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Abstract 

Inspired by biological molecular machines, we developed a highly processive DNA origami 

rotary motor. The rotor consists of two disk-shaped DNA origamis that are connected by a 

single-stranded swivel that allows free rotation but prevents rotor dissociation in the event of 

operational error. The rotor is propelled by two bipedal walkers that stride on a circular DNA 

track propelled by a previously optimized DNA propulsion mechanism called ‘fuel before 

antifuel’. The DNA fuel and antifuel strands are delivered by a microfluidic device. The rotation 

is monitored by a single-molecule, light scattering, defocused imaging technique; light 

scattered from a gold nanorod attached to the rotor enables high angular and temporal 

resolution analyses of rotor orientation. Imaging movies show individual rotors performing 96 

individual steps, corresponding to 8 full rotor revolutions, with direction determined by the fuel 

and antifuel sequence. In cases of operational errors, which result in free Brownian rotation, 

the rotors were able to recover and continue rotating as commanded. Our origami-based 

rotary motor design, microfluidics-based control system, and high-resolution monitoring of 

rotor orientation will facilitate the development of DNA-based machines driven by autonomous 

propulsion.  

Introduction 

Biological molecular motors made of proteins, which function in many biological processes, 

often operate with remarkably high processivity and speed. For example, a kinesin bipedal 

walker performs hundreds of steps within seconds before dissociating from the microtubule 
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track1, and the F1-ATPase and bacterial flagellum rotary motors can rotate almost indefinitely2, 

3, 4, 5. These biological rotary motors are encapsulated within a membrane that prevents rotor 

dissociation in the event of operational errors and allows them to fully recover. 

Inspired by biological motors, numerous artificial molecular motors have been developed6, 7. 

Specifically, the DNA nanotechnology and DNA origami techniques8, 9, 10, 11, 12, 13, 14, 15 have 

allowed rational development of structurally complex, programmable and functional molecular 

machines16, 17, 18, 19, 20, 21, 22, and, in recent years, these methods have been used to 

manufacture several new types of rotary devices23, 24, 25, 26, 27, 28, 29. These rotary devices employ 

various means of actuation including electric and magnetic fields23, 24, 28, biological molecular 

machines25, DNA-zymes26, and DNA fuels26. Impressively, a DNA “windmill” based on ion flow 

performed up to 200 revolutions before failure29. However, a highly processive DNA origami 

rotary motor powered by DNA fuels that performs more than few steps has yet to be 

demonstrated. 

In contrast to electric and magnetic fields, light, ion flow, and other more specific powering 

methods, the richness of DNA sequences and their orthogonality allows the development of 

many different powering mechanisms, including ones that operate in parallel, and even allow 

the development of autonomously operating machines as was demonstrated, for example, by 

Turberfield and coworkers30, 31. Externally controlled, fuel-driven DNA molecular motors such 

as bipedal walkers suffer from two fundamental problems, however. The first is the irreversible 

trap-state effect, also called the “hook effect”33, in which two fuels of the same sequence 

consecutively bind the motor, one to the leg and the other to the foothold. In a properly 

operating walker, a single fuel strand should bind the leg and the foothold. When two separate 

fuels are bound to the leg and the foothold, the walker dissociates upon the introduction of the 

next antifuel. The second issue is the accumulation of redundant fuel and antifuel command 

strands and fuel/antifuel duplex waste product in the solution, leading either to walker 

detachment or walker striding the wrong direction. We have recently resolved these issues 

with microfluidics-enabled washing steps34 and development of an operation strategy called 
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‘Fuel Before Anti-Fuel’ (FBAF) that avoids the trap state, while allowing use of high fuel and 

antifuel concentrations that increase motor speed. With these methods we have demonstrated 

a bipedal walker striding on origami track for 50 steps at a 480-s stepping rate with 98% yield 

per step35. 

Here, we developed a DNA origami rotary motor that, powered by DNA fuels and antifuels, 

operates with high processivity and speed. The rotor, which consists of a bottom stationary 

disk and a top rotor disk, is propelled by two DNA bipedal walkers that stride on a circular track 

(Fig. 1A). The bipedal walkers consume fuels and antifuels provided by a microfluidic device 

using the FBAF operational strategy. To prevent termination in case of operational errors (i.e., 

failed leg-foothold connectivity), the disks are permanently connected to each other by a 

single-stranded swivel element that allows free rotation of the top rotor disk while preventing 

its dissociation from the bottom disk28, 29. Thus, in contrast to linear bipedal motors that 

dissociate from the track in the event of an operational error19, 35, the connection of the disks 

allowed the walkers legs to rebind the track when the connection is lost and therefore fully 

recover and resume operation, increasing processivity. 

Several light-based observation methods have been employed to monitor DNA origami rotary 

devices; however, various limitations rendered previously reported methods insufficient for our 

needs. Forster resonance energy transfer can provide information from only a limited number 

of states36, whereas our rotor assumes 24 different states and sub-states that should ideally 

be identified. Single-molecule total internal reflection fluorescence imaging microscopy 

provides high angular resolution23, 27, 28, 29, but this method requires a structural extension 

element of length around 300 nanometers to hold fluorophores away from the rotation axis 

(typically an origami rod with length comparable to the light diffraction limit) that typically 

interacts with the glass surface on which the rotor is placed, suppressing rotation23, 27, 28, 29. 

Furthermore, photobleaching and limited brightness limit resolution and measurement 

duration times of methods that employ organic fluorophores36. To monitor our rotary motor, 

we used single-molecule defocused orientation imaging of gold nanorods4, 37, 38, developed 
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based on a previous study of the biological ATP-synthase rotary motor with high angular and 

temporal resolutions (~1 degree/10 µs)4. The gold nanorods are highly photostable, the 

scattering intensity is essentially limited only by the radiation power, and the large scattering 

cross-section enables very good signal to noise ratio, resulting in excellent resolution4. 

Results 

Rotor design 

The DNA origami rotary motor consists of two separately prepared but structurally identical 

origami disks that are connected to each other through hybridization of two swivel elements 

(Figs. 1A and B). Each disk is constructed from four square-lattice origami layers. The two 

larger diameter layers (~90 nm) were designed to house a circular foothold track ~60 nm in 

diameter (bottom disk) and two sets of bipedal walkers (top disk, ~60 nm apart). The two 

smaller concentric layers (~40 nm in diameter) were designed to maintain a gap of ~10 nm 

between the disks to provide room for free operation of the walkers and to house the swivel 

element. The swivel was made of two elongated staples that zipped to form 30 base pairs 

upon interaction of the two disks, leaving 8 unpaired bases that act as the rotation axis (Fig. 

1B).  

To avoid collision between the disks during rotation, the disks must be as flat and as robust 

as possible. For robustness, the origami disks were designed with four layers, and were 

optimized iteratively using the mrDNA simulation package39 (see Supplementary Section 1 

and Supplementary Fig. S1 for initial designs, iterations, and discussion of design 

considerations). The circular track consists of two identical sets of six footholds, ~15 nm apart 

(Fig. 1C). In this design, the footholds are close enough for efficient stepping of the bipedal 

walkers but far enough apart to prevent unwanted crossing between sets of footholds; this 

design relied on our previously determined dependency of bipedal walking efficiency on step 

sizes40. This disk design requires a ~15,500 base-pairs, twice the size of a typical origami 

scaffold. Therefore, each disk was assembled using two orthogonal scaffolds that interact 
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according to the ‘scaffold interlocking’ principle in a one-pot thermal annealing process, a 

method recently developed by Dietz and co-workers41 (Fig. 1D).  

To monitor our rotary motor, we imaged a gold nanorod. To achieve a strong plasmon 

resonance signal, the gold nanorod was ~40 nm diameter and ~80 nm length (640 nm 

wavelength4), slightly shorter than the origami disks to prevent nanorod interaction with the 

coverslip surface (Fig. 1A). Biotinylated strands, positioned under the bottom disk, were added 

to facilitate the immobilization of the rotor on the coverslip surface via biotin-avidin interactions 

(Fig. 1A).  

 

Fig. 1. Rotor and experimental design. (A) DNA origami rotary motor design. (B) DNA swivel consisting of 

double-stranded and single-stranded segments. (C) Circular track consisting of twelve footholds denoted T1-

T12. (D) Scaffold interlocking scheme viewed from the side (left) and top (right). (E) Fuel-before-antifuel walking 

mechanism. (F) Experimental setup consisting of the microfluidic system and defocusing optical setup. (G) 

Exemplary defocused image of a single gold nanorod (left) and full defocused image of ~20 gold nanorods 

coupled to motors immobilized on the surface of a microfluidic device (right). Green arrows indicate rotors 

orientations. (H) Left: Microfluidic device schematic. Right: Top view of the microfluidic device placement in the 

optical setup. 
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 Fuel-before-antifuel propulsion mechanism 

The fuel-before-antifuel propulsion mechanism is based on our previous design of a linear 

bipedal motor34, 35 (Supplementary Fig. S2). This strategy avoids the irreversible trap-state 

effect33, while allowing high concentrations of fuels and antifuels for fast rotor response (Fig. 

