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Abstract 10 

What are the advantages and disadvantages of building nanosystems using one or multiple 

components? More than 55% of all proteins found in living organisms are multimeric and likely 

exploit molecular assembly to create new functional entities. However, the specific contribution 

of molecular assembly to the creation of novel functions remains relatively unexplored at the 

thermodynamic, kinetic and molecular levels. Here, we use theory and a simple experimental 15 

model to determine the design rules for engineering efficient self-assembled, self-regulated 

nanosystems. Using these rules, we have rationally designed and implemented various regulation 

mechanisms (e.g., cooperative and anticooperative assembly, self-inhibition, molecular timer) 

into two model trimeric nanosystems including a complex artificial catalyst. These simple 

strategies based on molecular assembly have been extensively exploited by natural biosystems 20 

and are expected to play a crucial role in the development of future self-regulated 

nanotechnologies. 
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Finely regulated self-assembled molecular systems — aptly called nanomachines — are 

central to life and are increasingly important in nanotechnology1,2. In living organisms, 25 

molecular systems have evolved to respond precisely to specific variations in stimuli such as 

temperature, pressure, light, pH, osmolarity, small molecules, or macromolecules3-5. These 

nanosystems typically self-assemble via the formation of multiple noncovalent interactions, 

either through intramolecular folding or through the intermolecular association of two or more 

molecular components6,7. The tetrameric protein hemoglobin, for example, contains four oxygen-30 

carrying components finely regulated by variation in pH, carbon dioxide, and temperature and by 

the allosteric effector 2,3-bisphosphoglyceric acid (2,3-DPG)8. Inspired by such sophisticated 

nanosystems, chemists and engineers aspire to develop similar self-regulated systems for various 

nanotechnological applications, including biosensing, drug delivery and chemical computing9-11. 

Different mechanisms have been exploited by nature to create finely regulated molecular 35 

systems12-14. Allostery, for example, regulates the activity of biological macromolecules through 

structural changes caused by the binding of an effector molecule at a location often distal to the 

active site15-17. An improved thermodynamic understanding of allosteric mechanisms has 

recently provided powerful strategies to optimize the performance of artificial nanosystems, such 

as their dynamic range, sensitivity, and cooperativity17-21. Another potentially important strategy 40 

to introduce regulation into molecular systems is by generating functional entities from the 

spontaneous assembly of multiple molecular components12,13. Although this strategy has been 

exploited extensively by nature, e.g., ribosome self-assembly22,23, its specific and detailed 

contribution to creating novel functionalities remains relatively unexplored at a thermodynamic, 

kinetic and molecular level24-26. To explore the potential of molecular assembly to create new 45 

functionalities, we designed and characterized a model artificial biomolecular system. Using 
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theory and experiments, we demonstrate how simple self-assembled molecular systems can be 

readily programmed to produce complex regulation mechanisms by simply changing their 

number of components, their concentrations, and their thermodynamics and kinetics of assembly 

(Fig. 1A). We also apply this knowledge to engineer numerous regulation mechanisms into an 50 

artificially selected catalytic nanosystem.  

 

Figure. 1 | Designing molecular assemblies using one (black, 1c), two (blue, 2c) or three 

(green, 3c) molecular components. A) Molecular assemblies with multiple components enable 
the creation of various programmable assembly profiles (e.g., cooperative, anti-cooperative and 55 

self-inhibited assembly) with temporally controlled activation (e.g., molecular timer). B) A 
simple DNA-based self-assembled “3-way junction” nanosystem containing three 10 base pairs 
(5AT/5GC) arms. All assemblies were monitored using fluorescently labeled DNA strands, and 
the data were normalized accordingly (see Methods). C) Top: Urea (and temperature, Fig. S5) 
denaturation curves reveal that the free energy of assembly (DG°Ass) increases with the number of 60 

components: -5.9 ± 0.6 (1c), -15.8 ± 0.2 (2c) and -21.8 ± 0.9 kcal/mol (3c) (see inset and Fig. S2 
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for raw data). Bottom: The DG°Ass and m-values (see Fig. S4) are proportional to the number of 
base pairs involved in the dissociation process (hairpins remain folded in the dissociated state). 
D) Top: Kinetics of assembly (closed symbols) and disassembly (open symbols) of all 
nanosystems under various urea concentrations (chevron plot) reveal a two-state mechanism (see 65 

Table S1). Bottom: The 1c system assembles and disassembles faster than the 2c and 3c systems 
(see also Fig. S6-S8 for raw data). E) Increasing the number of components increases the ability 
to inhibit the assembly process by using a complementary “inhibitor” strand. 
 

Results 70 

To establish the thermodynamic and kinetic rules of molecular assembly, we designed a 

simple self-assembled “3-way junction” nanosystem that can be readily built using 1, 2 or 3 

components (Fig. 1B). This widely occurring motif in natural and artificial ribozymes and 

DNAzymes27 is also an important building block in DNA nanotechnology28,29. This 3-way 

junction contains three arms each separated by a short 2-thymine spacer (see Fig. S1 for linker 75 

design). Each arm is made from 10 base pairs (5AT/5GC) and has a predicted folding free 

energy of -10 kcal/mol (KD ~ 100 nM), which enables assembly within a range of concentrations 

ideally suited for fluorescence measurements30. 

We first compared the stability of all 3-way junctions by assessing the difference in 

energy between the assembled and disassembled conformations, otherwise known as DG, using 80 

chemical denaturation procedures (see also SI for thermal denaturation procedure). Urea titration 

curves typically provide two important parameters: 1) an estimation of DG in the absence of urea 

(DG°Ass) and 2) the m-value, which correlates with the amount of surface area exposed to solvent 

upon disassembly (see Fig. 1C, Top)31,32. Surprisingly, we found that the one-component system 

(1c) is significantly less stable than the 2c and 3c systems (-5.9 ± 0.6 kcal/mol versus -15.8 ± 0.2 85 

and -21.8 ± 0.9 kcal/mol, respectively). We also found that the 1c system exposes much less of 

its surface upon disassembly than the 2c and 3c systems (m-value = 0.67 ± 0.06 kcal/mol·M, 

1.61 ± 0.05 kcal/mol·M, and 2.1 ± 0.5 kcal/mol·M, respectively) (Fig. S4). This is likely because 
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the 1c system is already preorganized in its disassembled state. To verify this hypothesis, we 

characterized the isolated hairpins and found that they remain folded even above 10 M urea (Fig. 90 

S2). The DG°Ass and the m-values of the different systems are indeed proportional to the number 

of base pairs formed during the assembly/disassembly transition (Fig. 1B, Bottom and Fig. S4). 

