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The recognition properties of DNA enable the sequence-
programmed construction of defined DNA architectures by
self-assembly.[1] Chemically modified DNA molecules have
been used to precisely control the spatial arrangement of
chromophores, metals, nanoparticles, and proteins.[2] The vast
majority of studies have been concerned with the design of
materials properties. Comparatively few studies have inves-
tigated the DNA-scaffolded arrangement of bioactive ligands
for use in the life sciences.[3] Among the notable examples are
DNA-assembled glycoclusters[4] and encoded self-assembled
libraries.[5] The aim was to mimic biological ligand display
and/or to facilitate the drug-discovery process.[6] Herein we
present a new approach. We prepared self-assembled DNA–
peptide complexes and explored whether the DNA-con-
trolled presentation of peptides can be used to probe the
structural properties of the cognate target protein. Specifi-
cally, we studied a protein-binding domain of the Syk kinase, a
protein kinase that is involved in the regulation of lymphocyte
activation. We demonstrate that important structural param-
eters, such as the preferred arrangement of protein-binding
pockets and the flexibility of the connecting interdomain, can
be assessed by using a set of DNA complexes. It is shown that
the combination of single-stranded and double-stranded
segments in self-assembled ternary complexes provides a
convenient means to systematically vary the distance con-
straint as well as the flexibility of the ligand display.

Many signaling enzymes use two or more homologous
protein-binding domains to achieve firm interactions with
cognate targets. For example, the Syk and Zap-70 kinases,[7]

among others, contain tandem SH2 domains, which selec-
tively recognize two appropriately spaced tetraphosphopep-
tide binding motifs of the protein substrate.[8] In the absence
of a solved structure of the protein–peptide complex, it is
difficult to assess the requirements for high-affinity protein–
protein binding. Chemical probing with bivalent synthetic
binders has been used extensively, for example, in studies of
the tandem SH2 domain of the Syk kinase.[9, 10] Since this

bivalent protein is well-characterized, we selected it as a
target for spatial screening with DNA-based architectures.

The crystal structure of the Syk-tSH2 domain in a complex
with a bivalent peptide shows that the two recognized
phosphotyrosine residues are arranged within 34 � of one
another (Figure 1a).[11] The asymmetric unit was found to
contain six tSH2 molecules, which showed varied arrange-
ments of the SH2 domains. Chemical probing has revealed

Figure 1. a) Crystal structure (PDB ID: 1A81) of the Syk-tSH2 domain
in a complex with a bivalent phosphopeptide (blue, tSH2 interdomain;
orange, tetraphosphopeptide binding motifs; pale orange, peptide
linker). b) Bivalent presentation of phosphopeptides on single-
stranded DNA (S), duplex DNA (D), nicked duplex DNA (ND), and
ternary DNA (TC), which contains a single-stranded segment.
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that the tSH2 domain is able to adjust to smaller distan-
ces.[10e, 12] We assumed that self-assembled DNA–peptide
complexes (Figure 1b) can serve as molecular probes to
provide answers to the following questions: 1) What are the
tolerated distances between the two recognized binding
pockets? 2) How flexible is the tSH2 interdomain in solution?

The first task was to provide robust access to covalently
linked oligonucleotide–peptide conjugates. The sequence-
internal cysteine modifier CysT was introduced during
automated DNA synthesis (Scheme 1).[13] The fully depro-
tected cysteine-modified oligonucleotides 1 were equipped
with a peptide chain in a coupling reaction with the
maleinimide-functionalized phosphopeptide 54.[14] We then
assessed the hybridization of the peptide-modified oligonu-
cleotides 2–31 with the complementary oligonucleotides (see
the Supporting Information). The peptide had little influence
on the stability of the duplexes (see Figure S3 in the
Supporting Information).

We evaluated the affinity of the DNA–peptide constructs
for the Syk-tSH2 protein by measuring the displacement of
the FAM-labeled reference peptide FAM-KpYETGLNTRS-
QETpYETLG (55 ; FAM = carboxyfluorescein) from the
protein complex by means of fluorescence-polarization
measurements (see the Supporting Information).[15] To con-
firm the integrity of the recombinant tSH2 protein as well as
bivalent binding, we tested the bivalent peptide Ac-PDpYE-
PIRKGQRDLpYSGLNQRG (56), which spans the sequence
of the native Syk substrate, TCRe TAM. The obtained IC50

value of 50 nm agreed with the value reported previously.[9,10]

Neither the monovalent DNA–peptide conjugates nor the
DNA scaffolds alone (see Figure S5B) exhibited significant
affinity for the protein in this assay (IC50> 10 mm). The doubly
peptide labeled single strands Sn showed largely enhanced
affinity for Syk-tSH2 (IC50 = 180–880 nm), as expected for
bivalent binding. The distance between the peptide appen-
dages was found to have only minor effects on protein binding
(Figure 2a). The absence of large effects on binding can be
attributed to the flexibility of the single strand. Such flexibility
has been shown previously through fluorescence measure-
ments of fluorophore-quencher-labeled oligonucleotides.[16]

