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ABSTRACT

unf

Coiled-coil trimers of differing stability have been designed by judicious choice of hydrophobic core side chain identity. Steric matching of
two alanines with one large side chain at three core positions affords stable heterotrimers. Use of either cyclohexylalanine (Cha) or phenylalanine
(Phe) as the large side chain is effective, and unfolding free energies can be varied by over 3 kcal/mol by mixing Cha- and Phe-containing
subunits.

Design of tunable self-assembled systems is of significant the critical influence of hydrophobic core side chains on
current interest. Biopolymers are especially promising com- stability and aggregation numbeRecently, we described
ponents, combining regularity of structure with diversity of
possible constructionsThis synergism is exemplified by _

the muttitude of designed helical peptide assemBlesiled- Sﬁa‘z’gi,°c',‘,‘jj;s§§?.?e4n,lil_; gglﬁ@fﬁl&é?%f@?“éiéﬁ JA_-b'_‘;",\SII‘E‘ﬁ‘g’f,"S_
coils, generated by supercoiling of two or more component a.: Meier, B. H.: Winkler, F. K.: Dobson, C. M.; Steinmetz, M. ®roc.

o-helical strands, underlie many such effort§he broad Natl. Acad. Sci. U.S.A2004,101, 4435-4440. (c) Stevens, M. M.; Flynn,
f | f L h hei N. T.; Wang, C.; Tirrell, D. A.; Langer, RAdv. Mater.2004,16, 915—
array of natural functions they support attests to their gig (g) zhou, M.; Bentley, D.; Ghosh, J. Am. Chem. So2004,126,

versatility* Here we describe formation of 1:1:1 coiled-coil  734-735. (e) Lee, K.-H.; Matzapetakis, M.; Mitra, S.; Marsh, E. N. G.;

: o ; ; Pecoraro, V. LJ. Am. Chem. So@004,126, 9178—9179. (f) Ryadnov,
heterotrimers whose stability varies over a considerable M. G.: Wooifson, D. N.J. Am. Chem. S0@004,126, 7454-7455. (q)

range, governed by selection of specific hydrophobic core Boon, C. L.; Frost, D.; Chakrabartty, Biopolymers2004,76, 244—257.
residue patterns. Each independent complex exhibits bio-(h) Ryadnov, M. G.; Ceyhan, B.; Niemeyer, C. M.; Woolfson, D. N.

. P . P P . .. J. Am. Chem. So@003,125, 9388—9394. (i) Li, X.; Chmielewski, J.
physical signatures expected of well-formed coiled-coil am. chem. Soc2003 125 11820-11821. (j) Farrer, B. T.; Pecoraro,
trimers.

V. L. Proc. Natl. Acad. Sci. U.S.A2003 100, 3766-3765. (k) Camp-
Extensive study of natural and model coiled-coils has

(3) (a) Ashkenasy, G.; Jagasia, R.; Yadav, M.; Ghadiri, MPRc. Natl.

M.; Oakley, M. G.J. Am. Chem. Soc2002 124, 8237-8244. (m)

bell, K. M.; Lumb, K. J.Biochemistry2002,41, 7169—7175. (I) Kim, B.-
established firm sequencstructure relationships, including

(1) Reviews: (a) MacPhee, C. E.; Woolfson, D. Gurr. Opin. Solid
State Mater. Sci2004,8, 141—149. (b) Holmes, T. O.rends Biotechnol.
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2002,12, 464—470.
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Akey, D. L.; Malashkevich, V. N.; Kim, P. SBiochemistry2001, 40,
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the use of core residue steric matching to control specificity has three sterically matched core layers (two Ala and one

of heterotrimer formatiof. Cha/Phe at each). We have previously shown that the former
Favored complexes permit formation of 2:1 alanine complex is a well-behaved trimeric coiled-é8iand sought

cyclohexylalanine layers at three consecutieositions of ~ to discover if the latter would behave similarly.

the primary sequence heptad repeatiqdefg). To extend Circular dichroism (CD) analysis of a 1:1:1:Fi6Fz3

the application of this strategy, we have investigated mixture reveals the high helicity and cooperative thermal

phenylalanine (Phe) as a possible replacement for Cyc|o-denaturation profile expected of coiled-coils (Figure 2). In

hexylalanine (Cha) in this arrangement. Besides conferring

the potential advantages of purely natural sequences (e.o. | IGcIENENINGINGEGEGEGEGEEEEEEEEEEEEEEEES

easier in vitro expression), such an alternative should allow

design of variable-stability trimers by evaluation of mixed- 1A L 1B
core systems. s 7 o Il
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Figure 2. CD analysis of Phe-substituted peptides. Wavelength
(A) and thermal unfolding (B) data forgFsquares), [ (triangles),
F,3 (circles), and a 1:1:1 §F;6:F,3 mixture (open circles).

contrast, pure solutions ofgFF6 and ks display dramati-
cally reduced structure. Signals for the pairwise mixtures of
any two peptides, though stronger than those of pure
components, remain significantly weaker than that of the
designed trimer (Figure 3).
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Figure 1. Peptide sequences and helical wheel projectionang

Xn peptides have phenylalanine or cyclohexylalanine, respectively,
at the indicated positions and alanine at the other two central core
alayers (modified layers are marked by shaded boxes). Projections
of Fg:F16:F23 and Xo:X16:X 23 heterotrimers are also given. Nonhy-
drophobic core residues are omitted for clarity.

