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Nature utilizes DNA binding proteins that activate or repress
the transcription of desired genes. Many of these DNA binding
proteins require the recognition of two adjacent DNA recognition
sites for productive binding and subsequent signaling.1 We utilize
this principle of sequence-enabled activity in the rational design
of a split protein system2 that reassembles only in the presence of
a specific DNA sequence (Figure 1) to allow for direct detection
of DNA sequences. This approach calledSEquence Enabled
Reassembly of proteins (SEER) builds upon the ability to rationally
dissect proteins to construct oligomerization-dependent protein
reassembly systems and the ready availability of DNA binding
Cys2-His2 zinc finger motifs3 for targeting desired sequences of
double-stranded DNA.

Oligomerization-assisted protein reassembly is possible when a
protein can be fragmented into two halves that do not reassemble
until appended to suitable protein oligomerization domains. This
approach has been successfully utilized for the detection of
oligomerizing proteins utilizing fragmented ubiquitin,2a beta-
galactosidase,2b beta-lactamase,2c dihydrofolate reductase,2d green
fluorescent protein (GFP),2e,f luciferase,2g and PH domains2h among
others. However split protein reassembly has not been utilized for
the direct detection of specific DNA sequences by ternary com-
plexation. In order for ternary complexation in the presence of DNA,
we have chosen to employ the ubiquitous Cys2-His2 family of zinc
fingers that are the most widely used DNA binding motif in the
human genome. Each of the zinc finger domains is capable of
recognizing a 3-base pair tract in the major groove utilizing an
R-helix.4 Thus, a 3-finger protein can recognize a tract of 9 base
pairs with picomolar to nanomolar affinity.3 Moreover, recent
experiments have resulted in the identification of a recognition code
for nearly all-possible 3 base-pair DNA recognition sites, allowing
for the design of unique zinc fingers for any DNA target of interest.3

We envisioned that appending sequence-specific zinc fingers to
appropriately fragmented proteins should, in principle, allow for
protein reassembly only in the presence of the correct DNA
sequence (Figure 1).

Our design entailed choosing appropriate zinc fingers and a
suitable disassembled protein that could generate a readily detectable
optical signal upon successful reassembly. For our disassembled
protein, we chose fragments of a GFP variant that have been
previously demonstrated to be capable of functional reassembly
only when appended to oligomerizing protein or peptide partners.2e,5

For our DNA binding domains, two well-characterized 3-domain
containing zinc fingers Zif268 and PBSII, with low nanomolar
affinity for unique 9-base pair sequences were chosen.3,4 Protein
constructs were designed such that the C-terminus of the GFP
fragment (1-157) was fused to the N-terminus of Zif268 by means
of a 15-residue linker, and the N-terminus of the GFP fragment
(158-236) was fused to the C-terminus of PBSII through a 15-

residue linker. Both protein constructs were incorporated together
or separately in the PetDuet vector and verified by DNA sequencing
(Supporting Information). Protein expression profiles revealed that
NGFP-ZnFingerA was expressed in the insoluble fractions,
whereas the smaller CGFP-ZnFingerB was expressed in both
soluble and insoluble fractions as had been previously observed
for coiled-coil peptides appended to similar GFP fragments.2e

Importantly, no detectable fluorescence was observed in cells
expressing each protein alone or together, over a period of 1 week,
indicating lack of any detectable nonspecific reassembly in the
presence of nativeEscherichia coliDNA. Both proteins, NGFP-
ZnFingerA and CGFP-ZnFingerB were separately purified under
denaturing conditions utilizing affinity chromatography and char-
acterized by SDS-gel electrophoresis and mass spectrometry
(Supporting Information). As proof of concept for SEER, we
designed a double-stranded oligonucleotide that contained the two
9-base pair recognition sites for Zif268 and PBSII separated by a
10-nucleotide spacer,Zif268-10-PBSII.3 The 10-nucleotide spacer
was designed to allow for both halves of GFP to be juxtaposed on
the same face of the target DNA but avoid steric crowding.
Equimolar mixtures (15µM) of the two purified proteins were
refolded into 10 mM Tris-HCl, 100 mM NaCl, 1 mM DTT, and
100 µM ZnCl2 at pH7.5 (buffer A) in the presence or absence of
the target oligonucleotide (4µM). Under these unoptimized
conditions the concentration of DNA was 4-fold lower than that of
the protein halves, such that the zinc finger-tagged GFP halves

† Department of Chemistry.
‡ Department of Pharmacology and Toxicology.