For rigidification, the bivalent single strands 2–11 were
hybridized with templates 2’–11’ (see Table S1 in the Sup-
porting Information). In the resulting rigid double strands
D2–21, the peptides are anchored at a distance of 2–21
nucleotides, which corresponds to 6.8–71.4 � on the basis of
the B-helix structure (as confirmed by CD spectroscopy; see
Figure S6). The plot depicted in Figure 2a exposed a max-
imum of affinity at a distance of 11 nucleotides (nt), which
corresponds to 37 � and is in reasonable agreement with the
distance between binding sites found in the crystal structure

Scheme 1. Synthesis of oligonucleotide–peptide conjugates. a) DNA
synthesis; b) 5 mm TCEP, 10 mm NaCl, 10 mm NaH2PO4, pH 6.5;
c) 10 mm NaCl, 10 mm NaH2PO4, pH 6.5. DMT= dimethoxytrityl,
Fmoc= 9-fluorenylmethyloxycarbonyl, MIC= maleimidocaproyl, pTyr =

phosphotyrosine, TCEP= tris(2-carboxyethyl)phosphane; X denotes the
peptide modifier.

Figure 2. Distance dependence of the binding affinity of DNA–peptide
conjugates for Syk-tSH2. A) single-stranded conjugates Sn, duplex
conjugates Dn, and nicked-duplex conjugates NDn ; B) ternary com-
plexes TC1/TC2 and TC3/TC4 (n = number of paired+ number of
unpaired spacer nucleotides m+ 1).
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of Syk-tSH2 in a complex with a bivalent peptide
(Figure 1).[11] The second IC50 minimum at a distance of 2 nt
suggests that the interdomain linker in Syk-tSH2 can arrange
the SH2 domains within closer proximity. Indeed, thermody-
namic analyses revealed previously that the Syk-tSH2 protein
can adopt different conformations.[12] Moreover, a recent
binding study showed that the SH2 domains can adjust to
distances of 12 �.[10e] The binding experiments also showed
decreases in binding affinities for duplexes presenting the
peptide ligands at distances between 3 and 9 nt and above
11 nt. The IC50 maximum around n = 5 points to a possible
role of the DNA helical twist. In duplex D5, the linkers for
peptide attachment are separated by half a helical turn and
should protrude from opposite sides of the duplex. This
arrangement would also explain the low binding affinity of
duplexes displaying the peptides at a distance of a 1.5 helical
turns (� 15 nt). At a distance of 21 nt, the peptides are again
expected to be tethered at the same duplex site. However, the
low binding affinity for duplex D21 suggests that the tSH2
interdomain of Syk can not extend to such a degree that the
two binding sites are arranged at a distance of 70 �.

To attenuate duplex rigidity, we examined the bivalent
nick duplexes ND2–19. Protein-affinity measurements revealed
a binding behavior that closely resembled that of the rigid
duplexes D2–21 (Figure 2 a). The IC50 minima at distances of 2
and 11 nt and the IC50 maximum at a distance of 5 nt
suggested that the nick duplexes ND2–19 share structural
features with the DNA double strands D2–21.

[17]

We solved the orientation issue by means of the ternary
complexes TC1/TC2 and TC3/TC4 (Figure 2b). In TC3/TC4,
the two peptide-appendage sites were separated by one
nucleotide pair and an increasing number of unpaired
template nucleotides, which provide rotational degrees of
freedom. The affinity for the Syk-tSH2 domain remained high
when 1–9 unpaired adenine residues were present (TC31–9). A
sharp decrease in the binding affinity was observed as the
number n of paired and unpaired (m) spacer nucleotides
exceeded the value of 11 (TC310, TC311). The involvement of
unpaired thymidine residues in ternary complexes TC4 led to
a more relaxed distance dependence: the decrease in binding
affinity occurred at n> 13. The ternary complexes TC3m and
TC4m failed to show an IC50 maximum at a 5 nt peptide–
peptide distance. In the ternary complexes TC1m and TC2m,
the peptide-attachment sites were separated by 10 paired and
1–10 unpaired nucleotides. These complexes had high affinity
for the Syk-tSH2 protein when the peptides were separated
by a distance of 12–13 nt. However, the binding affinity
decreased, again, as the number of spacer nucleotides
increased further.

