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The coiled-coilt in which two a-helices associate to bury a
hydrophobic surfaces against one another, is a very common protein
dimerization motif that plays a critical role in transcriptional
regulatio? and other biological processe®-¢Elucidation of the
factors responsible for dimerization affinity and specificity should
improve our understanding of natural coiled-coil function and
enhance our ability to design selective self-assembling systéms.
Sequences that form coiled-coil pairs are characterized by a heptac
repeat, designateabcdefg in which thea andd residues form the
hydrophobic core of the dimét. ¢ Most efforts to elucidate pairing
preferences in coiled-coils comprising proteinogenic residues have Figure 1. (a) Helical wheel diagram of Base-p1/Acid-p1. In Base-L21A,
focused on electrostatic interactions among side chains that flankLetp: (boxed) of Base-pl is mutated to Ala. The four sites of variation in
the core, positiong and g,52 and on polar side chains that occur the Acid-pl-derived phage library are circled. (b) Helical net analysis of
occasiopally at core positioA%3°cHere we describe the use Qf gifzeoy'ﬁ’_le/gi'c;ﬁé'l_ﬁj g; BAaC‘T‘g_'gll ((jggﬁekgiﬁﬁ)e)'.s surrounded by Lgu
phage displa$ito explore the role of packing among nonpolar side
chains at core positions in determining heterodimeric coiled-coil Table 1. Peptide Sequences

partnering preferences. Peptide Sequence

We began by introducing a destabilizing mutation into one Base-p1 AQLKKKLOALKKKNAQLKWKLOALKKKLAQ
partner of a designed coiled-coil pair, and we then used phage- page.121A AQLKKKLOALKKKNAQLKWKAQALKKKLAQ
display to determine whether mutations in the other helix could Acid-p1 AQLEKELQALEKENAQLEWELQALEKELAQ
compensate for this destabilizing alteration. The biologically  phage Library AQLEKELQALEKENAQXEWXXQAXEKELAQ
inspired Base-p1/Acid-p1 parallel heterodimer of Kim et abhich pLEIM AQLEKELQALEKENAQLEWEIQAMEKELAQ

contains only proteinogenic residues, served as our starting point

(Figure 1a). Dimerization is driven by the association of Leu side 7, 5 o, -5

chains a@ andd positions on opposing helices. lonic interactions 5 ° [ » 0l b <
between Glu residues on Acid-p1 and Lys residues on Base-p1, at:, -° ¢ T

e andg positions, impart specificity for the heterodimer relative to  § i: \ S 51T

homodimers. A single pair of buried Asn residues controls both "8 _20 ..: B 0l e .
registry and orientation of the two helic®s, as is commonly 225 | e 3

observed in natural coiled-coit$ Each of the core side chaina ( © 30 N S °

or d) on one helix is surrounded by four side chains from the 2 _;5 - 2 50 " P " '

opposing helix in dimeric system3Figure 1b shows, for example, 200 220 240 260 0 0.2 0.4 0.6 0.8 1

that Ley, on Base-pl contacts Leu Gluyg, Lelp:, and Leuy, on ‘ Wavelength (nm) Hole Fraction Base-LZlA

Acid-p1. We hypothesized that introducing a destabilizing mutation Figure 2. (&) CD spectra of Base-L21AY, pLEIM (4), and a 1:1 mixture

at position 21 on Base-p1 could lead to pairing specificity if a stable (®) & 104M total peptide concentration. (b) Job plot analysis of Base-
. . ) L21A/pLEIM under similar conditions.

partner to this mutant could be selected from an Acid-p1-derived

library in which positions 17, 20, 21, and 24 were randomized.  gequences, the majority of which (16 of 25 isolated) contained the
Mutation of Ley, to Ala on Ba_lse-pl_(Base-L21Ao) ressults N motif L17X 20121224 Where X is predominantly polar residues and Z
drastic destabilization of the coiled-coifTm = 23 °C)° We is hydrophobic. The convergence observed upon panning against

produced a variant of Base-L21A that contains a biotin tag at the gase-| 214 suggests that Base-L21A should display specificity for
N-terminus for immobilization onto streptavidin-coated surfaces. pairing with pLEIM over other closely related sequences. In

Concurrently, we produced an M13 phage libfadisplaying the  conirast, the panning results imply that Base-pl is much less
Acid-p1 sequence (as a plll fusion) with the four selected positions ggjective in partnering preferences.

randomized. Several rounds of selection led to convergence on a cnaracterization of Base-L21A/pLEIM indicates that these
single sequence: pLEIM (Table 1). Of 25 isolated binding clones, peptides form a well-behaved heterodimeric coiled-coil. Circular