Figure 3. CD analysis of pairwise mixtures. Wavelength (A) and
thermal unfolding (B) data for equimolar:F,s (squares), &Fz3
(triangles), and F:F»3 (circles) and the 1:1:1 #F16.F23 mixture
(open circles).

The observed inferiority of alternative complexes is in
eeping with previous results for thegXi6X,3 system,
particularly the deleterious impact of forming all-alanine core
layers. The pure Ftrimers each contain two such layers,
which we have demonstrated to be destabilizing by a variety

type, peptides differ by location of the large side chain (Cha K
or Phe), so that a 1:1:1 trimer ofgX16:X23 Or Fy:Fi6:F23

(5) (@) Kwok, S. C.; Hodges, R. S. Biol. Chem2004,279, 21576—
21588. (b) Ibarra-Molero, B.; Zitzewitz, J. A.; Matthews, C. R.Mol.
Biol. 2004 336, 989-996. (c) Walshaw, J.; Woolfson, D. N. Struct. Biol.
2003,144, 349—361. (d) Kohn, W. D.; Kay, C. M.; Hodges, R.JSMol. (7) Other steric matching systems: (a) Gurnon, D. G.; Whitaker, J. A,;
Biol. 1998,283, 993-1012. (e) Harbury, P. B.; Zhang, T.; Kim, P. S.; Alber,  Oakley, M. G.J. Am. Chem. So®003,125, 7518—7519. (b) Lombardi,
T. Sciencel993,262, 1401—-1407. (f) O’'Shea, E. K.; Klemm, J. D.; Kim,  A.; Bryson, J. W.; DeGrado, W. Biopolymers1996,40, 495—504. (c)

P. S.; Alber, T.Sciencel991,254, 539—-544. Betz, S. F.; DeGrado W. Biochemistryl 996,35, 6955-6962. (d) Monera,
(6) (@) Schnarr, N. A.; Kennan, A. J. Am. Chem. SoQ003, 125, O. D.; Zhou, N. E.; Lavigne, P.; Kay, C. M.; Hodges, R.JSBiol. Chem.
13046—13051. (b) Schnarr, N. A.; Kennan, A.J.Am. Chem. So2003, 1996,271, 3995—4001. (e) Monera, O. D.; Kay, C. M.; Hodges, R. S.

125, 6364—6365. (c) Schnarr, N. A.; Kennan, A. J.,Am. Chem. Soc. Biochemistryl994,33, 3862—3871. (f) Lovejoy, B.; Choe, S.; Casico, D.;
2003,125, 667—671. (d) Schnarr, N. A.; Kennan, AJJAm. Chem. Soc. McRorie, D. K.; DeGrado, W. F.; Eisenberg, Bciencel 993,259, 1288—
2002,124, 9779—-9783. (e) Schnarr, N. A.; Kennan, AJJAm. Chem. 1293. (g) Monera, O. D.; Zhou, N. E.; Kay, C. M.; Hodges, RJSBiol.
Soc.2001,123, 11081—-11082. Chem.1993,268, 19218—-19227.

4220 Org. Lett, Vol. 6, No. 23, 2004



of method< In the pairwise mixtures @Fis, Fo:F23, Fis:

F3) trimer formation requires separation into two 2:1
complexes. Thus, an equimolay:fRe mixture would contain
Fo:Fo:F16 and R:F16:F16 assemblies. Each of these has one
fully matched layer, one all alanine layer, and one layer with
two large side chains and one small éne.

Verification of designed trimer stoichiometry was executed
using a previously described Ni-affinity methédhe Re
peptide was derivatized with a Gly-Gly-(Hidpag, producing
a new sequence {9 that binds nickel nitrilotriacetic acid
agarose beads. Exposure of an initial 1:1dFRnisF23
solution to the beads, followed by rinsing to remove
nonspecific binders and elution with imidazole buffer,
afforded an elution fraction containing 1 equiv of each

peptide, supporting the proposed 1:1:1 structure (see Sups:

porting Information for additional details).

Having established the feasibility of phenylalanine/alanine
steric matching, we turned to the investigation of mixed-
core systems, in which both phenylalanine and cyclohexyl-
alanine are present, in varying ratios. Equimolar mixtures
of Fo:Fi6:F23, Fo:X16:F23, Xo:F16:X23, and X9: X16: X 23 should
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Figure 5. CD analysis of mixed-core systems. Wavelength (A)
and thermal unfolding (B) data for 1:1:1¢%6X23 (Squares),
Fo:X16:F23 (triangles), %:X16:X23 (circles), and EFi6:F23 mixture
(open circles).

evenly over about a 28C range (Table 1). Thus, consider-
able stability variance can indeed be programmed simply
by selection of the core maketip.