Thermal denaturation of these nanosystems also revealed that the assembly of the 1c system 

showed both a reduction in enthalpy (54 ± 9%) and in entropy (49 ± 1 0%) compared to the 3c 

system, consistent with the idea that two of the three arms remain organized in the disassembled 95 

state of 1c (Fig. S5). 

We then determined the kinetics of assembly of these nanosystems and found that their 

rate of assembly decreases drastically when the number of components was increased (Fig. 1D). 

For example, while 50% of the 1c system folds within 1 ms (t1/2 = 0.5 ± 0.1 ms), the 2c (t1/2 = 32 

± 9 s) and the 3c (t1/2 = 1287 ± 378 s) systems assemble five and seven orders of magnitude more 100 

slowly, respectively (Fig. 1D, inset). We also determined the half-life of all 3-way junctions and 

found that the 3c and 2c systems remained assembled up to four orders of magnitude longer than 

the 1c system (23 ± 9 h, 22 ± 8 h, and 21 ± 11 s, respectively) (Fig. 1D, Bottom). The DG°Ass and 

m-values estimated from the kinetics of assembly and disassembly are within the experimental 

error of the values determined using equilibrium experiments, suggesting that each system 105 

assembles and disassembles via a two-state mechanism (see Fig. S4 and Table S1)33. 

Overall, we found that despite its faster assembly rate, the unimolecular nanosystem is 

also more likely to form preorganized structures (e.g., hairpins) that do not contribute to the 

overall stability of the assembly. These preorganized structures always remain formed even 

when the system is disassembled. In contrast, building nanosystems using many components 110 

reduces the level of preorganized structures, thus ensuring that the assembly mechanism 
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maximizes the number of newly formed interactions. Preorganized structures in the disassembled 

state also impact the ability of the system to be regulated by simple allosteric mechanisms. For 

example, we found that the 1c system cannot be inhibited by a classic complementary DNA 

“inhibitor” due to the low accessibility of its nucleotides locked in the hairpins. In contrast, the 115 

2c and 3c systems are increasingly more sensitive to the presence of the inhibitor, thus displaying 

a better ability to develop more regulation mechanisms (Fig. 1E). 

We then determined the impact of varying the number of components on the mechanism 

of assembly of these nanosystems. The assembly mechanism of unimolecular nanosystems, such 

as the 1c system, is generally hard to tune. These systems typically fold rapidly and become 120 

active as soon as they are synthesized34. Their activity, therefore, varies linearly with their 

concentration and cannot be regulated without the help of an external molecule, such as an 

allosteric effector (see Fig. S9)35,36. In contrast, the assembly of the dimeric 2c system can be 

regulated by tuning the concentration of one of its components (here called A). This results in a 

classic dose-response behavior (see Fig. 2A) with two programmable parameters: 1) the 125 

midpoint or [A]50%, i.e., the concentration at which 50% of the system is assembled, and 2) the 

cooperativity of the response or dynamic range (DR), i.e., the broadness of the transition, defined 

as the change in [A] required to provide a change in response from 10% to 90% (DR = 

[A]90%/[A]10%). For example, when the 2c system assembles in the presence of a low 

concentration of one of its components (e.g., [B] = 1 nM < KD
 AB, the dissociation constant of 130 

AB, see Fig. 2A lightest gray), its [A]50% remains constant and equal to the dissociation constant 

of the system ([A]50% = KD = 5.6 nM). In such cases, the dynamic range of the assembly remains 

approximately 81-fold (69 ± 12-fold; see Fig. 2A lightest gray). On the other hand, in a 

saturation regime, i.e., when the concentration of component B exceeds the KD, the [A]50% 
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increases linearly with [B] (0.5 x [B]), indicating a 1:1 binding regime (see Fig. 2C, left, blue 135 

curves)37. In such situations, the observed transition becomes more “cooperative”, and the 

dynamic range is reduced by up to 9-fold (Fig. 2C, right, blue curve). 

The assembly of the trimeric 3c system displays even more programmability by enabling 

assembly over a wider range of concentrations. For instance, by varying the concentration of 

components B and C at levels lower or higher than KD
BC (41 ± 23 nM, see Fig. S10), one can 140 

tune their level of preorganization (i.e., [BC]). For example, when using a concentration of B and 

C higher than KD
BC, the dimer preforms in a state similar to that of the 2c system, and 

consequently, the 3c system behaves similarly to the 2c system (Fig. 2A-B darker curves and 

Fig. 2C). In contrast, when using a concentration of B and C lower than KD
BC, the system is not 

preorganized (i.e., B and C remain dissociated), and the assembly displays a much higher [A]50% 145 

and dynamic range. For example, at 1 nM B and C (Fig. 2B, lightest gray), the 3c systems 

display a [A]50% of 92 nM (vs 5.6 nM for 2c) with a broad anticooperative dynamic range near 

729-fold (vs 81-fold for 2c) (Fig. 2C). The assembly behaviors of the 2c and 3c systems are also 

well modeled by numerical simulations (see Fig. S9). 

We can also conveniently tune the [A]50% and the dynamic range of the 3c system by 150 

simply changing the affinity between the components and the ratio between their respective 

concentrations. For example, one can decrease (increase) the [A]50% of the 3c system by simply 

decreasing (increasing) the temperature (Fig. 2D, left) or by increasing (decreasing) the number 

of Watson-Crick base pairs involved in the arms (Fig. 2D, middle). We also found that the 

anticooperative behavior observed at a low concentration of components B and C is highly 155 

dependent on the concentration ratio between these components (R = [C]/[B]). As this ratio 

increases above 1, the anticooperativity rapidly disappears, and the system displays a typical 81-
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fold dynamic range (Fig. 2D, right). For example, a 2-fold increase in concentration of one 

component, from R = 1 to R = 2, decreases the dynamic range of assembly by up to 6-fold, from 

DR = 383 to DR = 57, while keeping the [A]50% relatively unchanged, from 18 nM to 11 nM. 160 

This provides a useful strategy  to specifically program either the [A]50% or the dynamic range 

independently. Overall, these results demonstrate that the assembly process of nanostructures 

made from many components can be programmed to provide much more diverse regulation 

profiles (e.g., from an anticooperative to a highly “cooperative” assembly profile). 