1E, see Supplementary Movie 1 for an animation of the rotary mechanism)34, 35. With this 

method, a high concentration of next-state fuels (e.g., 10 µm of F3; Fig. 1E) is introduced when 

both legs are still placed on current-state footholds (T1 and T2); this state is referred to as 

state [1,2]. The fuel quickly binds the corresponding foothold (T3), followed by microfluidics 

washing to remove redundant fuels (F3). These fuels cannot bind the corresponding leg (L1), 

which in this stage is still blocked by the previous fuel (F1), therefore avoiding the trap-state 

effect regardless of fuel concentrations. Antifuel strands (AF1) are then introduced at high 

concentrations, rapidly lifting the leg (L1) and removing the previous fuel (F1), followed by 

attachment of the lifted leg to the next fuel (F3) to complete the leg-placing reaction. This 

brings the walker to state [2,3]. This propulsion mechanism is a significant improvement over 

the classical operational scheme in which the leg is lifted first, followed by the introduction of 

fuels35. For limitations of the fuel-before-antifuel mechanism related to the incomplete removal 

of fuels by antifuels, see Supplementary Section 2. 

Experimental setup 

Our experimental setup consists of a single-molecule defocused-imaging of gold nanorods 

optical setup4, coupled with a microfluidic system34 (Fig. 1F, see Supplementary Sections 3 

and 4 for full descriptions). Typically, 20-25 bright, defocused imaged shapes corresponding 

to light scattered from the gold nanorods belonging to 20-25 rotors positioned on the surface 

of the microfluidics glass coverslip were observed simultaneously (Fig. 1G). The imaged 

shapes were fitted to a set of precalculated theoretical shapes37 from which in-plane and out-

of-plane orientations of the nanorods were determined (Supplementary Fig. S3). To facilitate 

stable, long-term observation, we developed real-time drift compensation and tracking 

procedures. 
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The microfluidic system allows convenient user- and computer-controlled introduction and, 

most importantly, removal of chemical inputs to and from the rotary motors immobilized inside 

the microfluidic device. The device, which is mounted on the defocused imaging setup, 

includes 38 input channels that convey solutions containing the molecular components 

necessary for rotor immobilization, assembly, and operation (Fig. 1H). The pneumatic valves 

that regulate flow are embedded in the device in a design that enables rapid and precise 

computer-controlled exchange of small-volume solutions in reproducible sequence and timing 

for hundreds of cycles over days of rotor operation34.  

Rotor assembly 

A detailed description of the rotor’s assembly is provided in Supplementary Section 5. In short, 

the two origami disks were separately thermally annealed, followed by purification using 

polyethylene glycol precipitation (Fig. 2A). The disks were then mixed in a 1:1 ratio and left to 

react through the swivel elements overnight (10 nM each disk, 35°C), achieving ~70% 

dimerization yield, as shown by agarose gel electrophoresis (Fig. 2B, lane 3). Finally, the DNA-

functionalized gold nanorods were added; the poly-T sequences on the nanorods bind with 

the poly-A sequences on the upper side of the top disk. Binding of the nanorods was confirmed 

by agarose gel (Fig. 2C, lane 2). That the desired products of the stepwise process were 

obtained was confirmed by transmission electron microscopy (TEM) (Fig. 2A, D). Additionally, 

toehold-mediated swivel displacement demonstrated the expected rotor disassembly (Fig. 2B, 

lane 4, and 2C, lane 3), confirming that the interaction was solely through the swivel. 
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Rotor operation 

To immobilize the rotors inside the microfluidics device, a solution containing the fully 

assembled rotors (~0.2 nM) was introduced into the working chamber of the device until the 

desired density of rotors was immobilized on the coverslip surface through a biotin-avidin 

interaction (Fig. 1G). This typically required several minutes. Initially, rotors are in Brownian 

rotation mode as fuels are not introduced during this preparation (for a characterization of the 

Brownian rotation state, see Supplementary Section 6 and Supplementary Fig. S4). To 

initialize the rotors for directional rotation, the bipedal walkers were attached to the track at 

Fig. 2. Rotor assembly. (A) Schematic of assembly process and images of intermediates and products from left 

to right: AFM images of the disk monomer, TEM image of the disk monomer, TEM image of the rotor (i.e., disk 

dimer), and TEM image of the rotor coupled to a gold nanorod. (B) Agarose gel analysis of the disk dimerization 

reaction. Lane 1: top disk monomer; lane 2: bottom disk monomer; lane 3: rotor; lane 4: dissociated rotor. 

Dotted lines indicate disk monomer and dimer bands. (C) Agarose gel analysis of the nanorod coupling reaction. 

Lane 1: gold nanorod; lane 2: rotor mixed with gold nanorod; lane 3: dissociated rotor and gold nanorod. Dotted 

lines indicate gold nanorod, top disk coupled to a gold nanorod, and rotor coupled to gold nanorod bands. A 

small population of gold nanorod dimers travels at the same speed as top disks coupled to gold nanorods. (D) 

TEM image of rotors coupled to gold nanorods extracted from the agarose gel (panel C, lane 3).  
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state [1,2] using fuels and antifuels (the track binding reactions and preparation procedure for 

directional rotation are described in Supplementary Figs. S5 and S6, respectively). 

Once initialized, the rotors were commanded to perform a full 360° rotation consisting of 12 

steps between 12 distinguished states using the FBAF procedure. This required 24 

consecutive leg-lifting and leg-placing reactions (Fig. 3A and Supplementary Movie 2). 

Examples of rotors performing 4, 5, and 8 full rotations, corresponding to 48, 60, and 96 rotor 

steps, respectively, are shown in Fig. 3B and Supplementary Movies 3-5. Rotors often 

operated correctly over days; however, close examination of the rotation time-traces revealed 

short episodes of leg dissociations that resulted in free Brownian rotation or slow rotor 

response to commands, followed by rotor recovery and return to normal operation (Fig. 3B, 

see also Fig. 4D). Rotors operated at different speeds (i.e., different command strand 

introduction rates) and rotors walking in alternating directions (i.e., different command 

sequences) are shown in Fig 3C and 3D, respectively, and in Supplementary Movie 6. 
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Fig. 3. Rotor operation. (A) Rotor performing 12 clockwise steps consisting of a full revolution. State [1,2] is the 

initial and final state. Top: Defocus shapes between each of the steps. Bottom: Angular time-trace of the 

rotation. Incubation periods of the fuel and antifuel commands are indicated by green and red backgrounds, 

respectively. Washing periods are indicated by a grey background. Bin size of 50 data points. (B) Clockwise 

revolutions as a function of time for three exemplary rotors. Leg dissociation and recovery events and slow rotor 

responses are indicated by red and green arrows, respectively. (C) Rotor angle as a function of time at five 

different computer-controlled command strand introduction rates. Bin size of 100 data points. (D) Rotor angle 

for rotor rotating in alternating directions. Bin size of 100 data points.  
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Structure of the circular track 

Figure 4A shows the Cryo-electron microscopy (cryo-EM) reconstructed model of the origami 

disk. The red dots indicate the designed positions of the 12 footholds, designed to be located 

at ‘round-hour’ orientations as in a dial clock (Fig. 4A). Limitations in staple positions and minor 

overstretching of the origami structure along the vertical axis resulted in some of the footholds 

diverting by up to several degrees from the ‘round-hour’ orientations (Fig. 4B). The 96 

experimental rotor state orientations were measured for an example rotor (Fig. 4B, same rotor 

as in Fig. 3B, right most time trace). There was general agreement between the expected and 

the measured orientations, with a maximum error of 14° in the case of state [2,3]. In addition, 

there was general agreement between the cryo-EM-based expected step sizes and the 

measured averaged step sizes (Fig. 4C). For example, the steps sizes around 3 and 9 o’clock 

were slightly larger than 30 degrees, and the steps sizes around 6 and 12 o’clock were slightly 

smaller than 30 degrees. 

Rotor operational errors and rotor recovery  

Rotor orientation histograms were measured at 96 different states (8 full rotations), with most 

of the histograms indicating the correct orientation, and a small minority of histograms are as 

far as 45 degrees from the expected value (Fig. 4D, left). Examination of the orientation time 

traces revealed episodes of dissociation of all four legs and free Brownian rotations, and of 

slow rotor response to external antifuel commands (Fig. 4D, right).  

For example, in case X, an episode of rotor free rotation was clearly detected after introduction 

of antifuel AF6 (Figure 4D, right), which indicates that leg L1 did not properly connect to 

foothold T7 (via fuel F1) in the preceding step. This conclusion is further supported by the fact 

that the rotor barely responded to the introduction of antifuel AF5 in the preceding step, 

indicating lack of proper leg L1 attachment to foothold T1. Upon the introduction of antifuel 

AF6, the rotor dissociated from the track for about 300 milliseconds, followed by placement of 

the leading leg L2 on T8, followed by placing of the trailing leg L1 on T7 about 60 seconds 

later, completing recovery to normal operation. A similar mechanism of recovery was observed 
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in case Z, but with the trailing leg L1 binding first to foothold T3, followed by binding of the 

leading leg L2 to T4 (Fig. 4D, right). More cases of rotor dissociation followed by fast recovery 

are shown in Supplementary Fig. S7. 