21 proved to be pLEIM.In contrast, panning against biotinylated gjichroism (CD) in phosphate-buffered saline (PBS) shows that each
Base-p1 resulted in a phage population consisting of a variety of component is unstructured in isolation, but a 1:1 mixture results in

a strongo-helical CD signature. Job plot analysis (Figure 2b) reveals

Igg;‘)iff‘r;eerf’trg?rp"’mrig aB(lg‘l’ohg}fiCS- a discrete aggregate with 1:1 stoichiometry, and ultracentrifugation
8 Department of Chemistry. confirms that Base-L21A/pLEIM is a heterodimer. Thermal and
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5— SH focused entirely on interactions between residues at lateral positions
a - - (e.g., Ley; on Base-p1 with Ley on Acid-p1). The apparent ability
: of a modification in a neighboring side chain layer, kettMet in
4 pLEIM, to participate in accommodating the LgtrAla mutation
on Base-L21A suggests that analysis of natural sequences and
b Base-L21A- design efforts should not focus exclusively on lateral contacts.

Base-L21A- S8-Acid-p1

SS-pLEIM

pLEIM-SH Our results show that heterodimeric coiled-coil pairing selectivity
can be profoundly influenced by nonobvious side-chain interactions
in the nonpolar core and that phage display is an excellent technique
for identifying such interactions. The “compromised” sequence,
Base-L21A, appears to be quite discriminating in its pairing
preference, but the preferred partner, pLEIM, seems to be promis-
cuous, as is Base-pl itself. These observations suggest that insertion
Figure 3. (a) Scheme for the thiol exchange assay. (b) Representative resultsOf compromising mutations on both partners may be an effective
of the disulfide rearrangement as monitored by RP-HPLC. way to generate a coiled-coil in which both partners display high
selectivity. Testing of this hypothesis and exploration of other
implications of the results described here are underway.

Acid-p1-SH

Table 2. Stability of Coiled-Coils

coiled-coil T (°C) AGyy (kcal/mol)
Base-L21A/pLEIM 55 105 Acknowledgment. This researc_h was funded by the NIH_
Base-L21A/Acid-pl 42 8.6 (GM61238). J.R.L. was supported in part by a PGS B scholarship
Base-pl/Acid-pl 65 11.6 from the NSERC of Canada, and J.D.F., by an NIH Molecular
Base-p1l/pLEIM 62 117 Biophysics Training Grant (GM08293-14). We thank Darrell R.

McCaslin, Brian K. Kay, Brendan P. Orner, and Martha G. Oakley

. ) o . for helpful discussions.
urea denaturations of Base-L21A paired with either pLEIM or Acid-

pl were performed to gain insight into stability and specificity of Supporting Information Available: Phage display procedures,
these coiled-coils (Table 2). Base-L21A/pLEIM is 1.9 kcal/mol experimental details for peptide synthesis and acquisition of CD data,
more stable than Base-L21A/Acid-p1. This result is consistent with thermal denaturation and sedimentation ultracentrifugation data. This
previous hostguest studies involving a different heterodimeric material is available free of charge via the Internet at http://pubs.acs.org
coiled-coil by Vinson et al., who found thata' lle-Ala pairing is
significantly more stabilizing than a comparable Leu-Ala paifing.
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stability; thus, the double-mutation of Lgt-lle and Leys;—~Met
has little effect on pairing with Base-p1. Table 2 shows that while
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pl was further explored in a thiol-disulfide exchange assay. We
prepared variants of these three peptides that a contain Cys-Gly-
Gly sequence appended to the N-terminus (Base-L21A-SH, pLEIM-
SH, and Acid-p1-SH). Oxidation of Base-L21A-SH with Acid-p1-
SH gave the disulfide-bonded heterodimer Base-L21A-88d-
pl. Mixing this dimer with an equal amount of pLEIM-SH in
degassed PBS at pH 7.0 resulted in disulfide rearrangement to give
Base-L21A-SS-pLEIM as the predominant dimer (Figure 3). The
phage-derived coiled-coil pairing (Base-L21A-SS-pLEIM) is pre-
ferred over the mismatch dimer by3:1 under these equilibrium
conditions. Similar results were obtained by performing the assay
in the opposite direction, beginning with Base-L21A-SS-pLEIM
and Acid-p1-SH

Several groups have explored “steric-match” strategies to gener-
ate coiled-coils that contain alanine in the hydrophobic core.

However, such approaches have produced stable structures only in

systems with trimeric or higher oligomerization stat@8or greater
peptide length (six heptad$): Furthermore, these studies have
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