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The stability, size, and structure of avian pancreatic polypeptide
(aPP) makes it a useful starting point for the design of miniature
proteins that bind with high affinity and specificity to DNA* and
protein§~'4 and inhibit their interactions, both with high affinity
and specificity, both in vitr 6891714 gnd in mammalian cells and
extracts’1°The utility of these molecules in a cellular context could
be diminished, however, by self-association: aPP forms a dimer | ) i
at 10 M concentratiori>16 a property shared by some, but not '

D 7 13 2042

all, aPP-based miniature protefts!”1° Interestingly, two miniature

proteins, p007, which binds DNA* and pGolemi, which binds aPP GRSQPTY 14 DL ¥
EVH1 domains, remain monomeric and well-folded at 10M PYY YPAKPEAPGEDASPEELSRYYASLREYLNLVTRQRY
concentration despite primary sequence differences that exceed 50% wkk %k ok * ok %k sokdoolook

pGolemi PFPPTPPGEEAPVEDLIRFYNDLOQYLNVY

(Figure 1). This observation suggests that it should be possible to
identify aPP variants that are both monomeric and well-folded. Here MTm RATMPGD D

we systematically isolate, characterize, and remove two structural aPPFzM GPSQPTAPGDDAPVEDLIRFYDNLQQYLNVVIRHRY
elements responsible for aPP dimerization and install a new aPPmA GPSQPTYPGDDAPVEDLIRAYDNLQQYLNVVIRERY

element-a proline switch-that single-handedly repacks aPP’s PPY?ATEE GPSQPTYPGDDAPVEDLIRFADNLQQYLNVVTRERY
signature fold. The result is a monomeric and well-folded miniature ~ aPP GPSQPEAPGDDAPVEDLIRFYDNLQQYLNVVTRERY
proteins that can serve as a starting point for itheitro andin GPSQPTAPGDDAFVEDLIRFYDNLRQYLNVVTRHRY
vivo applications of these molecules. aPPYnmsmP GPSQPTAPGDDASPEDLIRFYDNLQQYLNVVTRHRY

The structures of pancreatic fold proteins (PP) are composed of appTAFSWIF GpgoPTAPGDDAVPEDLIRFYDNLQQYLNVVTRHERY

an N-terminal type Il polyproline helix that folds upon a C-terminal  Figure 1. (A) Ribbon diagram of the aPP dinfétighlighting pairs of
o-helix to generate a stable, well-packed hydrophobic &br. Y7 (red, pink), F20 (teal, light teal), and Y21 (blue, light blue) side chains.
The first evidence of aPP self-association was the X-ray structure, (B) Close-up of intermolecular network comprising Y7 and F20 from both

. . . . . monomers. (C) Close-up of intermoleculaistacking interaction between
which revealed an antiparallel dimer (Figure FAMolecular sieve Y21 side chains. In panels B and C, equivalent residues on each monomer

chromatography indicated that formation of the aPP dimer was pH- of the aPP dimer are distinguished by black and white residue labels. (D)
and temperature-dependent, with an equilibrium dissociation con- Alignment of natural and designed PP-fold proteins and variants prepared
stant Kg) between 400 pM and EM.1516 However, not all PP- as part of this work. Residues that differ from wt aPP are shaded; those
fold proteins self-associate; the NMR structure of peptide Yy that differ between p007 and pGolemi are starred.

(PYY), an aPP ortholog, shows an aPP-like hydrophobic core but .

no evidence of dimerizatiof?2325Subsequent sedimentation equi- in place of each of the residues present at the dimer interface
librium experiments confirmed that PYY remains monomeric in (@PP*, aPP2%% aPP!%) and characterized them using circular

the micromolar concentration range, forming a dimer only at a very dichroism (CD) and analytical ultracentrifugation (AU). &PPand
high concentrationy = 21 mM)2! aPP20A hoth assemble into tetramers, wiKg values of 3.9x 10712

Visual inspection of the aPP structure identifies three potentially @nd 7-6x 10~ M?, respectively. Because of the stoichiometry of
stabilizing interactions at the dimer interface (Figure 1A). An Self-association, however, aPP and aPF% are tetrameric only
intermolecularz-stacking interaction between Y7 side chains is at Very high concentration: at 36M more than 97% of the
evident (Figure 1B), with the orientation of each Y7 side chain Molecules remain monomeric. By contrast, aPP, Wigh= 4.1 x
defined by an intramolecular edge-to-face interaction with F20 107°M, exists predominantlyX94%) in the dimer state at 3(M.
(Figure 1B); an intermoleculat-stacking interaction between Y21 ~ Although less prone to self-association than aPP, as monomers
side chains is also observed (Figure 1C). Comparison of the neither aPP nor aPP204 assembled into the hairpin fold that
sequences of natural and designed PP-fold miniature proteins reveal§haracterizes PP-fold proteins, as judged by minimal negative
that all self-associating molecules contain tyrosine at position 7, ellipticity at 222 nm and a shift in the 208 nm minima to 205 nm
whereas the nonassociating pGolemi, p007, and PYY do not (Figure (Figure 2A). By contrast, aPP* formed a modestlynorestable
1D). The identities of the side chains at positions 20 and 21, dimer than did aPP, as judged by analytical ultracentrifugatian (
however, do not correlate with self-association; most miniature = 1.3 x 1078 M) and CD (16 500 and 14 700 degr?-dmol! at
proteins (including pGolemi) contain phenylalanine at position 20, 208 and 222 nm, respectively). These data suggest that Y7 and
and the residue at position 21 varies widely across miniature proteinsF20 of aPP contribute to both dimer stability and maintenance of
in the PP family. the characteristic aPP fofdY21, although positioned at the dimer

