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ABSTRACT: In nature, the interactions between proteins and their complements/substrates can dictate complex functions. Herein,
we explore how DNA on nucleic acid modified proteins can be used as scaffolds to deliberately control interactions with a peptide
complement (by adjusting length, sequence, and rigidity). As model systems, split GFPs were covalently connected through DNA
scaffolds (36−58 bp). Increasing the length or decreasing the rigidity of the DNA scaffold (through removal of the duplex) increases
the extent of intramolecular protein binding (up to 7.5-fold) between these GFP fragments. Independent and dynamic control over
functional outputs can also be regulated by DNA hybridization; a multi-protein (split CFP and YFP) architecture was synthesized
and characterized by fluorescence. This ternary construct shows that DNA displacement strands in different stoichiometric ratios can
be used deliberately to regulate competitive binding between two unique sets of proteins. These studies establish a foundation for
creating new classes of biological machinery based upon the concept of DNA-regulated multi-protein complement control.

Proteins and their complement/substrate interactions
regulate functions essential for life, including those that

maintain structural integrity and those responsible for
molecular transport, light harvesting, luminescence, catalysis,
and cellular signaling.1−6 Current synthetic methods to
program these interactions, such as de novo design7−9 and
protein engineering,10−14 have enabled the construction of
one-, two-, and three-dimensional protein systems that are
responsive to chemical, optical, and enzymatic stimuli.15−19

However, such methods are often limited either by inaccurate
predictions in de novo design (e.g., insufficient training data) or
loss of function (when engineering new target protein
interaction interfaces).20 Despite these technological advances,
it is challenging to design dynamic interactions between
proteins and their complements that lead to multiple
functional outputs.21,22 The ability to control the interactions
between an increasing number of proteins and their comple-
ments not only would enable the manipulation of complex
natural functions, but is also necessary to design new classes of
biological machinery.
DNA hybridization is a powerful tool to program the

assembly of proteins and other nanoscale materials.23−31 When
attached to protein surfaces, DNA can be used to control
protein−protein interactions by replacing target protein
binding interfaces with specific DNA−DNA interactions,
facilitating protein assembly into crystalline, polymeric, and
heteroprotein architectures.32−40 Moreover, DNA can also be
used as scaffolds to organize proteins and modulate
interactions with their complements, alongside related
functions.41−46 However, the effects of DNA scaffold length
and rigidity on protein-complement binding (PCB) remain
underexplored, especially in systems containing more than two
proteins.47−53 This understanding is essential to design DNA-
addressable multi-component protein systems that exhibit
desired functionality.

In this study, we report the design and synthesis of dynamic
DNA scaffolds to control spontaneous binding between the
split green fluorescent protein (GFP) fragments GFP1−10 and
FP11.

54,55 In a proof-of-concept experiment, we extend these
design variables within this binary model system to a ternary
split cyan and yellow fluorescent protein (CFP and YFP)
fragment assembly comprising CFP1−10, FP11, and YFP1−10,

56,59

where the DNA scaffold enables orthogonal control over
unique sets of protein fragment binding events. Taken
together, this work uses DNA scaffolds to systematically
study the PCB design space for multi-component protein
architectures.
Split GFP is an excellent system to study PCB with DNA; its

constituent fragments GFP1−10 and FP11 are nonfluorescent
when dissociated, but can spontaneously bind (KD = 0.5 μM;
λex/em = 488/510 nm), leading to chromophore maturation
which results in fluorescence.54,55,57−60 However, this binding
event requires these fragments to be close to one another,
taking up to 24 h to achieve maximum fluorescence.57,59 Thus,
we hypothesized that a DNA scaffold can control this binding
equilibrium. In this construct, GFP1−10 and FP11 are attached
to individual DNA strands (Scheme 1, 1 and 2) that can be
duplexed for end-to-end separation; this rigid, double-stranded
scaffold (3) then limits binding between fragments. When the
duplexing strand is removed, a flexible, single-stranded scaffold
forms that allows the proteins to spontaneously bind (4).
Duplexing varying lengths of DNA strands can change the
scaffold rigidity, thereby impacting the extent to which these
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fragments can bind to one another. Mutant GFP1−10 was
modified with a C-terminal oligonucleotide, yielding protein−
DNA construct 1 while FP11 was modified with an N-terminal
oligonucleotide, resulting in construct 2 (Figures S1−S5). This