In another type of recovery, case Y, the rotor barely rotated forward upon the introduction of 

antifuel AF2, as is in cases X and Z, but no dissociation was observed upon the introduction 

of subsequent antifuel AF3 (Fig. 4D, right). In such cases, we cannot determine whether the 

rotor dissociated as in cases X and Z, but rebinds quickly within the measurement time 

resolution (300 milliseconds) or whether the leg placing mechanism worked properly, and only 

the body of the origami rotor was slow to respond.  
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Rotor speed and response rate 

In externally controlled motors, such as the rotor presented here, motor speed is determined 

by the rate of command strand introduction (Fig. 3C). High rates of introduction of fuel and 

antifuel strands result in rapid rotation but shorten the time allocated for the leg placing and 

lifting reactions, which may result in rotor malfunction. Thus, high intrinsic leg placing and 

lifting reactions rates are necessary for fast and processive rotors.  

Kinetic analysis of the stepping reactions initiated by the introduction of the antifuels based on 

averaged rotation measured for ~120 steps (for each of the six different antifuels, taken from 

12 different rotors) do not show a single exponential response and a completion of the reaction 

within a given period, but instead show two phases, including a fast response for most of the 

rotors and a slow, or no response for the others (Fig. 5A). Attempts to fit these data with a 

double exponential function, describing fast and slow responding populations, or a double 

exponential function representing a reaction with a stable intermediate, describing leg lifting 

followed by leg placing, were only partially successful (for additional discussion, see 

Supplementary Fig. S8).  

Therefore, instead of fitting these ensemble-level kinetic profiles, individual steps were fitted 

using a single-step function, representing an immediate transition (within the resolution of the 

Fig. 4. Structure of the track. (A) Cryo-EM 3D model of the origami disk shown in top and side views. Foothold 

positions are indicated by red dots. Scale bar: 50 nm. (B) Comparison of cryo-EM-based foothold positions (red 

dots), calculated rotor states (middle positions between footholds), and histograms of measured rotor states 

(obtained from the right-most rotor in Fig. 3B). Each of the 12 histograms consist of 8 data points averaged from 

the angular trace during fuel-incubation periods. (C) Comparison of cryo-EM-based step sizes and measured 

step sizes (~120 steps for each of the six step types). (D) Left: Rotor orientation histograms measured at 96 

different states throughout 8 rotor revolutions (same rotor as in panel B). The data used were extracted from 

fuel incubation periods and were binned with a bin size of 10. Red and green arrows indicate errors of leg 

dissociation and slow rotor response, respectively. Missing fuels prior to errors are written next to the 

corresponding states. The bottom panel summarizes the average positions for each of the 12 states. Right: Three 

exemplary errors denoted cases X, Y, and Z. The interpretations of rotor operations are illustrated above the 

time traces, and the corresponding rotor states are displayed along the trace. FBR denotes free Brownian 

rotation. Red and green arrows indicate errors of leg dissociation and slow rotor response, respectively. 
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measurement) or a two-step function, representing such a transition but with an apparent 

intermediate state (see Supplementary Fig. S9 for exemplary fitted steps). The former are 

cases in which the rotor completes the transition in one apparent step (Fig. 5B, left), and the 

latter are cases in which the rotor shows an intermediate state (e.g., the leg is lifted but not 

yet placed, Fig. 5B, right panels).  

For most of the stepping reactions, an intermediate state was not observed (Fig 5B, 

percentages in red), and for most of these cases, the stepping reaction was completed within 

1 to 7 seconds after introduction of the antifuel. A minority of the rotors responded more slowly 

(from 10 to more than 100 seconds), indicating difficulties in completion of the stepping 

reaction, as also indicated by the presence of the slow components in the kinetic profiles (Fig. 

5A, see also Supplementary Fig. S10A for a zoom-in on the normalized profiles). The time it 

takes for the microfluidics to deliver the antifuel commands plus the antifuel binding time is 

about ~3 seconds, resulting in a corresponding delay in rotor response (Fig. 5B, left). 

Furthermore, in cases in which an intermediate state was observed (Fig. 5B, right), the 

intermediate state duration was 10 to more than 100 seconds. In addition, the kinetic profiles 

revealed significant differences in the response times of the six different step reactions. For 

example, the step [3,4] → [4,5] is, on average, ~10 times faster than the step [5,6] → [6,7] (for 

details see Supplementary Fig. S10B-D). Taken together, our kinetic data shows that for most 

steps and most rotors the stepping reactions are completed within less than 10 seconds, 

representing properly functioning rotors. However, occasionally, stepping would not take place 

before the subsequent antifuel is introduced, resulting in walkers dissociation. 
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Rotor limitations and possible improvements 

Our analysis showed that for most steps and most rotors the stepping reactions were 

completed within less than 10 seconds, but for a considerable minority of cases, stepping 

reactions required hundreds of seconds (in a non-single exponent or a non-first-order fashion). 

Further, the data showed significant differences in rotor response in terms of yields and 

speeds between the six different commands. In principle, two types of rotor improper operation 

explain these results. One possibility is malfunctioning of the propulsion mechanism, that is, 

improper interaction of the legs, fuels, antifuels, and footholds. Another possibility is rotational 

hindrance caused by unwanted interaction of the upper origami or the gold nanorod with the 

bottom origami or the surrounding coverslip. 

To minimize the amount of rotational hindrance experienced by our rotors, we used a working 

buffer with minimal concentrations of cations (Supplementary Fig. S4A, B). Under these 

conditions, although some freely rotating rotors (in the absence of fuels) were stuck for up to 

3 minutes, rarely were rotors stuck for 10 minutes, the time window we provided the rotors to 

respond during operation (Supplementary Fig. S4C, D). Therefore, most of the cases of slow 

responding or non-responding rotors that led to dissociation were not due to stuck rotors. 

Fig. 5. Motor speed. (A) Averaged angles as a function of time for ~120 steps for each of the six step types. (B) 

Histograms of rotor response times extracted from the step time-traces (same dataset as in panel A). Left: 

response time in cases where no intermediate state was detected. Right: Duration of detected intermediate 

states. In both cases only the first 50 seconds are shown, but small “tails” of response times and intermediate 

state durations of up to 600 seconds were also observed and were considered in the displayed percentages. 
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Nevertheless, redesigning the rotor such that the gold nanorod is smaller than the upper disk, 

which in turn is smaller than the bottom disk, should prevent unwanted interactions between 

the nanorod and upper disk with the coverslip environment, further increasing free rotation 

(Supplementary Fig. S11A).  

Our analyses also suggest an explanation for the occasional malfunctioning of the propulsion 

mechanism. That there are differences in kinetic data between the six different steps indicate 

that the differences are not due to the positions of the footholds on the origami but rather to 

the sequences of the footholds, legs, fuels and antifuels involved (Supplementary Fig. S10C, 

D). This suggests that at least some of our sequences may be sub-optimal and can be 

improved significantly. Unoptimized sequences may result in the formation of secondary 

structures that slow, or even prevent, desired interactions. The sequences that were used for 

our rotors are essentially identical to those used in the original bipedal motors developed by 

Shin and Pierce42, with some optimization for minimum secondary structures. Our data 

suggests that more comprehensive optimization may result in better operation.  

Further, the fuel-before-antifuel operational mechanism, despite its benefits, has one major 

drawback: the formation of an unwanted heterocomplex between the trailing leg antifuel and 

the leading fuel that prevents the completion of the stepping reaction35 (for details see 

Supplementary Fig. S2A). These complexes are typically removed by thermal dissociation, 

but in some cases, they remain bound, slowing rotor response. Such interactions are 

unavoidable, but negative influences may be mitigated by the use of two short antifuel strands 

instead of one long antifuel as used here, that may lead to exponentially faster heterocomplex 

removal (Supplementary Fig. S2B).  

Another possible detrimental effect is molecular threading of the legs, footholds, or the 

foothold-fuel complexes into the origami disks (Supplementary Fig. S11B). This interaction 

would render the strand unavailable to execute the propulsion reaction (for specific examples, 

see Supplementary Fig. S12). Such unwanted interactions may be reduced by distancing the 

footholds and the legs from the origami body by a supporting strand elongated from the 
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neighboring staple. Alternatively, an additional identical parallel foothold-track and additional 

pairs of legs could compensate for unavailable footholds and legs and should handle cases of 

truncated fuel strands better than a single system (Supplementary Fig. S11C). 

Conclusions 

In conclusion, we presented here an externally controlled DNA origami rotary motor in which 

a top disk is propelled around a bottom disk by two bipedal walkers that consume DNA fuels. 

To facilitate high processivity, we employed several strategies: computer-controlled 

microfluidic operation, an operational mechanism free of trap states, and a swivel connection 

between the disks that allows the rotor to recover from operational errors and returning to 

normal operation. Our results show that these strategies were successful: The rotor 

demonstrated 8 clockwise revolutions – nearly 100 steps, rotation in alternating directions, a 

common feature in macroscopic rotary motors, and we demonstrated excellent computer-

control over nanomotors. 

