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Hox (Homeob) proteins belong to a family of transcriptional a)
regulators that bear the “homeodomain”: a trihelical DNA-binding
domain that is conserved across vast evolutionary distdridesse
proteins play a vital role in anterieiposterior patterning of the
embryo? The role of Hox proteins in controlling the developmental

case ofDrosophila melanogasterfor example, mutations in the
Hox gene Ultrabithorax (Ubx) led to the transformation of halteres
(balancing organs) into a set of wings?

Hox proteins in general display poor affinity and sequence
specificity for DNA in vitro. However, Hox proteins often interact
with the TALE (Three Amino Acid Loop Extension) class of
homeodomain proteins and together bind as heterodimers to target A ¥ ui
DNA sequences with very high affinity and specificftyRecent B WY }3
crystal structures of one such terary complex shows that Ubx Figure 1. Structural rationale for Exd-recruiting polyamides. (a) X-ray
interacts with theDrosophila TALE protein extradenticle (Exd)  crystal structure of the UbxExd ternary complex (PDB code 1BSIDnly
via a short docking YPWM peptide (Figure TaJhis conserved side chains of the Ubx docking hexapeptide are shown. (b) X-ray crystal
peptide is a feature of all Hox proteins, and it occurs N-terminal to Structure of a polyamide dimer bound to DNA (PDB code 407@jth a

; ; S ” . propylamine chain (orange) docked to a pyrrole ring nitrogen. (c) Side view
the homeodomain separated by an intervening "linker” peptide of of the minor groove next to the Exd binding site. The hexapeptide bound

varying lengths in the different Hox proteihRecently, it has been o Exd is shown in blue, the Exd homeodomain is colored red. The nearest
argued that additional interactions between Hox and TALE proteins phosphate is indicated in bright blue, the closest base (T) in the minor groove

may play a key role in their ability to bind DNA cooperativély. s highlighted in violet.
Here, we describe a small-molecule polyamigeptide conjugate
. . o . i/ 4 I s
that mimics the ability of Hox-family developmental regulators to .E"f%f«@)—‘fui}—fw .
hind cooperatively with Exd to a cognate DNA site. LA A
The Ubx docking peptide is presented to Exd via a flexible linker ~ 5*-6[2&a [T 6 x ccr Tlo-3+ "y
(disordered in the crystal structure). Therefore, we decided to (8%2.006 ’ oo !
. . . . . . NHR.
recreate this interface by presenting the docking peptide offaminor 3'-C|R & T A[A C T)G G T A[C-5"  q{(R=H)
groove DNA-binding polyamide (PA). PAs bind to B-form DNA 2 (R = Ac-Phe-Tyr-Pro-Trp-Met-Lys-Gly-)
in a highly sequence-specific manffetJsing a simple set of 3 (R = Ac-Phe-Tyr-Pro-Ala-Ala-Lys-Gly-)
“pairing rules”, the;e compounds c.a.n.be tailored to target various fgyre 2 (a) Composite Exepolyamide binding site. Major groove
DNA sequences with nanomolar affiniti&Recently, it was shown occupancy by the Exd protein is shaded in light gray, minor groove
that regulatory peptides could be conjugated to a PA to generateoccupancy by the Exd N-terminal residues in dark gray. (b) Chemical
small molecules that can upregulate gene expression in¥fiffioe structure of the compounds investigated in this study=R3-Dp. Key
. e residues for Exd binding are in bold type.
success of modular artificial transcription factors (ATFs) prompted
us to design PAs that would cooperatively recruit Exd to DNA.
Further inspection of the UbxExd—DNA crystal structure
revealed that the minor groove dimensions next to the Exd binding
site compare well with a high-resolution structure of a PA bound .
to the minor groove of DNA (Figure 1b). Furthermore, the Information).
. 9 ) gure. 10). T The DNA-binding properties of the compounds-3 were
C-terminal residue of the docking peptide is located above the minor . . o S
. . s L investigated by quantitative DNase | footprinting assdy$he
groove (Figure 1c). A propyl linker projecting off the ring in the IV "
" . LE . equilibrium binding constants of each of the compounds for a
PA could connect both moieties without significantly perturbing ) L R .
) : - . ' . matched versus three single base pair mismatch sites is compiled
polyamide or peptide binding to their respective targets (Figure 1). in Table 1. The coniugation of the peptides to the parent polvamide
The residue over the base closest to the C terminus served as th : 1ug pep P Poly

. . : ) leads to a reduction in binding affinity, not unlike previous
connection point. We used this structure-based design to generateobservationéo Interestinaly. the functional pentide sequencein
the PA—docking-peptide conjugate2 and 3 (Figure 2). The ) gy pep d

. . . . has a much greater influence on binding affinity and specificity
conjugates display a functionat)(or a mutant §) hexapeptide than the mutant peptide B This behavior may be indicative of

 California Institute of Technology. additional properties of the docking peptide (under investigation).
* University of Wisconsin-Madison. Equally unexpected was the ability of the conjuga?esnd 3 to

a) b)

attached to the PApropylamine side chain via a glycine spacer.
The conjugates were synthesized by solution-phase coupling of
protected peptide acid fragments to the parentlRgee Supporting
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Table 1.
3a,b