Figure 1. SEER strategy. NGFP-ZnFingerA (cyan and blue) comprises
residues 1-157 of GFP fused by a 15-residue linker to the DNA binding
zinc finger Zif268. CGFP-ZnFingerB (pink and red) comprises residues
158-238 of GFP fused by a 15-residue linker to the zinc finger PBSII.
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would not localize to different DNA strands. Fluorescence spectra
were acquired 48 h post-refolding by excitation at 468 nm.
Fluorescence emission due to GFP chromophore formation was only
observed for samples containing both halves of GFP-zinc-finger
fusions in the presence of target oligonucleotide (Figure 2a), thus
strongly supporting our SEER approach.

To further test the sequence specificity of reassembly and
subsequent chromophore catalysis, several control experiments were
designed. DNA sequences to determine specificity of reassembly
consisted of the two-half-sites,Zif268 alone, PBSII alone, and
nonspecific herring sperm DNA. Equimolar mixtures of the two
proteins, NGFP-ZnFingerA and CGFP-ZnFingerB, were allowed
to refold in the presence of the control and target DNA sequences.
No fluorescence was observed in the presence of any of the controls
(Figure 2b), strongly confirming that the reassembly of the two
halves of GFP requires the presence of both the zinc finger target
sites on a single double-stranded DNA template. A final control
experiment entailed varying the concentration of the target DNA,
with the hypothesis that high molar ratios of the target DNA:
dissected proteins would not allow for GFP reassembly as the two
halves of GFP would statistically localize to different oligonucleo-
tides with increasing DNA concentrations. The results of this
experiment (Figure 2c) clearly demonstrated that only 4-fold excess
of theZif268-10-PBSIItarget DNA (20µM) strongly inhibits GFP
(5 µM) reassembly. A first attempt at gauging the effect of spacing
of the two DNA target sites also revealed that our designed 10-bp
separation between binding sites was substantially better than a 3-bp
separation (Supporting Information). Future experiments will aim
to optimize the minimum and maximum allowable separation
between the two target DNA sequences as well as to optimize the
amino acid linker separating the zinc fingers and GFP halves.

In conclusion we have clearly demonstrated the successful DNA-
templated reassembly of the two fragments of GFP appended to
the zinc fingers, Zif268 and PBSII. This to our knowledge is the
first example of DNA-dependent reassembly of protein fragments,
which can be applied to other split-protein enzymes, such as

â-lactamase2c or luciferase,2f which can further amplify signal by
substrate turnover. Future redesigns of the GFP SEER system will
aim to modulate the relative DNA affinity of the substrates (protein
halves) and product (reassembled protein) to allow for DNA-
templated multiple turnover of reassembled GFP.5 SEER could
prove to be a valuable approach toward the direct in vivo detection
of specific sequences of double-stranded DNA as well as for
conditional responses to specific genetic mutations by reassembling
proteins that act as cellular toxins. More generally, DNA-templated
protein assembly also has bearing on the prebiotic co-evolution of
oligonucleotides, proteins, and small-molecule metabolism.6
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Figure 2. (a) Fluorescence emission spectra of NGFP-ZnFingerA (15µM) + CGFP-ZnFingerB (15µM) in the presence (green) and the absence (blue)
of 4 µM target DNA (Zif268-10-PBSII) excited at 468 nm. (Inset) SDS-gel with MW standards (lane 1); equimolar mixture of NGFP-ZnFingerA and
CGFP-ZnFingerB used in the SEER experiments (lane 2); NGFP-ZnFingerA (lane 3); and CGFP-ZnFingerB (lane 4). (b) Fluorescence emission at 505
nm of NGFP-ZnFingerA (5µM) + CGFP-ZnFingerB (5µM) in the presence of indicated double-stranded DNA controls (2.5µM each). (c) Relative
fluorescence emission at 505 nm of NGFP-ZnFingerA (5µM) + CGFP-ZnFingerB (5µM) as a function of increasing concentrations of target DNA
(Zif268-10-PBSII).
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