Here we used single-molecule defocused imaging of gold nanorods to optically monitor rotary 

motor function. This strategy allowed us to observe the rotor’s Brownian rotation, track binding 

reactions and stepping rotation. The high angular resolution of the method enabled us to 

clearly resolve small rotational transitions of several degrees. The high time-resolution of the 

system resolved step completion times of around a hundred steps in a single experiment with 

sub-second resolution. Importantly, very long measurements were enabled by the stability of 

the nanorods; rotors were monitored for several days with no degradation in signal quality. 

Additionally, these measurements allowed us to follow hundreds of chemical reactions 

administered by the microfluidic device. We expect that the methods employed here, whether 

combined or separate, will be valuable for investigations of molecular rotary systems. 

A natural next step will be to develop an autonomous rotary motor that runs on DNA fuels. 

Autonomous mechanisms based on DNA fuels have been described, although not 

implemented for more than two steps due to a lack of a robust track30, 31. The externally-

controlled DNA origami rotary motor developed here could therefore serve as a reliable 
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structural platform for the implementation and development of much sought after autonomous 

mechanisms. 
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Section 1: DNA Origami Design 
Design of the DNA origami disk 
The DNA origami disk was designed as a square lattice1 using cadnano 2.0 (Fig. S1A-C). The 
scaffolds used were CS4 of length 7758 and P8064 of length 8064, both purchased from Tilibit 
Nanosystems. Simulations were performed using MRDNA software2.  

Disk twist minimization 
Although the global twist that results from the non-integer number of bases between crossovers 
can theoretically be corrected by periodic deletion every 64 bases, in some cases there is a 
residual global twist2. To minimize this twist, an iterative simulation process of various origami 
designs and deletion methods was performed2. Our initial failed designs that contained 
significant twists consisted of a single-layered disk, single-layered disk with periodic deletions 
every 32 or 64 bases, and a double-layered disk with perpendicular layers3, 4 (Fig. S1D). Our final 
design, which was sufficiently flat, was double-layered and contained deletions every 32 bases.  

Scaffold interlocking 
A scaffold interlocking strategy5 facilitated construction of the large and multi-layered disk 
structure. To minimize incorrect interactions, we selected the highly-orthogonal scaffolds P8064 
and CS4 (Tilibit Nanosystems). In our design, the interlocking segments were 100 bases long and 
had similar GC contents. Due to its lower reliability, an interlocking region was not incorporated 
in the sensitive inner part of the disk where the two disks are near each other and might interact 
if not properly sealed (the inner part consisted of only P8064, Fig. S1E). Additionally, special 
attention was paid to sequences that were homologous between scaffolds (with maximum 
lengths of 89 and 107 bases) and within the P8064 scaffold (with a maximum length of 42 bases). 
To minimize the effect of possible incorrect interactions involving these sequences, they were 
positioned such as to avoid the scaffold interlocking regions and the specific staples that are 
extended with rotor machinery (e.g., legs, footholds).  

Staple design 
For the DNA origami disks, we used staples with lengths of 48 to 64 bases, a recommended 
length2. We maximized crossover density and maintained a presence of at least one continuous 
segment of 16 bases for each staple6, 7. Longer staple lengths are less reliable due to a lower yield 
of full-length DNA strands when produced in the common solid-phase synthesis techniques 
such as those used by IDT. To maximize the available positions for rotor machinery in the inner 
part of the rotor so as to increase design flexibility, the continuous 16 base segments were mostly 
placed in the outer part of the disk. 

Edge design 
The disks were designed to avoid inter-origami interactions that arise from blunt-end stacking 
between helix edges. In addition to the typical poly-C overhangs and loops that are placed at the 
edges of the origami helices wherever possible (poly-C was selected over poly-T to avoid 
interfering with the poly-A\poly-T origami nanorod interactions), the circular design of the origami 
and an asymmetry between both of its sides minimized possibilities of helix alignment.  
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Figure S1. DNA origami disk design. (A) Full Cadnano design. (B) Gold nanorod binding positions on the outer 
side of the top disk. (C) Foothold placement on the inner side of the bottom disk. (D) Design iterations. From 
left to right: single main layer, two perpendicular main layers, and two regular main layers. (E) Scaffold 
interlocking scheme. P8064 and CS4 scaffolds are colored blue and red, respectively. The pictures show the 
bottom main layer with no interlocking segments (left), top main layer that includes interlocking segments 
(middle), and the full design including the central layers that belong exclusively to the P8064 scaffold.  
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Section 2: Rotor Operation Mechanism 
In the fuel-before-anti-fuel (FBAF) mechanism8 (Fig. S2A), the antifuel of the trailing leg (e.g., AF1) 
is inserted while the next-state fuel (F3) is attached to the foothold (T3) but not to the 
corresponding leg (L1). Because F1 and F3 share a common sequence that binds them to L1, the 
complementary sequence is shared in AF1 and AF3. This leads to formation of a heterocomplex 
structure between AF1 and F3 upon insertion of AF1, and a blockage of the leg placing reaction 
(HC1 in Fig. S2A). To avoid this blockage, in the FBAF strategy the antifuels are shortened in the 
segment that is involved in the heterocomplex (to 8 base pairs) such that the interaction is 
reversible at room temperature, allowing the heterocomplex to dissociate and the leg placing 
reaction to complete.  
 
The dissociation rate of the heterocomplex was found to be a limiting factor for the stepping 
reaction in our study of the FBAF mechanism8 and could also explain the slow steps performed 
by the rotary motor presented here. For a faster heterocomplex thermal dissociation rate, we 
suggest use of two even shorter antifuels (based on 5 base pairs in the thermally dissociating 
segments), allowing exponentially faster dissociations (Fig. S2B). 
 

 

Section 3: Defocused Imaging 
Optical setup 
Defocused imaging was carried out using a custom-built wide- and dark-field optical setup 
adjusted from Enoki et al.13 (Fig. 1F). A red diode laser (640 nm, Cube 640-40C, Coherent Europe) 
was passed through a single-mode fiber, collimated, expanded (measured power was ~130 µW), 
reduced in diameter to remove background, focused (25-cm lens), circularly polarized, reflected 
by a dot mirror (fabricated in-house) toward the back focal plane of an objective (Plan 
Apochromat, 60x/1.45, Olympus America) mounted on an inverted microscope (IX71, Olympus 
America). The scattered light was collected by the same objective, passed through the glass the 

Figure S2. Fuel-before-antifuel operation mechanism and potential for optimization. (A) FBAF mechanism 
shown for the linear bipedal walker8: AF1 (blue) binds to F3 and forms a heterocomplex (HC1). An additional 
heterocomplex (HC2) forms between AF1 and F1, that is also 8 base-pairs in length and thermally dissociates. 
(B) In the fuel-before-two antifuels mechanism, two antifuel strands (AF1a and AF1b) separately remove the 
leg-fuel connection and the foothold-fuel connection. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 6, 2025. ; https://doi.org/10.1101/2025.04.04.645735doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.04.645735


5 
 

dot mirror around the dot (background is removed by the dot), magnified by 1.6x, and imaged 
onto an EMCCD camera (IXON DU-897E, Andor). For defocusing, the position of the objective 
was lowered by ~1.1 µm from the focus position using a piezo scanner (P-721 focus scanner, 
Physik-Instrumente). The microfluidic device coupled to a glass coverslip was placed on the 
objective and held by a motorized XY stage (XY-MR-50-150, Holmarc).  

Dot mirror fabrication 
Dot mirrors were produced in-house by methods of lithography. The dot mirror consisted of a 
transparent rectangle-shaped glass (25 x 36 mm) with a silver elliptic mirror (effective diameter 
of 3.5 mm) in its center. The layers of the ellipse consisted of a TiO2 adhesion layer, a silver layer 
(150 nm), and a silica anti-oxidation layer (50 nm).  

Data acquisition 
Movies were acquired in a custom-built live-analysis pipeline (Matlab). Frames consisting of 512 
x 512 pixels were acquired with an exposure time of 1 ms, and a cycle time of 80 ms for short 
movies or 300 milliseconds for long movies. The short exposure prevented smearing of 
defocused shapes that could happen during the Brownian rotation of the rotor, and the long cycle 
time supported long recordings, up to days. Molecule finding was performed in the focus 
position. The acquisition software (Matlab) was synchronized with the microfluidic command 
timeline through communication with the custom LabVIEW program that controlled the 
microfluidics. 

Fitting defocused shapes 
Each observed rotor was assigned a region of interest of 29 x 29 pixels that was fitted to a set of 
theoretical defocus images using a least squares algorithm (Fig. S3). The theoretical images were 
customized to experimental conditions such as magnification and pixel size (using code supplied 
by the Enderlein group, private communication), with dot mirror optics also considered. The free 
parameters during the fitting were x, y, z, θ, and φ, where x and y denote the position of the region 
of interest, z is the defocus distance (monitored with a resolution of 0.1 µm), and θ and φ specify 
the orientation of the nanorod in 3D (monitored with resolutions of 10° and 1°, respectively). All 
orientation time-traces in this report refer to φ orientation. To resolve the inherent ambiguity of 
the signal to a rotation of 180°, after the first frame, the orientation was selected based on higher 
proximity to the previous frame. θ was constrained between 70°-90° for better fitting. To facilitate 
fast online analysis of up to ~35 particles with 80 ms per frame, the fitting was done using a 
custom search algorithm. For each fitting, first the z and φ parameters were found roughly, and 
a local search was used to optimize the x, y, z, θ, and φ parameters. Following an initial 
calibration step performed in the first seconds of the recording, the x and y parameters were 
optimized only every 60 seconds.  