The collected results suggested that the interdomain of
the Syk-tSH2 protein adjusts to the spatial arrangement of the
bivalent tetraphosphopeptide motifs until a certain threshold
distance is reached. The critical maximum length was
obtained when the number of spacer nucleotides reached a
value of n = 12–13, which would correspond to a distance of
approximately 41–44 � if an increase of 3.4 � per nucleotide
is assumed. Such simple estimates seem justified for rigid
double-helical architectures, but probably not for single-
strand-containing ternary complexes, such as TC1/TC2 and

TC3/TC4. We determined the distances experimentally by
means of F�rster resonance energy transfer (FRET) meas-
urements. The fluorescent dyes Cy3 and Cy5 were attached to
oligonucleotides 12 + 22, 17 + 27, and 20 + 30 instead of the
peptide. We used the acceptor normalization method to
calculate the FRET efficiency by measuring the ratio of
acceptor emission upon donor excitation and acceptor
excitation (see Figure S7).[18] This method has been validated
for distances above 8 nt between the dyes. The experimentally
calculated distance between the dyes correlated well with the
number of spacer nucleotides (Figure 3). This result allowed

the increase in distance per nucleotide to be calculated for the
ternary complexes TC1 and TC2. The increase was lower
(1.2 � per nucleotide) than the increase in distance per
nucleotide in a B-type duplex (3.4 � per base pair). The
difference may be explained by the higher flexibility of the
single-strand regions, which enable partial bending. Though
both the peptides and the dyes were attached to DNA by
spacers 17 atoms long, the chemical structures and hence the
flexibility of the linkers differed (alkyne-linked peptides
versus alkene-linked dyes). Thus, binding and FRET experi-
ments are comparable only to a certain extent. However, the
determination of distance increase per base pair should not be
affected. Importantly, the near-linear correlation between the
number n of spacer nucleotides and the distance suggested
that ternary complexes, such as TC1/TC2, can be used as
probes for spatial screening. The FRET measurements
suggested that the critical length, at which the interdomain
of the Syk-tSH2 protein hampers bivalent binding, is reached
when the two tetraphosphopeptide recognition motifs are
attached to DNA at distances larger than 50 �.

Although our study provides no direct evidence for the
bivalent binding of the peptide–DNA conjugates, our findings
are in line with the results of previous studies.[8, 9] Thermody-
namic analyses of binders featuring rigid and semirigid linkers
and crystal-structure analyses indicated a high flexibility of
the protein interdomain that connects the two SH2 domains,
in agreement with our results.[10c,d,11, 12] A recent study involv-
ing switchable azobenzene-containing spacers suggested that
the tSH2 domain adapts to ligand–ligand distances of 12–
30 �, which is also in agreement with our measurements.[10e]

Semirigid or rigid linkers that span wider distances have not

Figure 3. Correlation of the distance R determined by FRET measure-
ments (see the Supporting Information) with the number of spacer
nucleotides (n= number of paired+ number of unpaired spacer nucle-
otides m + 1). The dark-gray dotted line corresponds to the theoretical
3.4 � increase per base pair in B-DNA.
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been examined previously. Such investigations are difficult
because the aggregation tendency of the commonly used rigid
scaffolds complicates spatial screening when long linkers are
involved.

DNA molecules confer high solubility in water regardless
of length. Furthermore, the degree of flexibility of DNA-
based scaffolds can be adjusted readily. Double-stranded
DNA spacers are rigid rodlike structures, whereas single-
stranded DNA spacers provide flexibility. The protein-bind-
ing data show that the helical twist of double-stranded DNA
templates is a problem. Unpaired spacer nucleotides between
double-stranded segments in ternary complexes were found
to relieve the torsion constraints. To our knowledge, the
display of bivalent ligands on such structures has not been
studied previously. The FRET measurements suggest a clear
correlation between the number of spacer nucleotides and
calculated distances. Ternary complexes, such as TC1/TC2 or
TC3/TC4, may thus serve as semirigid molecular rulers, which
can be constructed readily by self-assembly. In this study, just
four covalently linked oligonucleotide–peptide conjugates
were used to form 22 different ternary complexes.

In conclusion, we have demonstrated that DNA mole-
cules are suitable scaffolds for the bivalent presentation of
peptide ligands. Protein-binding experiments of the self-
assembled complexes suggested important features of biva-
lent binding, such as a) the accessible distance between two
homologous binding pockets of a protein receptor and b) the
flexibility of the protein linker region connecting the two
binding modules. These key parameters have important
consequences for the selectivity and specificity of protein–
protein interactions involved in cellular signal transduction
and may thus be helpful for the evaluation of proteome
interaction networks and for the design of artificial protein
binders. Furthermore, cell-endogenous RNA molecules may
also serve as templates for the assembly of complexes that
perturb intracellular protein–protein interactions. In a fasci-
nating scenario, the construction of artificial feedback loops
may therefore be possible. Future studies will be directed
toward the nucleic acid programmed construction of homo-
and heterobivalent inhibitors of adaptor proteins.
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