synthetic process yields a covalently linked, unimolecular
protein−DNA construct (3). Previously reported protein
assemblies do not covalently link such DNA strands (e.g., 1
and 2) as they were initially assembled within binding

Scheme 1. DNA Scaffold Mediated Control Over Protein-Complement Binding for GFP1-10 and FP11

aGFP1‑10-A1 (1) and A2-FP11 (2) assemble on strand B to scaffold the proteins on a rigid DNA duplex (3); strand displacement of strand B with
strand B′ results in a flexible single-stranded DNA scaffold (4); The extent of protein binding (5) can be tuned by varying the length/design of
duplexing strand.

Figure 1. (a) Fluorescence monitoring of protein binding at KD (0.5 μM) and below KD (0.1 μM). (b) Removal of strand B from the rigid scaffold
results in higher extents of protein binding. (c) Scaffold flexibility can be temporally controlled via DNA interactions; however, bound GFP1−10-
FP11 could not be separated after reduplexing the scaffold with additional strand B.
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proximity via weaker, reversible DNA−DNA interac-
tions.24,42,51,53,61 However, covalent interactions in the
“flexible” DNA scaffold are necessary for binding between
scaffolded units (i.e., intramolecular binding; 5). These
covalent interactions allowed 1 and 2 to remain tethered
when the “rigid” scaffold was converted to a flexible one.
Therefore, the rigid scaffold was assembled with a mixture of 1,
2, and strand B followed by ligation (11% ligation yield via
SDS-PAGE; Figures S6, S7). Subsequently, strand B′ was
added in excess to the rigid scaffold for toehold-mediated
strand displacement (TMSD) on strand B, which generated
the flexible scaffold 4. The concentration-dependent fluo-
rescence of the scaffolded proteins was studied to quantify the
ratio of intra (5)- to intermolecular binding (i.e., binding
between protein units on different scaffolds; 7). We found the
KD for this split GFP system to be 0.5 μM, which is consistent
with prior reports (Figures S8, S9, Table S3).57,59 Thus, the
scaffolded proteins were studied at concentrations below KD
(0.1 μM) and at KD (0.5 μM) to evaluate if intermolecular
interactions influenced PCB (Figure 1a).
From these time-dependent fluorescence measurements, the

0.5 μM mixture of 1 and 2 exhibited a ∼ 33× higher maximum
fluorescence compared to 0.1 μM. These results were used as a
baseline to measure intermolecular protein binding between
GFP1−10 and FP11. At KD, split GFP on the rigid scaffold 3 had
a ∼ 56% weaker fluorescence than their nonligated counterpart
(Figure 1a; 6). We hypothesize that at concentrations at or
higher than KD, the fluorescence of scaffolded proteins largely
originates from intermolecular interactions (e.g., dimerization
between scaffolds; Figure 1a, 7; Scheme S2). However, at 0.1
μM, the nonligated units (6) exhibited 30% reduced
fluorescence compared to the proteins on the rigid scaffold
(3). Since this is below KD, we propose that the observed
fluorescence in the scaffolded proteins arises from intra-
molecular interactions (5). TMSD on 3 at 0.1 μM
demonstrates that DNA scaffold rigidity inhibits intramolecular
PCB. When displaced with strand B′, the resulting flexible
DNA scaffold (5) had a fluorescence increase, indicating a
greater extent of PCB (Figure 1b). Therefore, all subsequent
analyses were conducted at 0.1 μM to minimize undesired
intermolecular interactions.
The extent of PCB was temporally controlled by introducing