Observational stability 
To maintain observational stability and account for drift, the x and y positions were tracked by 
the software, and the z position was stabilized by the objective holder in a feedback loop with the 
average fitted defocus distance.  

Scanning system 
For datasets containing multiple areas, areas were first collected and then scanned again, 
possibly between chemical reactions. The x, y, and z positions of each area and rotor within the 
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area were maintained by the software and were used in combination with image analysis 
procedures to ensure correct molecule observations.  

 

 

Section 4: Microfluidic Device 
The operation principles and fabrication procedure of the silicone elastomer 
polydimethylsiloxane (PDMS) microfluidic device were previously described14. Briefly, the device 
is made of two layers: a “flow” layer that contains the channels that direct the solutions, and a 
control layer that contains the channels that provide pressure to “Quake-type” pneumatic 
valves15, 16. The valves allow selective flow inside the device and are computer-controlled through 
external solenoids using a custom interface (LabView). Device preparation included separate 
preparation of the polydimethylsiloxane flow and control layers, aligning and attaching them to 
each other through baking (80 °C), and attaching the device to a pre-cleaned glass coverslip. For 
cleaning, the coverslip was washed with Alconox, KOH, and methanol steps, with water rinsing 
in between, and both the device and the glass coverslip were subjected to an oxygen plasma 
treatment.  

Section 5: Rotor Assembly 
Buffers:  

• FOB15 (Disk folding buffer): 5 mM Tris, 1 mM EDTA, 5 mM NaCl, 15 mM MgCl2.  
• PEG precipitation buffer: 1x TAE, 500 mM NaCl, 15% PEG 8000.  
• 106 (Disk and rotor storage buffer): 1x TAE, 100 mM NaCl, 6 mM MgCl2.  
• 102 (Rotor operation buffer, gold nanorod storage buffer, and gold nanorod coupling 

reaction buffer): 1x TAE, 100 mM NaCl, 2 mM MgCl2.  
• T50 (Glass surface pre-coating buffer): 10 mM Tris, 50 mM NaCl. 
• 502 (Rotor surface binding buffer): 1x TAE, 500 mM NaCl, 2 mM MgCl2. 

Folding the bottom and top DNA origami disks 
 The top and bottom disks were folded separately. Each mixture contained FOB15, 20 nM of each 
of the P8064 and CS4 scaffolds (Tilibit Nanosystems), and 200 nM staples (IDT). The 

Figure S3. Defocused imaging. (A) gold nanorod orientation (illustration reproduced from Sawako et al.8). θ 
denotes in out-of-plane orientation, and φ denotes the in-plane orientation. (B) Theoretical defocused shapes 
as a function of θ and φ. The signal vanishes as θ approaches 0 due to reduced nanorod excitation. Rotor 
observation was not affected by this problem as rotors were typically placed straight on the surface.  
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concentration of the swivels, biotin anchor hybridization staples, and biotinylated anchor 
strands was 60 nM. The folding solutions were annealed in a Biorad thermocycler starting with 
heating in 65 °C for 15 min and subsequently reducing the temperature from 60 °C to 44 °C at a 
rate of 1 °C/h. The folded structures were stored at room temperature until further use. 

Connecting the disks (disk dimerization) 
The folded top and bottom disks were purified using a PEG precipitation protocol described by 
Wagenbauer et al.9 with minor modifications. There were two rounds of precipitation, where the 
origami solutions (50 or 100 µl) were diluted to 1 ml with buffer 106 and PEG precipitation buffer 
in a 1:1 ratio. The mixtures were centrifugated at 17,800 x g for 25 min in room temperature. The 
pellet was resuspended in buffer 106, and the final concentration was adjusted to 20 nM. For 
dimerization the solutions were mixed in a 1:1 ratio incubated at 35 °C with slight shaking for at 
least 14 hours. 

Development of the dimerization procedure 
In our initial attempt to connect the bottom and top disks, we used a multi-valent connection 
that consisted of the swivel hybridization site and 2-4 additional hybridization sites located at the 
foothold positions. This configuration, however, resulted in higher order byproduct structures 
(data not shown). To avoid such byproducts, we resorted to connecting the origami disks using 
the swivel interaction alone, a reaction that has previously resulted in ~14% yield for a similar 
rotor construct10. Following optimization of the reaction parameters, which included purification 
to remove truncated swivel strands, purification to remove excess swivels, and optimization of 
cation and origami concentrations, temperature, and incubation time, the procedure resulted in 
~70% yield (Fig. 2B).  

Synthesis of custom-sized gold nanorods 
Nanorods with size 40 nm x 80 nm were synthesized according to a published method11 and 
stored in 3 mM CTAB at room temperature. The nanorods were characterized by their UV-Vis 
extinction spectra and by transmission electron microscopy (TEM). The size distribution of the 
nanorods was estimated using Image-J and custom-written analysis software (Matlab). 

Functionalization of gold nanorods with DNA 
The gold nanorods were functionalized with thiolated 21T DNA using a salt aging method12. For 
each nanorod solution unit (1 ml, Absorbance~1.5, 3 mM CTAB), 5 µl of 100 mM TCEP solution 
was added to 40 µl of 100 µM thiol solution (water suspension) and incubated for at least 30 
minutes. Each unit of nanorod solution was centrifugated at 6000xg, and 0.9 mL of the 
supernatant was replaced with water. The solution was centrifugated again, the supernatant was 
carefully fully removed, and 45 µL thiolated DNA-TCEP mixture was added to the pellet and 
incubated for 10 minutes. An equal volume of 2x TAE, 0.1% SDS was added and incubated for 10 
minutes, followed by increasing the NaCl concentration to ~0.7 M over the course of ~2 hours. 
First a salt aging buffer (1x TAE, 1 M NaCl, 0.1% SDS) was added with volumes of 5, 5, 5, 7, 7, and 
7 µl. Between additions, the solution was vortexed and spun down gently, sonicated for 5 
seconds, and incubated for 10 minutes. Two final salt aging steps consisted of 10 µl of 5 M NaCl, 
with 30 minutes of incubation between steps. The procedure was usually scaled up by pairing 
units after the nanorod and thiolated DNA mixing step and adjusting subsequent volumes 
accordingly. After overnight incubation, the solution was centrifugated four times and 
resuspended in buffer 102. The final concentration was adjusted to ~10 nM.  
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Attachment of nanorods to the rotary motor 
The rotor solution was adjusted to 10 nM, mixed with the nanorod solution (10 nM) in a 1:5 ratio, 
and incubated for at least 20 minutes at room temperature.  

Rotor immobilization in the microfluidic device 
First, the glass surface of a working chamber of a microfluidic device was prepared with rotor 
immobilization components (BSA and Neutravidin), incubated for several minutes, and washed 
with T50 buffer. The concentrations of BSA and Neutravidin were 1 mg/ml and 0.2 mg/ml, 
respectively. The solution of rotors coupled to gold nanorods was diluted with 502 buffer to ~0.2 
nM and flown into the operation channel. After the desired concentration was reached, the 
channel was washed with 102 buffer. To achieve full anchoring of the bottom disks, an additional 
step of low concentration (100 nM) biotinylated strand addition was performed. These strands 
hybridized to vacant DNA anchoring sites emanating from the bottom disks and secured their 
attachment to the Neutravidin-coated surface.  

Agarose gel analysis of origami assemblies and gold nanorod assemblies 
The samples were electrophoresed on 1% agarose gels containing 100 mM Na+ and 2 mM Mg2+ in 
an ice water bath for 90 minutes at 45V. 

Transmission electron microscopy 
For sample preparation, 300-mesh copper grids (Ted Pella, Prod No. 01813-F) were glow 
discharged, then 2.5 µL of sample was applied to the grid. After 1 minute, excess liquid was 
removed by blotting with filter paper. The grid was dried in air for 1 minute, followed by 
application of 5 µL of 2% uranyl acetate (SPI CAS# 6159-44-0) as the negative stain for samples 
containing origami. The grid was blotted to remove the excess uranyl acetate and was dried in air 
before insertion into the microscope. The imaging was performed using a Talos F200C TEM 
microscope (ThermoFisher Scientific) operating at 200 kV equipped with a Ceta 16M CMOS 
camera. 

Atomic force microscopy imaging 
Data were acquired with a Cypher instrument (Asylum Research). Structures were deposited on 
freshly cleaved mica and imaged in a 1xTAE buffer containing 12 mM MgCl2.  

Cryo-electron microscopy measurements 
Grid preparation: Grids were prepared by plunge-freezing into liquid ethane. Aliquots of 3 µl of 
sample solution at a concentration of ~200 nM were deposited on glow-discharged Quantifoil R 
1.2/1.3 holey carbon grids (Quantifoil Micro Tools GmbH). Samples were manually blotted for 3 
seconds at room temperature and rapidly plunged into liquid ethane using a home-built plunging 
apparatus. The frozen samples were stored in liquid nitrogen until imaging. 

