, H.; Abele, S.; SeebadielR.
Chim. Actal999 82, 1774-1783. (b) Kritzer, J. A.; Lear, J. D.; Hodsdon,
M. E.; Schepartz, AJ. Am. Chem. So2004 126, 9468-9469. (c)
Sadowsky, J. D.; Schmitt, M. A.; Lee, H.-S.; Umezawa, N.; Wang, S.;
Tomita, Y.; Gellman, S. HJ. Am. Chem. So@005 127, 11966-11968.

JAO071203R

J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007 6377