5'-TGGTCA-3'

Equilibrium Dissociation Constants Ky [nM] for 1, 2, and

5'-TGGCCA-3'

1 0.048+0.015 0.97+ 0.41 [20]
2 58408  7.9+1.6[14]
3 0.86+032  12+5[14]

5'-TGGGCA-3' 5'-AGCTCA-3'

0.764+ 0.39[16] 3.1+ 0.9 [65]
>100 [=17] 6.4+ 1.1[1.1]
>100 [>116] 14+ 5[16]

alower strand sequence shown. Mismatched bp are underlined, the Figure 4. Exd recruitment by polyamidepeptide conjugat@.

residue under the YPWM peptide is in bold faé®el. specificities are
given in square brackets.

a) 5 b) =
M = < Bl | &
§| I 1 R & 2 3
=] 2 3 fit] =}
Tl _ DNARAExd ~ e
—  DNAPA
“Rne meeeny- DT sessesees®
12345678 3101112 12345667 8 9101
5' ATGATHES ATEN 5" ATGATIRLERGRE 2

Figure 3. Specific recruitment of Exd bg or 3. (a) 50 nM PA R in lanes
2—6 and3in lanes 7-11) was incubated with &P-labeled DNA containing

a single Exd-PA composite site (see Supporting Information) at increasing
concentrations of Exd (3, 10, 30, 100 nM in lanes&3or 8-11). (b) DNA
with a 2 bpmutated PA binding site (lower case) was incubated with
increasing concentrations @f(1, 3.3, 10, 33, 100 nM in lanes-5). At

100 nM of 2 increasing concentrations of Exd were added (10, 30, 100,
300 nM Exd in lanes #10).

discriminate between the CG and the GC mismatch base-pair
property not shown by the paretit The mismatch lies directly
under the polyamide ring to which the peptide is attached (Figure
2a). Itis striking that the protruding exocyclic amine of guanine is
not tolerated by the conjugates.

The ability of the compound$—3 to enhance Exd binding to

the polyamide-peptide2 binds to the DNA and presents a bidentate
binding surface (peptide and DNA site) to Exd (Figure 4a). This
increases the net affinity of the ternary assembly on DNA-&®

nM of Exd at saturating concentrations of PA Figure 4b). Due

to the low affinity of Exd for its DNA binding site, binding of Exd
alone is not detected under our conditions. However, under
conditions where the polyamide binding site has been abolished,
Exd cooperatively assists the formation of an unstable ternary
complex with2 (Figure 3b).

In summary, our data demonstrate that cooperative interactions
between a protein and a minor groove binding polyarigeptide
conjugate (Exd an®) specifically stabilize the formation of a
ternary complex on a composite DNA site. The ability of conjugate
2 to recruit Exd more efficiently than its natural Hox protein partner
illustrates that structure-based modular design is a valid strategy
toward artificial transcription factors (ATFs). In extension, the data
suggest that this approach is not limited to generating ATFs which
mimic Hox factors. Joining two sequence-specific domains (one
for DNA and one for a TF protein) should lead to cooperative
protein—DNA dimerizers. Thereby, a new class of small-molecule
ATFs could be obtainedthose that function in concert with natural
transcription factors?
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shift assays (EMSA). A 47-base-pair duplex DNA (Figure 3) with

Supporting Information Available: Experimental details for the

one cognate site was incubated with saturating concentrations (50synthesis of compounds-3, the DNase | footprinting titrations, protein

nM) of each compound. As shown in Figure 3 polyamigeptide
conjugates bind DNA and slightly decrease its mobility (compare
lanes 1 and 2 in Figure 3a). In the presence of conjugatexd
(residues 238324) binds DNA with very high affinity. No binding
was observed with the mutant peptide conjugat&he K4 of Exd
for the DNA-2 complex is 4.4+ 2 nM, 2-fold higher than that for
DNA—Ubx complex. However, the affinity of Ubx for its DNA
site is at least-40-fold lower than that o2 for its respective sité?
Indeed, a 20-fold lower concentration of compouha required
to recruit Exd as compared to its natural Hox partner. In our
experiments, neithe3 nor 1 showed any ability to recruit Exd to
its cognate site (Figure 3 and Supporting Information). AtM\,
Exd binds DNA, but the mobility of the band suggests multiple
Exd molecules bind to DNA nonspecifically (Supporting Informa-
tion). Thus, conjugat@ improves the affinity of Exd for its cognate
site by at least~200-fold, and far more importantly, it enhances
specific binding of Exd to a target site.

To investigate the contribution of the peptieExd interaction
to the binding site specificity, the polyamide-binding site on the
DNA template was eliminated. As shown in Figure 2bdid not
bind this mutated template even at 100 nM concentrations.
However, upon addition of 300 nM Exd, an unstable ternary
complex is formed €10%). The ability of Exd to bind DNA
nonspecifically at kM concentration prevents us from determining
a reliable binding constant.

Our results provide strong evidence that the YPWM peptide
contributes significantly to the cooperative interaction between a
Hox protein and its TALE partner on DNA. The data indicate that

expression, and the EMSA studies (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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