To determine the extent to which these residues contribute to interface in the X-ray structure, contributes modestly to dimer
aPP dimer stability, we prepared aPP variants containing alaninestability.

11024 = J. AM. CHEM. SOC. 2007, 129, 11024—11025 10.1021/ja074859t CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

< < B stability. Although substitutions at these positions reduced dimer
g g 6 stability at the expense of tertiary structure, insights gleaned from
5 o 8 comparisons among natural and designed PP-fold family members
E .5 " identified a key “proline-switch” that restored the signature aPP
ko old. The result is a well-folded miniature protein that is monomeric
g g fold. The result Il-folded miniat tein that
L S 12 Y7AP13SV14P at concentrations above that where aPP-derived miniature proteins
E—_ S ‘?-'&._14 aPP associate with their macromolecular targets. We expect this
£ 200 220 240 g“i" 10 30 5 70 improved platform to accelerat@ vitro andin vivo studies of
Wavelength (nm) = Temperature (°C) functional miniature proteins.

Figure 2. (A) Wavelength-dependent circular dichroism (CD) spectra of .
aPP variants. (B) Temperature-dependent change in the ellipticity at 222 Acknowledgment. This work was supported by the NIH (Grant

nm of aPP7API3SV14P5s the temperature is raised (red) and then lowered GM 65453 and 59843), the National Foundation for Cancer
(blue). All spectra were acquired at M concentration in Tris-Cl buffer Research, and in part by a grant to Yale University, in support of
(25 mM Tris, 50 mM NaCl, (pH 8.0)). A.S., from the Howard Hughes Medical Institute.

Supporting Information Available: Materials and experimental
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We next explored two strategies to stabilize and rebuild the
hairpin fold of monomeric aPP*. The first strategy builds on the
observation of Bjornholmet al. that PYY possesses a stronger
dipole moment (449 D) and a larger electrostatic stabilization energy
(—10 kcatmol %) than does aPP (430 D and7 kcatmol1,
respectively¥’ To evaluate whether macrodipole stabilization would
increase the stability of monomeric (but poorly folded) &PPwe
prepared a second set of variants containing two additional residues
from PYY: a glutamic acid at position 6 (near the-helix
N-terminus) and an arginine at position 25 (near the C-terminus).
Sedimentation equilibrium experiments showed that neithef’a4®
nor aPP7AQ25R was appreciably monomeric at M, with 45%
and 46% of the solution forming tetramers, respectively. The CD
spectra of both molecules show minima at 208 and 222 nm that
are likely due to the large fraction of molecules assembled into
well-folded tetramers at this concentration. These results indicate
that macrodipole stabilization alone is insufficient to refold ¥PP

A more subtle difference between aPP and PYY is a proline
residue whose location effectively demarcates the N-terminus of ;

. . . L. . (12) Gemperli, A. C.; Rutledge, S. E.; Maranda, A.; Schepartd, Am. Chem.
thea-helix. This proline is highly conserved among PP-fold family S0c.2005 127, 1596-1597.
members; however, its position varies between residue 13 and 14 (13) Zellefrow, C. D.; Griffiths, J. S.; Saha, S.; Hodges, A. M.; Goodman, J.
(Figure 1). By specifying where the-helix begins, this proline &85%?;"1‘%67'_“'“9“ J. A; Schepartz, 8. Am. Chem. S0@006 128
defines the relative orientation of the PPIl améhelices and thus (14) Kritzer, J. A;; Zutshi, R.; Cheah, M.; Ran, F. A.; Webman, R.; Wongjirad,
the precise packing structure of the hydrophobic core. Indeed, Zerbe a5 ’T\I-O'Z'IEei?&fpgitéhggge;‘g{?&?ﬁ”ﬁg‘y’g;ioiigiliét 11680 19, 1836
and co-workers recently reported that altering the residues at 1843.
positions 13 and 14 in PYY dramatically destabilizes the PP#bld.  (16) Chang, P.J.; Noelken, M. E.; Kimmel, J.Btochemistryl98Q 19, 1844~
To determine whether this “proline switch” could increase the 1849.
stability of poorly folded but monomeric aPP variants, we synthe-
sized two variants of aPP* containing the sequences VP and SP
at positions 13 and 14, in place of the natural PV sequence.
aPP7AP13VV14P remained predominantly monomeric (90%) at 30
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