 165 

 

Figure. 2 | The assembly of nanosystems becomes more programmable (regulable) as the 

number of components increases. A) Programming the assembly ([A]50% and dynamic range) 
of 2c and B) 3c systems by increasing [A]. Assemblies are preformed at different fixed 
concentrations of strands B (2c) or strands B and C (3c). C) When the concentration of strand B 170 

is increased, the [A]50% of the 2c system increases from 5.6 nM to 516 nM (left), while its 
dynamic range decreases from 81- to 9-fold (right). When the concentrations of both strands B 
and C are increased, the [A]50% of the 3c system displays a more complex relationship (changing 
from 92 nM to 18 nM to 372 nM -left), while its dynamic range decreases from 729- to 9-fold 
(right). D) The assembly profile of 3 components systems can be readily programmed by: 1) 175 

changing the temperature (left and Fig. S11); 2) introducing mismatch (middle and Fig. S12) or; 
3) increasing the concentration ratio between the components B and C (right and Fig. S13). All 
dose-response curves are fitted using the Hill equation, while the [A]50% and dynamic range are 
fitted using equations derived from the 2c and 3c models (see supplementary information). The 
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experimental conditions were optimized to capture the whole assembly process over the 180 

experimentally allowed five orders of magnitude of [A]. 
 

Another way to program the assembly of a 3c system is by changing its propensity to 

form the final trimeric assembly (DDGTri-Dim or |DGTri - DGDim|) by tuning the affinity of A 

towards the preorganized system BC (Fig. 3A). To explore and characterize this effect, we 185 

designed a set of three different 3-way junctions displaying similar DGDim (same arms) but 

different DGTri values. In an attempt to modulate only DGTri, we altered the stability of the 

junction by varying the linker length between the arms (0, 2, 4 thymines) (Fig. 1A)38,39. Using 

temperature denaturation curves, we found that all of our designs display similar dimeric 

affinities (approximately -10.6 ± 0.4 kcal/mol, Fig. S1) but different trimeric affinities ranging 190 

from -12.0 ± 0.7 kcal/mol (0T spacer) to -18.3 ± 0.3 kcal/mol (2T spacer) (Fig. 3B and Fig. 

S1D). As shown above, when using a concentration of B and C below KD
BC, we found that the 

most stable 3c system (2T linker, DDGTri-Dim = 7.3 ± 0.5 kcal/mol) assembles efficiently with a 

high level of “cooperativity” (Fig. 3C, DR = 20 ± 5). When DDGTri-Dim is significantly reduced 

(e.g., 0T linker, DDGTri-Dim = 2.0 ± 1.1 kcal/mol), the assembly becomes self-inhibited (“none-all-195 

none” mechanism, 24) at high [A] through a mechanism that favors the formation of dimers over 

the trimer (Fig. 3E). For example, the percentage of assembled trimer increases from 10% to 

70% when [A] is changed from 5 nM to 200 nM and goes back down to 10% when [A] is further 

increased to 10 µM (DR = 2000-fold; see also how to program this self-inhibited dynamic range 

in Fig. S14). This result highlights that if DDGTri-Dim is too small, an increase in [A] will not drive 200 

complex assembly further but rather inhibit it by favoring dimer formation (Fig. S14). Finally, 

the longer 4T linker system, which produces a trimer of intermediate affinity (DDGTri-Dim = 4.0 ± 

0.8 kcal/mol), displays less “cooperativity” of assembly than the more stable 2T system (Fig. 3C, 
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DR = 75 ± 18) without displaying the self-inhibition mechanism of the least stable 0T system. In 

contrast, similar mutations in the dimeric 2c system provided no diversity in the regulation 205 

mechanism (Fig. 3D). 

 

Figure. 3 | Programming trimer assembly by increasing the difference in energy between 

the dimer and trimer (DDGTri-Dim). A) Thermodynamic scheme of the assembly of the 3c 
systems. B) Changing the thymine spacer length (0T black, 2T green and 4T blue, see Fig. 1A) 210 

creates trimers with different DDGTri-Dim values (see inset). C) Increasing DDGTri-Dim narrows the 
dynamic range of assembly (as seen with the more cooperative 2T system), while low DDGTri-Dim 

(0T) creates a self-inhibited trimeric system, which disassembles into two dimers (AB and AC) 
at higher [A]. D) Similar modifications on the 2c system provide no difference in assembly. E) 
Polyacrylamide gel electrophoresis of the 0T spacer trimeric assembly supports that the decrease 215 

in trimer occurs through sequestration into dimers (also see Fig. S15). 
  

The regulation mechanisms discussed above all take place at equilibrium. However, 

molecular assemblies can also be under kinetic control40-42. In the case of the 3c system, for 

example, mixing an excess of component A (100 to 600 nM) with smaller concentrations of B 220 
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and C (10 nM) traps the latter into nonfunctional AB and AC dimers (Fig. 4A). Dissociation of 

these dimers is then required to enable trimer formation by the slow association of the formerly 

sequestered components B and C, thus resulting in biphasic kinetics (Fig. 4B and Fig. S16). We 

confirmed that the fastest phase, kDim, represents the formation of dimers AB and AC given their 

linear dependency on the concentration of monomer A (Fig. 4C blue). In contrast, the slowest 225 

phase, kTrim, represents the formation of the trimer and is rate-limited by the formation of dimer 

BC, thus explaining its insensitivity to the concentration of component A (Fig. 4C green and Fig. 