Further characterization was conducted by chemical
denaturation (Figure 6). Each complex displays a cooperative

form heterotrimers with only Phe, Phe/Cha/Phe, Cha/PheL_
Cha, and only Cha side chains, respectively, at the three cor

a layers (Figure 4). We reasoned that such combinations

Figure 4. Schematics of mixed-core systems. Large side chains

at each of the three modified core layers are depicted. Each layer(squares), EXisFzs (triangles),
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Figure 6. GdnHCI denaturation profiles for 1:1:1 gX16:X23
%:X16X23 (circles), and

also contains two small alanine side chains (not shown). Other coreFe:F16:F23 mixture (open circles). Lines are fits to the data; for

layers (including intervening layers between side chains shown)
and all noncore positions have been omitted for clarity.

would provide a facile method for tuning heterotrimer
stability without sacrificing specificity.

All four mixed-core trimers exhibit similar helicity by CD,
but their thermal stabilities vary inversely with the number
of Phe residues (Figure 5). Although all four display
cooperative unfolding profiles consistent with stable struc-

tures, the observed melting temperatures are spread fairlyy

Table 1. Sedimentation Equilibrium and Thermodynamic Data

sample Tm (°C)  AGunr(kcal/mol)  Miobsa  Mrcaled
Fo:F16:Fo3 61 16.27 £ 0.25 10 898 11 535
Fo:X16:Fog 67 17.74 £+ 0.36 11 353 11 541
Xog:F16:Xo3 73 18.05 £ 0.28 11 608 11 547
Xg:X16:Xo3® 83 19.60 £+ 0.21 10 245 11 556

aData from ref 6d.
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unfolding free energies, see Table 1.

unfolding transition, with significant variation between the
samples (Table 1). Unfolding free energies differ by over 3
kcal/mol between the most and least stable assemblies, and
the correlation with Phe content holds (i.es;Hze:F23 is the

least stable at 16.27 kcal/mol, while:X16:X23 is the most
stable at 19.60 kcal/mol).

(8) Other approaches to heterotrimer design: (a) Kiyokawa, T.; Kanaori,
; Tajima, K.; Tanaka, TBiopolymers2001, 55, 407-414. (b) Kashiwada,

A.; Hiroaki, H.; Kohda, D.; Nango, M.; Tanaka, J. Am. Chem. So200Q

122, 212—215. (c) Nautiyal, S.; Alber, Protein Sci.1999,8, 84-90. (d)
Lombardi, A.; Bryson, J. W.; DeGrado, W. Biopolymersl997, 40, 495—

504. (e) Gonzalez, L., Jr.; Plecs, J. J.; AlberNgt. Struct. Biol.1996,3,
510-515. (f) Nautiyal, S.; Woolfson, D. N.; King, D. S.; Alber, T.
Biochemistry1995,34, 11645—11651

(9) For example, EFg:Fi6 is 2:1 Phe:Ala at position 9, matched at
position 16, and all alanine at position 23.

(10) Wavelength and thermal melt data are very similar for all possible
single Cha trimers (XFi6F23, Fo:X16:F23 Fo:F16:X23), as are Ni-affinity
results for the X:F16:F23 and k:X 16 F23 systems (see Supporting Informa-
tion). Thus, the stability variance appears to be context independent. For
dramatic examples of context dependence in hydrophobic core cluster
patterns, see ref 5a and: Lu S. M.; Hodges, RPftein Sci.2004,13,
714—726.

4221



Confirmation of trimeric assemblies was obtained by specificity. Such systems could be useful in various applica-
analytical ultracentrifugation. Each of the three Phe-contain- tions such as peptidic drug delivery systems where thermal
ing complexes (EFi6:F23 Fo:X16:F23 Xo:F16:X23) give ob- triggering of trimer disassembly at tunable temperatures is
served reduced mass values consistent with those calculatedesired.
for the appropriate trimer molecular weights (Table 1), in
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Xg:X16:X23 COMplex®? o ~ CAREER award to A.J.K. (CHE-0239275). We thank Dr.
Overall, these data confirm that phenylalanine side chains nthan A. Schnarr for peptide synthesis and numerous
can assume the role of large hydrophobic groups in a 2:1 helpful discussions.

small:large matching scheme. Although complex stability is

gradually diminished by increasing Phe content, even the

Fo:F16.F23 assembly remains a perfectly viable trimeric coiled-

EO'I' Thus., in addition to.prow.dlng an aIternatlye to cyqlo- Ni—NTA data. This material is available free of charge via
exylalanine for controlling trimer assembly, introduction i

of phenylalanine side chains establishes a mechanism forthe Internet at http://pubs.acs.org.

smooth variation in complex stability without sacrificing 0OL0483520
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