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Recently, we described a strategy for the design of miniature
proteins1 that bind DNA and protein surfaces with high affinity
and selectivity.2-4 This strategy, which we call protein grafting,
involves identifying the set of residues from anR-helix required
for macromolecular recognition by a natural proteinsthe functional
epitopesand presenting them in the same arrangement on the small,
stable protein scaffold, avian pancreatic polypeptide (aPP) (Figure
1A).5,6 The stability and function of a miniature protein designed
in this way can often be optimized by combinatorial evolution.3,7

Previously, high-affinity DNA recognition could be achieved only
when the miniature protein contained thecomplete functional
epitope, that is, when it included every energetically significant
DNA contact residue.2 Here we demonstrate that miniature proteins
can achieve high affinity and selectivity for DNA, by design, even
when the functional epitope is incomplete.

Homeodomains are highly conserved transcription factors with
diverse roles in eukaryotic development.8,9 Homeodomains bind
DNA using a bipartite structural unit: residues on helix 3 of a
helix-turn-helix motif10,11 provide energetically significant con-
tacts in the major groove, whereas residues along a flexible
N-terminal arm provide energetically significant contacts in the
minor groove.12-14 In the case of the Q50Kengrailedhomeodomain
(Q50K), major and minor groove contacts are made to distinct base
pairs within the QRE site T1A2A3T4C5C6 (Figure 1A).15-18 Residues
K46, I47, W48, K50, N51, R53, K55, K57, and K58 on helix 3 contact
A3, T4, G-5, and G-6 within the major groove, while residues R3,
R5, and T6 along the N-terminal arm contact T1 and T-2 within the
minor groove (Figure 1).15-19

Our design of a miniature homeodomain began by aligning the
sequences of Q50K helix 3 and the aPPR-helix (Figure 1B).5,6 In
alignment #1, DNA contact residues from helix 3 are presented
near the N terminus of the aPPR-helix, while in alignment #2,
they are shifted one helical turn closer to the C-terminus. Although
alignment #1 lacked conflicts between residues implicated in QRE
binding and aPP folding, it was disfavored by an expected poor
backbone superposition between helix 3 and the N terminus of the
aPPR-helix (RMSD) 1.31 Å). Alignment #2, while characterized
by favorable backbone superposition (RMSD) 0.47 Å), possessed
conflicts between three DNA contact residues on helix 3 (W48, K55

and K58) and three folding residues along the aPPR-helix (F20,
Y27, and V30). Using alignment #2 and favoring DNA binding over
folding at two of three conflict positions (K55 and K58), we designed
PPeng4 as a starting point for a subsequent library of variants; helix
3 and eng4 were prepared for purposes of comparison (Figure 1B).

Quantitative electrophoretic mobility shift experiments were
performed to determine the affinities of PPeng4, eng4, and helix 3
for DNA containing a QRE target site (QRE20; TAATCC).2,3 To
our surprise, the PPeng4‚QRE20 complex was exceptionally stable,
with an equilibrium dissociation constant of 17( 8 nM at 25°C

(Figure 2A). The QRE complex of PPeng4 was 750 times more
stable than the corresponding complex of eng4, which lacked the
PPII helix andâ-turn in PPeng4 (Kd ) 13 ( 2 µM), and 100 times
more stable that the corresponding complex of helix 3 (Kd )
1.7( 0.3µM). These comparisons indicate that the PPII helix and
â-turn in PPeng4 increased QRE20 affinity by as much as 2.8
kcal‚mol-1. Previous work had suggested that miniature proteins
lacking even one DNA contact residue would fail to detectably
bind DNA, even at 4°C.2 PPeng4 achieved high QRE affinity at
25 °C despite the absence of one DNA contact residue from helix
3 (W48), and, more importantly, three from the N-terminal arm.14-18
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Figure 1. (A) Design of PPeng4. (B) Two alignments of aPP with residues
42-59 (helix 3) of Q50K. Q50K residues that contact the major groove
are in red; residues along the PPII andR-helices of aPP that contribute to
protein stability are in yellow or blue, respectively. Stars identify conflicts
between residues required for DNA binding and aPP folding.