S17). This kinetically controlled mechanism of assembly provides interesting time-dependent 

formation/dissociation profiles for the dimer and the activation of the trimer. Experimental 

assessments (Fig. 4 D-E) and numerical simulations (Fig. S18-S20) also show that these profiles 230 

are easily programmable. For instance, by simply increasing [A], one can increase the rate of 

formation (activation) and the percentage of dimers AB and AC (Fig. 4D). In contrast, 

simulation and mutational analysis reveal that by increasing the concentrations of [B] and [C] 

and therefore their level of preorganization, one can increase the rate of assembly of the trimer 

(Fig. 4E and Fig. S17). Notably, increasing the rate of trimer formation also decreased the 235 

percentage of dimers transiently formed. These results demonstrate how a trimeric molecular 

assembly can be easily programmed to activate and deactivate within specific time ranges, thus 

acting as a molecular timer. Such time-dependent nanosystems are important in various 

biochemical processes, such as signal transduction, protein synthesis and the cell cycle and are 

likely to provide promising applications in future self-regulated nanotechnologies43-45. 240 
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Figure. 4 | Programming time-dependent assembly. A-B) At low concentrations of monomers 
B and C (mainly unbound), the addition of an excess of monomer A produces slower biphasic 
kinetics due to the sequestration of strands B and C into AB and AC dimers. Trimer formation 
then proceeds through a slow strand-exchange mechanism limited by the association of the 245 

formerly sequestered components B and C (see Fig. S17 and S20). C) Kinetic trace of the 
dimeric (blue) and trimeric (green) assemblies derived from the raw kinetic data (black). D) By 
tuning the concentration of A, one can program the rate of formation (activation) and the 
percentage of formed dimer without affecting the rate of trimeric assembly. E) By increasing the 
concentrations of [B] and [C] and therefore their level of preorganization, one can increase the 250 

rate of assembly of the trimer and decrease the percentage of transiently formed dimers. See Fig. 
S22 for raw data of panels D and E. 
 

In this study, our 3-way junction served as a convenient synthetic toolkit to quantitatively 

test simple molecular assembly and the extent to which it can be harnessed to create novel 255 

regulation mechanisms. To test the generality and predictability of these findings, we used these 
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rules to program the catalytic activity of NaA43, a sodium-specific RNA-cleaving DNAzyme 

previously used as a sensor to monitor the sodium concentration inside cells46. We first measured 

the apparent activity of NaA43 and found that it displays an apparent KM of 16 ± 1 nM, 

corresponding to half of the concentration of the DNAzyme used in our assay (30 nM), and a 260 

dynamic range of 9 ± 1 (see Fig. 5A). We also estimated KD
DNAzyme, the dissociation constant 

between the substrate and the DNAzyme, to be in the fM range (Fig. S23), which explains why 

this DNAzyme/substrate system operates in a saturation regime ([DNAzyme] > KD
DNAzyme

, see 

also Fig. 2A). To explore the effect of molecular assembly on the regulation of this DNAzyme, 

we engineered a dimeric DNAzyme by moving the loop far from the catalytic site, thus creating 265 

a three-component system. This modification still provides a functional DNAzyme despite a 49 ± 

4% reduction in catalytic activity (Fig. S24). At a high concentration of DNAzyme components 

(1 µM), which ensures high preorganization, we found that [A]50% is still approximately half the 

concentration of the DNAzyme (729 ± 29 nM) with a “cooperative” dynamic range (DR = 7.7 ± 

0.3). In contrast, as predicted by our model (Fig. 4A-B), using a low concentration of DNAzyme 270 

components (i.e., 30 nM) produces a kinetic trap. This kinetic trap can be used to program a 

substrate inhibition regulation mechanism (i.e., “none-all-none” regulation), where both 

DNAzyme components become sequestered into nonfunctional dimers at high substrate 

concentrations (see Fig. S25). 
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275 
Figure 5 | Programming complex regulation mechanisms in a catalytic nanosystem through 

simple molecular assembly. A) The NaA43 cleaving DNAzyme46 displays an [A]50% of 16 ± 1 
nM at 30 nM DNAzyme and a dynamic range of 9 ± 1 consistent with a saturation regime. B) 
When creating a trimeric assembly by cutting the DNAzyme, one can create a kinetic trap at a 
low concentration of DNAzyme (30 nM) that leads to high dimer sequestration and lower 280 

activity. However, if the DNAzyme dimer is already preorganized (1 µM), the system once again 
displays a saturation regime profile ([A]50% = 729 ± 29 nM and DR = 7.7 ± 0.3). For raw data, 
see Fig. S26. C) We can also create a trimeric assembly by introducing a controller strand that 
can interact with both the native DNAzyme and the substrate. This controller strand can 
modulate the level of activity and the deactivation time through the formation of an inactive 285 

trimer (bottom). D) In the presence of 10 nM controller and DNAzyme, increasing the 
concentration of substrate increases the formation of the active dimer and the catalytic rate (top 
and middle panel) without significantly affecting the trimeric deactivation rate kTri (bottom 
panel). E) At 100 nM substrate, increasing the concentration of controller and DNAzyme 
increases the rate of trimer formation and thus the rate of deactivation of the DNAzyme (bottom 290 

panel). Of note, the rates shown in panels C-E represent the derivatives of the fitted raw data (see 
Fig. S29). 
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We then programmed the DNAzyme into a molecular timer to allow its activity to be 

finely regulated over time. To do this, we created a novel trimeric assembly by adding (instead of 295 

cutting, see Fig. 5B) an extra component to the existing system (Fig. 5C). We designed this extra 

“controller” component to hybridize to a variant of the DNAzyme (see Fig. S27 for design), 

forming either an inactive trimer or an active dimer (Fig. 5C top and Fig. S28). In contrast to the 

native DNAzyme, which deactivates only when running out of substrate, our molecular assembly 

strategy enables tuning of both the catalytic rate and the deactivation time of the DNAzyme (Fig. 300 

5C bottom). As depicted, by further increasing the substrate concentration, we favor dimer 

sequestration and formation of the active DNAzyme, thus increasing the catalytic rate (Fig. 5D). 

This dimer deactivates at a controlled time t1/2 = 29 ± 8 min upon binding to the controller strand 

(forming the inactive trimer). In contrast, by increasing the concentration of DNAzyme and 

controller (Fig. 5E), we favor a faster assembly of the trimer, leading to faster deactivation of the 305 

DNAzyme without drastically changing the amount of dimer generated (i.e., with a similar 

catalytic rate). These results exemplify how simple molecular assembly strategies can be applied 

to introduce finely programmed regulation mechanisms into complex nanosystems such as a 

DNAzyme. 