the displacement strand B′ (Figure 1c). When strand B was
added after displacement to restore the scaffold rigidity (8),
the fluorescence did not significantly change. Therefore, the
DNA interactions that restore the scaffold rigidity did not

induce GFP1−10 and FP11 dissociation. Our observations align
with previous reports which posit that noncovalent interactions
between GFP1−10 and FP11 result in observed irreversible
binding.55,59,62 Thus, the DNA interactions used in this work
could not override binding between GFP1−10 and FP11.
We investigated the impact of scaffold length on the extent

of PCB with other scaffolded protein−DNA constructs of
different sizes; DNA scaffolds containing 36, 40, 45, and 58
base pairs were synthesized. The 40-base pair scaffold was
initially synthesized based on previously reported sequences,63

while the other scaffolds were designed to ensure antiparallel
protein alignment across the helical DNA scaffold. The effect
of scaffold length on PCB was studied by comparing the
fluorescence of the rigid and flexible forms. Importantly, with
the rigid scaffold, between 38 and 58 bp, the extent of PCB
increased monotonically. Longer scaffolds are more flexible
and therefore allow for more binding events, whereas shorter
scaffolds are more rigid and prevent binding between the
scaffolded protein fragments, although the increases are less
pronounced above 45 bp. In addition, as scaffold length
increased, the differences in GFP fluorescence between the
flexible and rigid scaffolds became more pronounced,
suggesting that scaffold flexibility has a greater effect on PCB
(Figure 2a). However, when we synthesized a 78mer scaffold
as an upper extreme length to study, there were small
differences in fluorescence intensity, suggesting that there is a
critical length at which protein binding is independent of
scaffold length and behaves as if each complement were free in
solution (Figure S10).
We hypothesized that controlling the extent of PCB could

confer fine control over protein architecture formation.64,65

Adjusting the strand length and rigidity should stabilize
otherwise unfavorable PCB configurations. Thus, a 58-base
pair scaffold and DNA complements of varying lengths were
constructed to investigate any resulting effects from scaffold
rigidity. We chose to use the longest scaffold investigated here
as it should allow for the greatest range of scaffold rigidity
(denoted as percent duplexed) and fluorescence. The rigid 58-
mer scaffold was produced as previously described and
incubated with strand B′ for 1 h to allow for TMSD.
Afterward, variants of strand B consisting of 25, 30, 35, 40, 45,
or 58 bases (i.e., 43%, 52%, 60%, 69%, 78%, and 100% scaffold
duplexed, respectively) were added to the flexible scaffolded
proteins.
From Figure 2b, we observed that GFP fluorescence was

inversely proportional to strand B length. The largest

Figure 2. (a) An increasing PCB amount is observed by increasing the scaffold length. The rigid scaffold is indicated by the gray square, while the
flexible scaffold is indicated by the green triangle. (b) The percent of the scaffold duplexed dictates the rigidity of the scaffold, which in turn can
dictate the extent of intramolecular PCB. All fluorescence measurements were collected after ∼17 h.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.4c11315
J. Am. Chem. Soc. 2024, 146, 32912−32918

32914

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c11315/suppl_file/ja4c11315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c11315/suppl_file/ja4c11315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c11315/suppl_file/ja4c11315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c11315/suppl_file/ja4c11315_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c11315?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c11315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fluorescence difference was observed between scaffolds with
30- and 25-mer complements (52% and 43% duplexed,
respectively). We attribute this trend to the competing effects
of DNA duplexation and GFP1−10 and FP11 complementation:
below a characteristic DNA length, GFP1−10 and FP11 binding
overrides any thermodynamic stability conferred by the rigid
DNA duplex. Furthermore, there was a 7.5-fold fluorescence
increase when scaffolds of higher rigidity were converted to
flexible ones (78% and 0% duplexed, respectively). From these
results, we postulate that the percentage of scaffold duplexed
directly affects its rigidity and thus, the scaffolded PCB.
The sequence specificity of a DNA scaffold should enable