Figure 2. The affinity (A) and specificity (B-D) of DNA recognition by
PPeng4, eng4 and helix 3. Plots illustrating (A) the fraction of QRE20

(TAATCC) bound by PPeng4 (b), helix 3 (9), and eng4 ([) and the fraction
of QRE20 (black), ERE20 (white; TAATTA), and MRE20 (gray; CCATCC)
bound by (B) PPeng4, (C) eng4, and (D) helix 3 at 25°C. All points
represent the average of at least three trials. Error bars denote the standard
error.20 Binding reactions were performed and analyzed as described.2,3,22
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Circular dichroism (CD) experiments were performed to char-
acterize the secondary structure of PPeng4 in the presence and
absence of QRE20. The CD spectrum of PPeng4 revealed significant
R-helix in the absence of QRE20

21 (Figure 3A), with a mean residue
ellipticity (Θmrw) at 222 nm of-3951 deg‚cm2‚dmol-1.22 Addition
of 1 equiv of QRE20 amplified the CD signal at 222 nm to-6239
deg‚cm2‚dmol-1. By contrast, the CD spectrum of helix 3 (Figure
3B) showed noR-helical structure in the absence or presence of
QRE20.21 These experiments suggest that the affinity of PPeng4
for QRE20 resulted from significant pre-organization of the helix 3
functional epitope. In this case, a well-folded miniature protein
capable of high-affinity DNA recognition was achieved by design,
without combinatorial evolution3,7

The DNA specificity of PPeng4 was investigated using two
sequences used previously to examine homeodomain specificity:
ERE20 and MRE20 (Figure 2B).15,18,22ERE20 (TAATTA) differed
from QRE20 at two base pairs contacted by K50 and K46 within
helix 3, whereas MRE20 (CCATCC) differed at two base pairs con-
tacted by R3 and R5 on the N-terminal arm.15,17,18 Neither eng4
nor helix 3 discriminated between QRE20 and either MRE20 or
ERE20. In each case, the specificity ratioR (defined as the ratio of
the equilibrium dissociation constants of mutant and specific
complexes) was near unity. Eng4 and helix 3 bound ERE20 with
affinities of 12( 2 and 1.9( 0.4µM (R) 1 and 0.9, respectively)
and bound MRE20 with affinities of 4.9( 1.6 and 1.6( 0.2 µM
(R ) 0.4 and 1, respectively) (Figure 2C, D). By contrast, PPeng4
discriminated QRE20 from ERE20 and, especially, from MRE20.

PPeng4 preferred QRE20 to ERE20 (Kd ) 120 ( 20 nM) with a
specificity ratio of 7; theRvalue reported for Q50K is 3618 (Figure
2B). However, PPeng4 preferred QRE20 to MRE20 (540( 160 nM)
by a factor of 32, a value only 2-fold lower than that reported for
Q50K (R ) 64).18 Remarkably, PPeng4 accurately specified base
pairs T1 and T-2 of the QRE target site despite the absence of those
residues that contact these base pairs within the Q50K‚QRE
complex,15,16 residues that contribute>3.8 kcal‚mol-1 of binding
free energy.17 This observation implies that base pairs T1 and T-2

are specified indirectly by PPeng4 (and perhaps Q50Kengrailed)
via interactions between helix 3 and the adjacent DNA major
groove. Our results indicate that the PPII helix andâ-turn in PPeng4

enhanceboth affinity and specificity, using 13 amino acids to
replace the remaining 43 residuessmore than two-thirdssof a
bipartite homeodomain motif. More broadly, the success of the
PPeng4 design suggests that structural pre-organization can ef-
fectively compensate for the free energy of lost protein-DNA
contacts. In this case it has been possible to miniaturize both the
recognition surface and the structural framework of a globular
protein fold.
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Figure 3. CD analysis of (A) PPeng4 (25°C) and (B) helix 3 (4°C) at 5
µM in the absence (black) or presence (white) of 5µM QRE20.21,22
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