Discussion 310 

Here, we have demonstrated the versatility of simple molecular assembly to achieve a 

wide range of regulatory mechanisms in two different model nanosystems. We have shown that 

despite assembling at a slower rate, nanosystems built using multiple components may also lead 

to assemblies that are significantly more stable. They do so by employing smaller components 

that contains less preorganized structures, thereby leading to more interactions being formed 315 

during the assembly process (Fig. 1). Smaller, less preorganized components also display more 
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potential to form interactions with other molecular effectors, thus creating novel avenues for 

regulating their assembly (e.g., complementary DNA inhibitor, Fig. 1D). Another advantage of 

three-component systems over two-component systems is that they permit assembly using both a 

“cooperative” and an anticooperative process (Fig. 2). We also showed that three-component 320 

systems can be tuned to exhibit self-inhibition mechanisms (Fig. 3) as well as time-dependent 

activation/deactivation mechanisms (Fig. 4). All these complex regulation profiles (at 

equilibrium or over time) are achievable using only a simple molecular assembly strategy and 

can be applied to systems of increasing complexity (e.g., catalytic nanosystem, Fig. 5). This 

illustrates the simplicity of this approach compared to the more complex allosteric regulation 325 

mechanisms often employed by nature to produce similar regulation profiles19,47,48. 

Engineering complex self-regulation mechanisms using simple molecular assembly 

provides a quantitative and programmable chemical strategy to develop and optimize 

nanosystems with applications ranging from biosensing49 to chemical computing50,51 and drug 

delivery52,53. For example, current strategies to extend the dynamic range of sensors consist of 330 

combining two or multiple sensors with different affinities54-56. In contrast, here, we have 

illustrated how a three-component sensing system can be programmed to display either a narrow 

or an extended dynamic range. This ability to tune the dynamic range can also be useful to 

program and optimize the response of molecular logic gates. For example, a narrow dynamic 

range creates a more efficient all-or-none response, while a self-inhibited nanosystem (Fig. 3C) 335 

produces a “bandpass” filter (i.e., none-all-none response), a regulatory mechanism observed in 

many cellular functions57. A three-component system could also help maintain drug 

concentration within a specific therapeutic window. Nature, for example, employs various 

substrate inhibition strategies to maintain the level of crucial product metabolites despite large 
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variations in substrate concentration58,59. One could envisage a simple three-component 340 

nanosystem to control and maintain the level of an active drug following its activation through a 

regulated catalytic system (Fig. 5B). Finally, a three-component system with programmed kinetic 

traps can enable time-specific activation/deactivation of various active biomolecules, leading to 

flexible and custom disease treatment strategies (Fig. 5C)60,61. 

In addition to providing new strategies to develop complex self-regulated nanosystems, 345 

elucidating the thermodynamic and kinetic basis of molecular assembly will likely contribute to 

a better understanding of protein complex evolution. We have demonstrated how two common 

natural mechanisms to create novel protein assemblies, fission (i.e. cut in half) and fusion (i.e. 

controller strand)62,63, have enabled us to engineer novel functionalities in a DNAzyme. Given 

that more than 55% of all proteins in living organisms are multimeric26, it will be interesting to 350 

explore whether the functional gains of these proteins, e.g., complex regulation mechanisms, 

have emerged from the advantages derived from simple molecular assembly strategies64. It 

remains challenging to answer this question, however, given that multimeric proteins have 

evolved and diverged over billions of years26,65. In conclusion, simple molecular assembly 

provides an efficient, programmable strategy to improve nanosystem functionality (e.g., by 355 

enabling optimized regulation mechanisms). We believe that the simplicity with which this 

strategy can be implemented in any nanosystem will greatly impact the development of future 

self-regulated nanotechnologies40,66. 

 

 360 
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Methods 

Chemicals. Anhydrous acetonitrile, activation reagents (0.25 M ETT in ACN), oxidizer (0.1 M 

I2 in H2O/Pyridine/THF), deblock solution (3% TCA in DCM), Cap A mix 365 

(Ac2O/Pyridine/THF) and Cap B mix (16% MeIm in THF) were purchased from ChemGenes 

Corporation, Wilmington. dA-CE phosphoramidite (n-bz), dC-CE phosphoramidite (n-bz), dG-

CE phosphoramidite (n-ibu), dT-CE phosphoramiditeand2'-TBDMS rA-CE phosphoramidite (n-

bz) were purchased from ChemGenes Corporation, Wilmington. Pre-pack 1000Å CPG synthesis 

columns of dA(Bz), dC(Bz), dG(DMF), dT and BHQ-1 were purchased from Biosearch 370 

Technologies, Novato. Fluorescein T amidite was purchased from Biosearch Technologies, 

Novato. MicroPure II columns for purification were purchased from Biosearch Technologies, 

Novato. Ammonium hydroxide solution (ACS, 28.0-30.0%) and acetic acid (ACS, ≥99.7%) were 

purchased from Sigma Aldrich. Triethylamine was purchased from Fisher Scientific. 

Trifluoroacetic acid (99%) and triethylamine·3HF were purchased from Alfa Aesar. Ammonium 375 

bicarbonate and DMSO were purchased from BioShop. Acrylamide, bis-acrylamide, TEMED 

and ammonium persulfate were purchased from Bioshop. Milli-Q water was prepared in the lab 

when needed. All buffer solutions were prepared in the lab. 

Oligonucleotides Synthesis. DNA/RNA synthesis is performed in the lab using standard 

phosphoramidite chemistry with the DNA/RNA synthesizer H-6 (K&A Laborgeraete, 380 

Schaafheim). Cleavage from the solid support and deprotection of the bases are done overnight 

(16h) at 60˚C in 28.0-30.0% aqueous ammonia. Purification of DNA strand is done by solid-

phase extraction using the P-8 purifier from K&A Laborgeraete, Schaafheim. Purification 

protocol follows the K&A Laborgeraete’s method. For strand containing a ribonucleotide, a 

second deprotection step is required prior to purification. Solutions are dried and the deprotection 385 
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of the 2’-TBDMS of the ribonucleotide is done for 1h30 at 60°C in 250 µL of TEA·3HF cocktail 

(1.5 mL DMSO, 750 µL TEA and 1 mL TEA·3HF). The mixture is cooled down to room 

temperature then quenched with 1 mL of 1.5 M ammonium bicarbonate. Solutions are passed 

through a buffer exchange column (NAPTM-10 column SephadexTM G-25 DNA grade) prior to 

purification by HPLC (1260 infinity, Agilent Technologies) with a reversed-phase column 390 

(XBridge®Oligonucleotide BEH C18 OBDTM Prep column, 130Å, 2.5 µm, 10 x 50 mm). 