orthogonal control over DNA duplexation and, in turn,
possibilities for selective and programmable PCB. To test
this hypothesis, we independently varied each side of a ternary
protein scaffold’s rigidity to modulate binding events between
unique protein sets (Figures 3a and S11). The UV−vis
excitation/emission spectra for the assembled split fluorescent
proteins CFP1−10-FP11 and YFP1−10-FP11 were obtained to
orthogonally measure protein fragment binding events (Figure
S12). Each protein fragment-DNA construct was then
assembled and ligated into a ternary scaffold (Figure 3a and
Scheme S3). Next, PCB selectivity was assessed by introducing
either strands E′ or F′ to promote binding between FP11 and
CFP1−10 to form CFP, or FP11 and YFP1−10 to form YFP. Over
time, CFP and YFP on the fully rigid scaffold both slightly
increased in fluorescence intensity (Figures S13, S14). With
the onset of TMSD on strand E, an increase in CFP
fluorescence was observed, but not for YFP, which indicates
selective control over their binding (Figures 3b and S13).
Similarly, TMSD was performed on strand F, which resulted in
a selective increase in YFP fluorescence (Figures 3c and S14).
From these results, we conclude that sequence-specific DNA
interactions enable orthogonal control over different PCB sets
within a multi-protein construct.
Finally, it was hypothesized that the extent of strand

displacement using different stoichiometries of strand E′ and

F′ (incrementing from 0:6 to 6:0) would yield different CFP to
YFP ratios. After overnight incubation with the respective
combinations of strands, CFP fluorescence intensity con-
currently decreased with the strand E′ to F′ ratio (Figure 3d).
On the other hand, the YFP fluorescence intensity increased.
We hypothesize that differences in the binding affinities
between CFP1−10, FP11, and YFP1−10 shift the competitive
binding equilibrium toward proteins tethered to the more
flexible regions. Together, these results suggest that increasing
the ratios of target DNA strands can selectively enhance the
competitive binding of corresponding target proteins within
these multi-protein assemblies. Such control could tune the
efficiency of specific protein−protein interactions within higher
order protein architectures, thereby allowing for self-regulating
mechanisms within these complexes.
This work establishes foundational design parameters to

modulate protein binding, notably that the extent of PCB can
be increased by either decreasing the rigidity or increasing the
length of the scaffold. As such, these parameters offer different
handles to regulate the extent of PCB while the DNA sequence
specificity controls binding between unique protein sets. To
the best of our knowledge, this work is the first demonstration
of such control in a multi-protein architecture. While previous
DNA nanostructures have been employed to regulate binary
PCBs, we have shown how DNA can be used to multiplex
these interactions. This proof-of-concept may enable the
preparation of nanoscale protein architectures with program-
mable multi-output functions. Although the synthetic
limitations of improving protein−DNA conjugation and
ligation yields will need to be addressed for larger scale
applications (e.g., DNA origami scaffolds), this system can be
extended to incorporate and independently control increasing
numbers of different proteins by expanding on the sequence
design.63 This ability sets the stage for synthesizing man-made
biological machinery analogous to ATP synthase or motor
proteins that require targeted control over unique protein−
protein interactions within these multi-protein complexes.66,67

Figure 3. (a) PCB in a multi-protein architecture of CFP1−10, FP11, and YFP1−10 is controlled by changing scaffold rigidity in target locations. (b)
CFP1−10 and FP11 bind after strand D1 is made flexible after addition of strand E′, which results in CFP fluorescence (λex/λem = 440/480 nm, cyan
bars). (c) YFP1−10 and FP11 bind after strand D2 is made flexible after addition of strand F′, which results in YFP fluorescence (λex/λem = 510/550
nm, yellow bars). (d) Displacement strand stoichiometry (E′:F′) regulates the competitive binding ratio between CFP and YFP.
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