Data collection: The prepared grids were loaded onto a FEI Tecnai F30 Polara microscope (FEI, 
Eindhoven) operated at 300 kV, under cryogenic conditions in a low-dose mode. Datasets were 
collected using SerialEM, using a homemade semi-automated data collection script. Images 
were collected by a K2 Summit direct electron detector fitted behind an energy filter (Gatan 
Quantum GIF) set to ±10 eV around zero-loss peak. Calibrated pixel size at the sample plane was 
2.3 Å. The detector was operated in a dose fractionated counting mode, at a dose rate of ~8 
ē/pixel/second. Each dose-fractionated movie had 50 frames, with total electron dose of 80 
ē/Å2. Data were collected at a defocus range of -1.0 to -2.0 μm. 
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Data processing: Data processing was done using Relion3.1. Movies were motion corrected 
using Relion3.1 motion correction implementation, and estimation of the defocus values was 
done by using Gctf. Particles were initially picked based on LoG autopicking, followed by a few 
iterations of template-based 2D classification that removed “bad” particles. The chosen 2D 
classifications classes were used to generate an initial model, followed by 3D classification to 
further divide the data into useful groups from which to choose. The chosen 3D classifications 
classes were later refined to create a final Cryo-EM map. 

Section 6: Rotor Brownian Rotation 
Mobility as a function of cation concentration 
In the Brownian rotation state (i.e., in the absence of fuels), some of the observed rotors were 
immobile. The mobility of the rotors was inversely proportional to the concentration of cations in 
the working buffer. For example, when repeatedly switching between a buffer with a high cation 
concentration (1000 mM Na+) to a buffer with a low cation concentration (100 mM Na+ and 2 mM 
Mg2+), some rotors switched from an immobile to a mobile state (Fig. S4A, purple and grey 
incubation periods, respectively). Analysis of a set of ~300 rotors showed that only 40% of the 
rotors were mobile in the high concentration buffer, whereas 75% were mobile in the low 
concentration buffer (Fig. S4B, left panel). The root mean square deviation of the rotors, which is 
an indication of their degree of mobility, also depended on cation concentration (Fig. S4B, right 
panel). Overall, the buffer with cation concentrations of 100 mM Na+ and 2 mM Mg2+ resulted in 
the highest mobility and was selected for rotor operation.  

Dwell time analysis 
The mobility of the rotors in the Brownian rotation state in the selected working buffer was also 
characterized in terms of the dwell times (durations) in temporary, immobile states. A histogram 
of the maximum dwell times during 2 hours of rotor operation (of a set of ~150 mobile rotors) 
showed that for most of the rotors the maximum dwell time was between seconds to 3 minutes; 
the maximum dwell time was rarely 10 minutes or above (Fig. S4C, D).  
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Figure S4. Brownian rotation. (A) Time-trace of a rotor in the Brownian rotation state as the working buffers 
were switched between high (purple) and low (grey) cation concentration buffers. The left and right numbers 
in the notation above the incubation times refers to Na+ and Mg2+ concentrations (mM). (B) Percentage (left 
panel) and root mean square deviation (RMSD; right panel) of freely rotating rotors as a function of cation 
concentration in the working buffer. Rotors were considered freely rotating if the standard deviation of the 
Gaussian fitted to the time-trace segments of 20 seconds was larger than 10°. (C) Histogram of maximum dwell 
time (i.e., immobile state duration) per rotor in a 2-hour measurement accumulated from 5 fields of view, 2 
recordings each (automatic scanning). Segments constrained within 70° were considered dwells. (D) Left: Time-
traces of three exemplary rotors marked by I, II, and III in panel C with maximum dwell times of 15, 179, and 
1608 seconds, respectively. Dwells longer than 120 seconds are marked in red on the trace. Right: Dwell time 
histograms of the three rotors.   
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Section 7: Rotor Operation 
Binding to the track 
Starting from the free Brownian rotation state, introduction of a fuel command allows the rotor’s 
leg to bind to the corresponding foothold through the fuel (Fig. S5A, top route). The antifuel then 
returns the rotor to the Brownian rotation state. Such operations were successfully performed by 
the rotor using each of the six fuel and antifuel pairs as shown in Fig. S5B. Fig. S5C shows a rotor 
subjected to 10 such cycles, successfully binding and unbinding the track nearly 60 times over 
the course of ~12 hours. Track binding failure is expected due to the possible scenario of two 
separate fuels binding the leg and the foothold instead of a single fuel joining them, leaving the 
rotor in a free rotation state (Fig. S5A, bottom route).  

Rotor initialization with all legs bound to the track 
While initialization at state [1,2] is possible through the top route in Fig. S5A, to avoid 
unsuccessful leg binding reactions due to double fuel binding, the initialization of the rotor in 
state [1,2] for directional rotation was typically performed using an alternative mechanism 
involving leg blocking (Fig. S6A). First F6 is inserted to block L2, followed by F2 and then AF6 to 
release the leg, allowing it to bind to T2. Next a similar procedure is used for binding T1 using F3 
as a blocker. Fig. S6B shows a typical response to the procedure. The rotor does not behave 
exactly as shown in Fig. S6A due to the inherent stochasticity, but its arrival at state [1,2] is 
evident.  

An alternative method to avoid double fuel binding with “direct fuel addition” as in Fig. S5A is to 
decrease the concentration of fuel, thereby decreasing the fuel binding rate relative to the leg 
placing rate. It is also possible to skip the initialization step completely and apply the FBAF 
rotation sequence directly from the Brownian rotation state. By starting, for example, with F3, 
AF1, F4, AF2, etc., the rotor is expected to be fully initialized at state [4,5] after double fuel binding 
event possibilities are used up.  
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Figure S5. Track binding reactions. (A) Schematic of the track binding and unbinding operations including a 
successful track binding path (top) and a failed reaction path due to double fuel binding (bottom). (B) Exemplary 
rotor time-trace of six successful track binding reactions. The state of the rotor after each reaction is denoted 
in black in the time trace. Track binding times are denoted by dotted green lines and were extracted by an 
automatic script. (C) Ten cycles of the experiment performed in panel B, 60 reactions in total. The black arrows 
denote failed track binding reactions in which the rotor remained in the Brownian rotation state.  
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Figure S6. Rotor initialization. (A) Procedure to transfer the rotor from a free Brownian rotation state to state 
[1,2] using blocking to avoid double fuel binding of the destination state fuels. (B) Typical response to the 
procedure.  

Figure S7. Rotor errors and recoveries. (A) Exemplary rotor time-trace showing clear dissociations from 
the track (denoted by red arrows), in which the rotor rebound to the track in phases with a size of a 
multiple of half of a rotation in accordance with the symmetry of the circular track. (B) Additional 
examples of dissociations from the track with mechanistic details for the rotor in analyzed in panel A. The 
errors selected are indicated by the time axes. The durations of the free Brownian rotation states until 
rebinding were 5 and 10 seconds for the top and bottom traces, respectively.  
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Stepping reaction profile fitting 
The stepping reaction profiles were fitted with two simple kinetic models. The first is a double 
exponential model that describes a combination of fast and slow rotor steps, detailed in the 
following equations: 

𝐴 → 𝐵, 𝐴∗ → 𝐵 
     

(1) 𝑦(𝑡) = 𝐼𝑅𝐹 ∗ 𝜑𝑠𝑡𝑒𝑝 ∗ (𝑎 ∗ 𝑒−𝑘1𝑡 + (1 − 𝑎) ∗ (𝑒−𝑘2𝑡)) 

𝐼𝑅𝐹 = 1 −
1

1 + 𝑒
𝑡−𝑡0
𝑡𝐼𝑅𝐹

 

 
where 𝐴 and 𝐴∗ represent two distinct rotor populations in the origin state; 𝐵 is the destination 
state; 𝜑𝑠𝑡𝑒𝑝 is the average step size; 𝑎 is the fraction of population; 𝐴, 𝑘1, and 𝑘2 are first order 
rate constants; t is the time from insertion of the antifuel command; IRF is the instrument 
response function; 𝑡0 is the time of arrival of the antifuel command wavefront to the observed 
position in the microfluidic working chamber; 𝑡𝐼𝑅𝐹 is the instrument response time (indicating the 
speed of solution replacement once the wavefront has arrived); and 𝑦(𝑡) is the average angular 
progression.  
 
The second model is the consecutive reactions model, which accounts for separate leg lifting 
and leg placing operations, as detailed in the following equations: 
 

𝐴 → 𝐼 → 𝐵 
 

𝐼(𝑡) = 𝜑𝑚𝑎𝑥 ∗
𝑘1

𝑘2 − 𝑘1
∗ (𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡) 

 

𝐵(𝑡) = 𝜑𝑚𝑎𝑥 ∗ (1 −
𝑘2 ∗ 𝑒−𝑘1𝑡 − 𝑘1 ∗ 𝑒−𝑘2𝑡

𝑘2 − 𝑘1
) 

 
(2) 𝑦(𝑡) = 𝐼𝑅𝐹 ∗ (0.5 ∗ 𝐼(𝑡) + 𝐵(𝑡)) 

 
where 𝐴 is the origin state; I is an intermediate state; 𝐵 is the destination state; 𝜑𝑠𝑡𝑒𝑝 is the 
average step size; 𝑘1and 𝑘2 are first order rate constants; and 𝑦(𝑡) is the average angular 
progression, in which y considers the contribution of intermediate state I to the angular 
progression.  
 