Purification protocol follows Waters’ recommendation. After purification, all DNA/RNA strand 

are dried with a GenevacTM miVac centrifugal concentrator, resuspended in Milli-Q water and 

quantified by UV-Vis (Cary 60, Agilent Technologies). Absorption coefficients (ε) are estimated 

from the DNA sequence using the IDT OligoAnalyzer tool. 395 

Sequence. 

1c system  

Strand ABC with 2T spacer and 4T loop: 5'- GTA GTT CGA GTT CTT GAC GTA CTT TTG 

TAC GTC AAG TTG TAC ATC AGC TTT TGC TGA TGT ACT TCT CGA ACT AC -FAM-3' 

2c system  400 

Strand A with 2T spacer: 5'- GCT GAT GTA CTT CTC GAA CTA C –(FAM)-3' 

Strand BC with 2T spacer: 5'- GTA GTT CGA GTT CTT GAC GTA CTT TTG TAC GTC 

AAG TTG TAC ATC AGC –(BHQ1)-3' 

3c system 

Strand A 0T spacer: 5'- GCT GAT GTA CCT CGA ACT AC -BHQ1-3' 405 

Strand A 2T spacer: 5'- GCT GAT GTA CTT CTC GAA CTA C -BHQ1-3' 

Strand A 4T spacer: 5'- GCT GAT GTA CTT TTC TCG AAC TAC -BHQ1-3' 

Strand B 0T spacer: 5'- GTA GTT CGA GCT(FAM) TGA CGT AC -3' 
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Strand B 2T spacer: 5'- GTA GTT CGA GTT(FAM) CTT GAC GTA C -3' 

Strand B 4T spacer: 5'- GTA GTT CGA GTT(FAM) TTC TTG ACG TAC -3' 410 

Strand C 0T spacer: 5'- GTA CGT CAA GGT ACA TCA GC -3' 

Strand C 2T spacer: 5'- GTA CGT CAA GTT GTA CAT CAG C -3' 

Strand C 4T spacer: 5'- GTA CGT CAA GTT TTG TAC ATC AGC -3' 

Strand A 2T spacer mismatch 1: 5'- CCT GAT GTA CTT CTC GAA CTA G -BHQ1-3' 

Strand A 2T spacer mismatch 2: 5'- GCT GAA GTA CTT CTC GTA CTA C -BHQ1-3' 415 

Strand C 2T spacer mismatch 1: 5'- CTA CGT CAA GTT GTA CAT CAG C -3' 

Strand C 2T spacer mismatch 2: 5'- GTA GGA CAA GTT GTA CAT CAG C -3' 

DNAzyne 

Native DNAzyme (NaA43): 5'- GCG GCG GTA CCA GGT CAA AGG TGG GTG AGG GGA 

CGC CAA GAG TCC CCG CGG TTA CAT AGA G – BHQ1-3' 420 

Cut DNAzyme 1: 5'- GCG GCG GTA CCA GGT CAA AGG TGG GTG AGG GGA CGC C -3' 

Cut DNAzyme 2: 5'- AAG AGT CCC CGC GGT TAC ATA GAG -BHQ1-3' 

Modified DNAzyme (NaA43): 5'- GCC GCG GTA CCA GGT CAA AGG TGG GTG AGG 

GGA CGC CAA GAG TCC CCG CGG TTA CAT AGT CGT C -BHQ1-3' 

Substrate: 5'-T(FAM)- CTG CTC TAT GTA TrAG GAA GTA CCG CCG CAT T -BHQ1-3' 425 

Controller: 5'- GAC GAC TAT GTA TGT TAC ATA GAG CAG -3' 

In bold and underlined are the modifications relative to the native strand. FAM corresponds to a 

fluorescein, T(FAM) corresponds to a thymidine conjugated with a fluorescein, BHQ1 

corresponds to a black hole quencher 1 and rA corresponds to an adenosine. 

Fluorescent experiments. 430 
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Urea Titration curves. Urea titration curves were performed following a method developed by 

our lab.31 We started with a 900 µL solution of the DNA-based system of interest in 10 M urea 

buffered solution (10 mM NaH2PO4, 40 mM NaCl, pH = 7.00). We then sequentially diluted this 

solution with a buffered solution containing the same concentration of DNA-based system but 

with no urea. Each sample was equilibrated for 2 minutes before recording their fluorescence 435 

(Cary Eclipse, Agilent Technologies). Unimolecular system titration (ADiss ⇌ AAss) was 

performed at a concentration of 10 nM of fluorescent DNA strand and fitted using Eq. 1. 

Bimolecular system titration (A + B ⇌ AB) was performed at a concentration of 10 nM of 

fluorescent DNA strand and 100 nM of the quencher DNA strand (10-fold excess) and fitted 

using Eq. 2. Trimolecular system titration (A + B + C ⇌ ABC) was performed at a concentration 440 

of 10 nM of fluorescent DNA strand and 100 nM of the quencher and unlabelled DNA strands 

(10-fold excess) and fitted using Eq. 3. In each equation, F is the fluorescence signal, F°Ass and 

F°Diss are the intrinsic fluorescence of the assembled and disassembled states, σAss and σDiss are 

the urea dependency of the fluorescence signal of the assembled and disassembled states, [U] is 

the concentration of urea, DG°Ass is the Gibbs free energy of assembly in absence of urea, [DQ] 445 

and [DUn] are the concentration of the quencher and unlabelled DNA strands (which are in 10-

time excess), T is the temperature and R is the gas constant. 

𝐹 = (𝐹°&'' + 𝜎&''[𝑈]) + (𝐹°./'' + 𝜎./''[𝑈]) ∙ 𝑒23∆5°67789[:];
<=

>1 + 𝑒2∆5°67789[:]
<= @  (1) 

𝐹 = A𝐷CD ∙ (𝐹°&'' + 𝜎&''[𝑈]) + (𝐹°./'' + 𝜎./''[𝑈]) ∙ 𝑒23∆5°67789[:];
<=

>A𝐷CD + 𝑒2∆5°67789[:]
<= @  (2) 
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𝐹 = A𝐷CD ∙ [𝐷EF] ∙ (𝐹°&'' + 𝜎&''[𝑈]) + (𝐹°./'' + 𝜎./''[𝑈]) ∙ 𝑒23∆5°67789[:];
<=

>A𝐷CD ∙ [𝐷EF] + 𝑒2∆5°67789[:]
<= @  (3) 

Temperature melting curves. Thermodynamic constants measured using temperature melting 

curves were performed based on the work of Owczarzy et al..67 The melting curves of all 

complexes are measured at different concentrations using a fluorimeter (Cary Eclipse, Agilent 450 

Technologies). All samples are heated to 90˚C at 10˚C/min with a 2 minutes hold then cool down 

to 20˚C at 10˚C/min with a 10 minutes hold prior the recording of the melting curve from 20˚C 

to 90˚C at 0.8˚C/min. The Tm is extracted from the derivative of the melting curve (dF/dT), 

which displays a "bell shape" curve. A Gaussian distribution fitting is used to evaluate the 

maximum of this dF/dT plot. The thermodynamic parameters DH and DS are measures by linear 455 

regression (Eq. 4) and enables the calculation of DG. For all experiments, the concentration of 

the monomer with a fluorophore (called A) was kept constant at 1 µM, for DGDim measurement, 

and 0.1 µM, for DGTri measurement, while the concentration of the other monomer containing 

the quencher (called B) was varied between 5 and 200 µM (for DGDim measurement) and 

between 0.5 and 20 µM (for DGTri measurement). In the equation, Tm is the melting temperature, 460 

DH is the change in enthalpy, DS is the change in entropy, [A]T is the concentration of strand A 

and [B]T is the concentration of strand B. 

1
𝑇H = 𝑅

∆𝐻 𝑙𝑛 M[𝐵]O −
[𝐴]O2 S + ∆𝑆

∆𝐻 (4) 

Binding Curve. Appropriate dilutions are made such as the volume of the probe solution (strand 

containing the fluorophore) is always 900 µL. The probe solution contains either one strand (for 

the 2c system, called B) or two strands (for the 3c system, called B and C). To this solution, a 465 

small volume of titrant (strand with a quencher, called A) is added and the fluorescence is 
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recorded after 20 min of equilibration with a fluorimeter (Cary Eclipse, Agilent Technologies). 

The total volume of titrant added to the probe solution is kept below 5% to avoid high dilution of 

the probe. We can then assume that the concentration of the probe remains approximately 

constant over the titration. The titration curve is then fitted using the Hill equation (Eq. 5) where 470 

Kobs is the observed dissociation constant (or the concentration at which 50% of the probe is 

bound, also called [A]50%), nH is the Hill factor (an indicator of the cooperativity enabling the 

calculation of the dynamic range20), F is the fluorescence signal, Bsl is the baseline fluorescence 

and Amp is the amplitude (or change in fluorescence upon binding of the strand A). The 

dependency of Kobs and the dynamic range (DR) over the concentration of probe is describe in 475 

detail in the supporting information. 

𝐹 = 𝐵𝑠𝑙 + 𝐴𝑚𝑝 [𝐴]FX
𝐾Z['FX + [𝐴]FX (5) 

Kinetic experiments. For fast kinetic (˂ 30 min), appropriate dilutions are made, and solutions of 

A and B are rapidly mixed using a stopped-flow instrument coupled with a fluorimeter (SX20, 

Applied Photophysics). Slower kinetics (> 30 min) are recorded using a standard fluorimeter 

(Cary Eclipse, Agilent Technologies). A small volume of solution A is added with a pipette 480 

inside a cuvette containing solution B and manually mixed using the same pipette. Oil is 

deposited on top of the solution to avoid water evaporation over the long kinetic measurement. 

DNA hybridization follows a second-order kinetic: A + B ⇌ AB where A and B are single-

stranded DNA and AB is the duplex formed from these two strands68. Pseudo-first order kinetics 

are achieved by using at least a 10-fold excess of strand A. The kinetic traces are then fitted 485 

using an exponential equation (Eq. 6) where kobs is the first-order observed rate constant. The 

relationship of kobs with the concentration of A is linear enabling the measurement of the 

association rate constant (kass) and the dissociation rate constant (kdiss). Second-order kinetics are 
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achieved when using equimolar concentrations of A and B ([A]O = [B]O). This system acts like a 

dimerization reaction (i.g. 2A ⇌ A2) and can thus be fitted using Eq. 7 where kobs is now the 490 

second-order observed rate constant. 

𝐹 = 𝐵𝑠𝑙 + 𝐴𝑚𝑝 ∙ 𝑒2\]^7_ (6) 

𝐹 = 𝐵𝑠𝑙 + 𝐴𝑚𝑝 ∙ 1
1 + 2[𝐴]`𝑘Z['𝑡 (7) 

The trimeric association follows this reaction: A + B + C ⇌ ABC where A, B, and C are single-

stranded DNA and ABC is the three-way junction formed from these strands. When measuring 

the assembly, we use at least a 10-fold excess of molecule A in buffer that is rapidly mixed using 

a stopped-flow instrument coupled with a fluorimeter (SX20, Applied Photophysics) with a 495 

solution of B and C in water (to avoid pre-association of B and C). Data are fitted using a 

combination of a pseudo-first-order kinetic and a second-order kinetic (Eq. 8). 

𝐹 = 𝐵𝑠𝑙 + 𝐴𝑚𝑝c ∙ 𝑒2\]^7,e_ + 𝐴𝑚𝑝f ∙ 1
1 + 2[𝐴]`𝑘Z[',c𝑡 (8) 

In all equation, t is the time, F is the fluorescence signal, Bsl is the baseline fluorescence, Amp is 

the amplitude (or change in fluorescence upon binding) and [A]O is the concentration of strand A. 

 500 

Native PAGE experiments.  

Appropriate dilution of unlabeled DNA solutions were made such as the concentration of strands 

B and C is kept at 1 µM and the concentration of strand A is changed from 30 nM to 100 µM. 