Neither calculated curves fit the data well. In the first 35 seconds, the data is in several cases 
faster than the fitted curves (Fig. S8). This, however, is reasonable, as the behavior of the rotary 
motor is influenced by more factors than those considered in the models such as uncorrelated 
origami body movements and walker operations due to origami body lagging, and separate 
response times of the two bipedal walkers. More accurate fitting will require integrating these 
factors into the kinetic models.  
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Figure S8. Stepping reaction profile curve fitting. (A) Double exponent model. (B) Consecutive reactions 
model. Left panels: full step time-traces. Right panels: First 35 seconds.  
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Differences in rates between fuels 
The normalized kinetic profiles of the stepping reactions show large rate differences between the 
six different steps of up to 10 fold (Fig. S10A). Within a few seconds, 70% of the [3,4]→[4,5] steps 
were complete, whereas only after ~30 and ~60 minutes were the same percentages of steps 
completed for the [6,7]→[7,8] and the [5,6]→[6,7] steps, respectively.  

Differences between fuels also occurred in the track binding reactions in which freely rotating 
rotors respond to fuel commands by binding to the track (Fig. S10B). For most fuels the responses 
occurred within 10-30 seconds, but for F1 the responses were much slower and required up to 
hundreds of seconds.  

Interestingly, both the F1 track binding reaction and the [5,6]→[6,7] stepping reaction involve the 
same leg placing reaction on T1 and T7, which suggests that either the leg placing reaction is slow 
or the rotor has difficulty accessing the orientations of these footholds. To test the effect of rotor 
orientations on the efficiency of the track binding reactions, we performed the track binding 
reactions with several rotor variants (Fig. S10C): the original variant containing all walkers and 
footholds, the four variants containing a single set of six footholds and a single walker, a variant 
with a walker in a position with a 90° shift (in the position of T12 instead of T3\T9), and a variant 

Figure S9. Step fitting. Shown are time-traces of two exemplary rotor steps with fitted traces in red. 
The function used for the fitting was a step function with a possible intermediate state. Steps with fitted 
total sizes in the range of 10°-70° and with fitted responses within 0-650 seconds of the antifuel 
command insertion time were used for further processing. In both of the cases shown here, an 
intermediate was detected. In the second case, an intermediate state separated by as little as 10° from 
the original state was clearly detected. A schematic of an interpretation of the time-trace where the 
intermediate state is attributed to a leg-lifted state is shown on top. Rotor states during the reaction 
are given in black text over the steps.  
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where two footholds were inverted in position (T2 and T5). In all cases, the reactions resulted in 
approximately the same fuel binding efficiency curve (Fig. S10D), indicating that the reason for 
differences between fuels in kinetics is not the positions where the reactions occur but rather the 
sequences of the machinery involved in the reactions.  

 

 
 
 
 
 

Figure S10. Differences in rates between fuels. (A) Angles as a function of time for ~120 steps for each of the 
six step types as in Fig. 5A, normalized with the maximum angles obtained from the double exponent model 
fitting as in Fig. S8A. (B) Track binding reaction profiles accumulated from analysis of rotor response times as 
shown in green dotted lines in Fig. S5B. (C) Bottom and top disk variants (bottom and top rows, respectively) 
used for the track binding efficiency measurements in shown in panel D. (D) Track binding reaction efficiencies 
for rotor variants. Plotted is the fraction of observed rotors (out of ~300) that responded to indicated fuel within 
20 minutes of fuel command introduction (i.e., those that switched from the free rotation state to a track bound 
state). In this set of experiments the concentration of fuels was 100 nM (in all other measurements the 
concentration of fuels and antifuels was 10 µM), and for each variant, data from ~20 fields of view were 
collected automatically between each of the fuel and anti-fuel commands. Movie segments were 20 seconds 
long, and rotors were determined to be immobile if the standard deviation of the Gaussian fit to the data was 
less than 10°. 
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Figure S11. Possible rotor improvements.  (A) Rotor modified design that should reduce interactions with the 
surface environment. (B) Molecular threading in the rotary motor. (C) Design modifications that should counter 
the threading effect.  

 

Regular track (top) and elevated track (bottom). Supporting strands are colored black, active foothold parts are 
colored red and green. C: Double track. D: Stacked motors.     
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Figure S12. Inactivity of legs. Shown are three exemplary time traces of rotors that failed track binding reactions 
as denoted in Fig. S5C. Occurrences in which the rotors successfully bound to the track are marked by the 
corresponding rotor state in black. These rotors were fully active with responses to all 6 fuels in some periods 
but were only partially active for several hours and had reaction cycles with responses to subsets of even-only- 
or odd-only-numbered fuels. Such behavior can only be explained by inactivity of legs (which in turn can be 
explained by interaction with or threading into the origami), as foothold inactivity or difficulty accessing specific 
orientations is highly unlikely in such scenarios. In the top example the inactivity is temporary, highlighting the 
reversibility of the interactions.  
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Section 8: Supplementary Movies 
In all movies, the time-traces contain unbinned data (as opposed to the time traces in the main 
text corresponding to those shown in Movies 2 and 6).  

 
Supplementary Movie 1. Rotor operation mechanism. The rotor’s walkers consume fuels and 
antifuels to propel the rotor around the circular track.  

Supplementary Movie 2. Single clockwise revolution. Shown is the rotor from Fig. 3A. For each 
step, 30 frames are shown.  

Supplementary Movies 3-5. Multiple clockwise revolutions. The movies correspond to the 
three time-traces shown in Fig. 3B. For each step, 6 frames are shown. 

Supplementary Movie 6. Rotation in alternating directions. Shown is the rotor from Fig. 3D. 
For each step, 6 frames are shown.  

Section 9: Microfluidics Command Sequences 
The microfluidics command sequences used for rotor operation are detailed in the following 
tables: 

Track binding and unbinding  Clockwise rotation  Rotation in alternating directions 

Command Time (s) Mode  command Time (s) Mode  Command Time (s) Mode 

F1 30 W  F3 30 W  F3 30 W 

F1 60 OC  F3 60 OC  F3 60 OC 

  300      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

AF1 30 W  AF1 30 W  AF1 30 W 

AF1 60 OC  AF1 60 OC  AF1 60 OC 

  120      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

F2 30 W  F4 30 W  F4 30 W 

F2 60 OC  F4 60 OC  F4 60 OC 

  300      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

AF2 30 W  AF2 30 W  AF2 30 W 

AF2 60 OC  AF2 60 OC  AF2 60 OC 

  120      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

F3 30 W  F5 30 W  F5 30 W 

F3 60 OC  F5 60 OC  F5 60 OC 

  300      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

AF3 30 W  AF3 30 W  AF3 30 W 

AF3 60 OC  AF3 60 OC  AF3 60 OC 

  120      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

F4 300 W  F6 30 W  F6 30 W 

F4 60 OC  F6 60 OC  F6 60 OC 
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  300      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

AF4 30 W  AF4 30 W  AF4 30 W 

AF4 60 OC  AF4 60 OC  AF4 60 OC 

  120      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

F5 30 W  F1 30 W  F4 30 W 

F5 60 OC  F1 60 OC  F4 60 OC 

  300      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

AF5 30 W  AF5 30 W  AF6 30 W 

AF5 60 OC  AF5 60 OC  AF6 60 OC 

  120      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

F6 30 W  F2 30 W  F3 30 W 

F6 60 OC  F2 60 OC  F3 60 OC 

  300      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

AF6 30 W  AF6 30 W  AF5 30 W 

AF6 60 OC  AF6 60 OC  AF5 60 OC 

  120      600      600   

buffer 30 W  buffer 30 W  buffer 30 W 

buffer 60  OC  buffer 60  OC  buffer 60  OC 

        F2 30 W 

        F2 60 OC 

          600   

        buffer 30 W 

        buffer 60  OC 

        AF4 30 W 

        AF4 60 OC 

          600   

        buffer 30 W 

        buffer 60  OC 

        F1 30 W 

        F1 60 OC 

          600   

        buffer 30 W 

        buffer 60  OC 

        AF3 30 W 

        AF3 60 OC 

          600   

        buffer 30 W 

        buffer 60  OC 

 

 

 

 