Solutions are then mixed in a 5:1 ratio with the 6x loading buffer (2.5 mg/mL bromothymol blue, 

2.5 mg/mL xylene cyanol FF and 30% glycerol in water). A 15% polyacrylamide gel is handcast 505 

following Bio-Rad protocol and incubated in the running buffer (0.5x TBE buffer containing 5 

mM of MgCl2) for 1h. 10 µL of samples are run for 90 min at 120V using the Mini-PROTEAN 
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Tetra cell electrophoresis unit (Bio-Rad) and the Bio-Rad PowerPac Basic power supply. Gels 

are stained with a 0.5x solution of GelRedTM (Biotium) for 10 minutes and analyze on an 

imaging system (ChemiDocTM XRS+, Bio-Rad). The integration of band intensity is then 510 

performed to evaluate the amount of assembled DNA-based systems. 
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Figures

Figure 1

Designing molecular assemblies using one (black, 1c), two (blue, 2c) or three (green, 3c) molecular
components. A) Molecular assemblies with multiple components enable the creation of various
programmable assembly pro�les (e.g., cooperative, anti-cooperative and self-inhibited assembly) with
temporally controlled activation (e.g., molecular timer). B) A simple DNA-based self-assembled “3-way
junction” nanosystem containing three 10 base pairs (5AT/5GC) arms. All assemblies were monitored



using �uorescently labeled DNA strands, and the data were normalized accordingly (see Methods). C)
Top: Urea (and temperature, Fig. S5) denaturation curves reveal that the free energy of assembly
(ΔG°Ass) increases with the number of components: -5.9 ± 0.6 (1c), -15.8 ± 0.2 (2c) and -21.8 ± 0.9
kcal/mol (3c) (see inset and Fig. S2 for raw data). Bottom: The ΔG°Ass and m-values (see Fig. S4) are
proportional to the number of base pairs involved in the dissociation process (hairpins remain folded in
the dissociated state). D) Top: Kinetics of assembly (closed symbols) and disassembly (open symbols)
of all nanosystems under various urea concentrations (chevron plot) reveal a two-state mechanism (see
Table S1). Bottom: The 1c system assembles and disassembles faster than the 2c and 3c systems (see
also Fig. S6-S8 for raw data). E) Increasing the number of components increases the ability to inhibit the
assembly process by using a complementary “inhibitor” strand.

Figure 2

The assembly of nanosystems becomes more programmable (regulable) as the number of components
increases. A) Programming the assembly ([A]50% and dynamic range) of 2c and B) 3c systems by
increasing [A]. Assemblies are preformed at different �xed concentrations of strands B (2c) or strands B
and C (3c). C) When the concentration of strand B is increased, the [A]50% of the 2c system increases
from 5.6 nM to 516 nM (left), while its dynamic range decreases from 81- to 9-fold (right). When the
concentrations of both strands B and C are increased, the [A]50% of the 3c system displays a more
complex relationship (changing from 92 nM to 18 nM to 372 nM -left), while its dynamic range decreases
from 729- to 9-fold (right). D) The assembly pro�le of 3 components systems can be readily programmed
by: 1) changing the temperature (left and Fig. S11); 2) introducing mismatch (middle and Fig. S12) or; 3)
increasing the concentration ratio between the components B and C (right and Fig. S13). All dose-
response curves are �tted using the Hill equation, while the [A]50% and dynamic range are �tted using
equations derived from the 2c and 3c models (see supplementary information). The experimental



conditions were optimized to capture the whole assembly process over the experimentally allowed �ve
orders of magnitude of [A].

Figure 3

Programming trimer assembly by increasing the difference in energy between the dimer and trimer
(ΔΔGTri-Dim). A) Thermodynamic scheme of the assembly of the 3c systems. B) Changing the thymine
spacer length (0T black, 2T green and 4T blue, see Fig. 1A) creates trimers with different ΔΔGTri-Dim



values (see inset). C) Increasing ΔΔGTri-Dim narrows the dynamic range of assembly (as seen with the
more cooperative 2T system), while low ΔΔGTri-Dim (0T) creates a self-inhibited trimeric system, which
disassembles into two dimers (AB and AC) at higher [A]. D) Similar modi�cations on the 2c system
provide no difference in assembly. E) Polyacrylamide gel electrophoresis of the 0T spacer trimeric
assembly supports that the decrease in trimer occurs through sequestration into dimers (also see Fig.
S15).

Figure 4



Programming time-dependent assembly. A-B) At low concentrations of monomers B and C (mainly
unbound), the addition of an excess of monomer A produces slower biphasic kinetics due to the
sequestration of strands B and C into AB and AC dimers. Trimer formation then proceeds through a slow
strand-exchange mechanism limited by the association of the formerly sequestered components B and C
(see Fig. S17 and S20). C) Kinetic trace of the dimeric (blue) and trimeric (green) assemblies derived from
the raw kinetic data (black). D) By tuning the concentration of A, one can program the rate of formation
(activation) and the percentage of formed dimer without affecting the rate of trimeric assembly. E) By
increasing the concentrations of [B] and [C] and therefore their level of preorganization, one can increase
the rate of assembly of the trimer and decrease the percentage of transiently formed dimers. See Fig. S22
for raw data of panels D and E.

Figure 5



Figure 5 | Programming complex regulation mechanisms in a catalytic nanosystem through simple
molecular assembly. A) The NaA43 cleaving DNAzyme46 displays an [A]50% of 16 ± 1 nM at 30 nM
DNAzyme and a dynamic range of 9 ± 1 consistent with a saturation regime. B) When creating a trimeric
assembly by cutting the DNAzyme, one can create a kinetic trap at a low concentration of DNAzyme (30
nM) that leads to high dimer sequestration and lower activity. However, if the DNAzyme dimer is already
preorganized (1 μM), the system once again displays a saturation regime pro�le ([A]50% = 729 ± 29 nM
and DR = 7.7 ± 0.3). For raw data, see Fig. S26. C) We can also create a trimeric assembly by introducing
a controller strand that can interact with both the native DNAzyme and the substrate. This controller
strand can modulate the level of activity and the deactivation time through the formation of an inactive
trimer (bottom). D) In the presence of 10 nM controller and DNAzyme, increasing the concentration of
substrate increases the formation of the active dimer and the catalytic rate (top and middle panel)
without signi�cantly affecting the trimeric deactivation rate kTri (bottom panel). E) At 100 nM substrate,
increasing the concentration of controller and DNAzyme increases the rate of trimer formation and thus
the rate of deactivation of the DNAzyme (bottom panel). Of note, the rates shown in panels C-E represent
the derivatives of the �tted raw data (see Fig. S29).
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