Supplementary Table 1. Microfluidics command sequences. Left: Track binding and unbinding (Fig. S5B). 
Middle: Clockwise rotation (Fig. 3A, B). Right: Alternating directions (Fig. 3D). Operation modes include flow 
through waste output (W), flow to operating channel (OC), and static incubation (empty cell).  
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Section 9: DNA Sequences 
P8064 scaffold: 
TGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATC
TCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTG
GACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCT
GGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGC
GGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGT
GTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCAAC
TGTGAGGAGGCTCACGGACGCGAAGAACAGGCACGCGTGCTGGCAGAAACCCCCGGTATGACCGTGAAAACGGCCCGCCGCATT
CTGGCCGCAGCACCACAGAGTGCACAGGCGCGCAGTGACACTGCGCTGGATCGTCTGATGCAGGGGGCACCGGCACCGCTGGCT
GCAGGTAACCCGGCATCTGATGCCGTTAACGATTTGCTGAACACACCAGTGTAAGGGATGTTTATGACGAGCAAAGAAACCTTTACCC
ATTACCAGCCGCAGGGCAACAGTGACCCGGCTCATACCGCAACCGCGCCCGGCGGATTGAGTGCGAAAGCGCCTGCAATGACCC
CGCTGATGCTGGACACCTCCAGCCGTAAGCTGGTTGCGTGGGATGGCACCACCGACGGTGCTGCCGTTGGCATTCTTGCGGTTGCT
GCTGACCAGACCAGCACCACGCTGACGTTCTACAAGTCCGGCACGTTCCGTTATGAGGATGTGCTCTGGCCGGAGGCTGCCAGCGA
CGAGACGAAAAAACGGACCGCGTTTGCCGGAACGGCAATCAGCATCGTTTAACTTTACCCTTCATCACTAAAGGCCGCCTGTGCGGC
TTTTTTTACGGGATTTTTTTATGTCGATGTACACAACCGCCCAACTGCTGGCGGCAAATGAGCAGAAATTTAAGTTTGATCCGCTGTTTCT
GCGTCTCTTTTTCCGTGAGAGCTATCCCTTCACCACGGAGAAAGTCTATCTCTCACAAATTCCGGGACTGGTAAACATGGCGCTGTAC
GTTTCGCCGATTGTTTCCGGTGAGGTTATCCGTTCCCGTGGCGGCTCCACCTCTGAAAGCTTGGCACTGGCCGTCGTTTTACAACGTC
GTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCC
CGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGG
AAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCT
ACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTT
GATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTA
ATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGCTTTTCTGATTATCAACCGGGGT
ACATATGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCTCTTGTTTGCTCCAGACTCTCAGGCAATGACCTGATAGCCTTTGTA
GATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATCAGCTAGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGC
CTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTAAAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAA
ATAAAGGCTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCTCTGAGGCTTTATTGCTTAATTT
TGCTAATTCTTTGCCTTGCCTGTATGATTTATTGGATGTTAATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAA
ATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATGTATCTAATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAAC
TGTTATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACATGTTGAGCTACAGCATTATATTCAGCAATTAAGCTCTA
AGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTTGGAGTTTGCTTCCGGTCTGGTT
CGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTTCTGACTATAA
TAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAACTGTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATGA
CGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCTCTGGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTT
GGTTTTTATCGTCGTCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTTTGGCGTTATGTATCTGCATTAGT
TGAATGTGGTATTCCTAAATCTCAACTGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATTTTTCTTCC
CAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGATTAAAGTTGAAATTAAACCATCTCAAGCCC
AATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTGAATGAGCAGCTTTGTTACGTTGATTTGGGTAATGAATATCC
GGTTCTTGTCAAGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGTTCATCTGTCCTCTTTCAAAGTTGGTCA
GTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACAATTTATCAGGC
GATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAATCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTT
CGTTTTAGGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGGAAACTTCCTCATGAAAAAGTCTTTAGTCCTCAAAGCCT
CTGTAGCCGTTGCTACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCTTTAACTCCCTGCAAG
CCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAGAAATTC
ACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTC
GCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAATCCCATACAGAAAATTCATTTACTAA
CGTCTGGAAAGACGACAAAACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCGTTGTAGTTTGTACTGGTG
ACGAAACTCAGTGTTACGGTACATGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGA
GGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGAC
GGCACTTATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATGTTTCAG
AATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAAACTTATTACCA
GTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGA
TTTATTTGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTG
GCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTC
CGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCT
AAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGT
GCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATT
TACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAA
CTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTC
TTAATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTA
AAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGTGGGTTATCTCTCTGATA
TTAGCGCTCAATTACCCTCTGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTA
AAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAATCGTTTCTTATTTGGATTGGGATAAATAATATGGCTGTTTATTTTGTAACTGGCAA
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ATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAG
GCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACCGGATAAGCCTTCTATATCTGATTTGCTTG
CTATTGGGCGCGGTAATGATTCCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACTTGGTTTAATACCCGTTCTT
GGAATGATAAGGAAAGACAGCCGATTATTGATTGGTTTCTACATGCTCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGACTTATCT
ATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCGTCTGGACAGAATTACTTTACCTTTTGTCGGTACTTT
ATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCTACTGTTG
AGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATGATACTAAACAGGCTTTTTCTAGTAATTATGATTCCGGTGTTTATTCTTATTT
AACGCCTTATTTATCACACGGTCGGTATTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTGAAAAAGTTTTCTC
GCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCA
GACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATGTTTTCAAGGATTCTAAGGGAAAATTAAT
TAATAGCGACGATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTCCATTAAAAAAGGTAATTCAAATGAAATTGT
TAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTCTGCGCGATTTTGTA
ACTTGGTATTCAAAGCAATCAGGCGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGACGTTAAACCTG
AAAATCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAGTATAATCCAA
ACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAA
AATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATTGTTTGTAAAGTCTAATACTTCT
AAATCCTCAAATGTATTATCTATTGACGGCTCTAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTTCA
ACTGTTGATTTGCCAACTGACCAGATATTGATTGAGGGTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCTGCTGG
CTCTCAGCGTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTTTAA
TGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTATTCTTACGCTTTCAGGT
CAGAAGGGTTCTATCTCTGTTGGCCAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGTGAATCTGCCAATGTAAATAATCCATTTCAGA
CGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTTGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGG
CCGATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAAGAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGAC
TCTTTTACTCGGTGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTTAATCGGCCTCCT
GTTTAGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTT
CCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCT
CGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCC 

CS4 scaffold: 

CATTGACCGGGAGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCG
CCCTAGCGCCCGCTCCCGGGATCGGAATTCCGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTT
AATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCAAGCTTGTCACGCTGATATTCTACACGTAAGGCAAGAT
CATGTTCGCGGGTACAAACTACGTATGCTAAAATTTACATAGCCAATCATAGAGTCCGGAGAGTGAAAAGTACCGATTCGGCAGTCGC
ACGGCATTCTCCGTATTTCTCAACTCGAAACGCCGTACACAAGGCGTGCACTGGTATTACAAGTTGGCGTCGAGCGCTTACCGTTACT
TGCGAGGCCTCTCGCGTCTAGACGAGGTCCTGAGAATCGTATAGAATGGCAACCGCGGGGGATACTGGGATCGTTGTCCGATCTGTA
AGATCCTTTTCACGCTTGGCTCGTTCCTAGTCGTATCGTTAAGTGAGGAGGTACCAGGATGTCTTTTTTGACTCCAAGGCACGGACACC
CTGCATTTTGTCAGCAGTCCCCACTTTGTCCACTGACAGTATCATTGTTGGACCGTCTGTGCTCTTATTACGATGCCATTATAGCGCTAC
TGTCTATTCAAGACGCTAGCGACCCGGTCCGCTGAAATCTATCGTCTGGGCATTTCACACGCTATGCGAGTATCCGCGTAGCGTGCTA
CTTCCCCCGTGCAGCGATCAAGATTCCCTCGGGGAAGTCTTTCCGGGCAGGGACGCCACTAAGGACGATATGGCAGCCATGTATCC
AAAGGATAACTACCCCTTCGTCACGTCATTCATCCGTGTTGCTGAGACCACCCCTCTACCGAATTATCCTGGGGGGTCAGTCTAGCCG
ATGGCTGCGTGATGCTACCCTACGCGTACCACAGCTTTTCGTGGTCCCGGGACGACCGCCCAAGGTTGGTATATCTTATACGGTGAG
GCAATTTCAGCTGCGCCTTAAAACACGAACGACTTGTAATGAATCTCGCAAGCGCCTGAGTTGGATTGTAGTAAGTACACGAGCCGAG
TGAGATAGAACTCCCATCTGAGGTCGCCGAGATCCCATGGTTAGGGCGCCGATAGCCTTGAATCATCTGTGGGTGCATACTTGAGGAT
CAGCATCCGCTATTACTTCGAATGACTTAAATATAAGACGATCGAGCCATATAATGGGATAAAGTGTATTGAACTAGAGTAAACAGTGTT
AATTATTATTTGTTTGACAACTATCCCTCTGTTTAGGAGAGCATGGCGTATATTCATTTTCGAGGAGTGTAGATCCGGCGAGGACACATA
CAAGGTCAATCACATTTGTAGGCCAACCCGAAGGCATAGCGTAGGGCCGAATAAAAGTCACCGCGTGAGACTGACCATTCCTAAGGC
TCGCGCGTCAACCTCATAGTTGCTTAAGAGACTCCCTGACCCCTATTATGGCTCATGGTCCACAAGAATGATCGCTCTGGAAACGGCT
GCACGGTTGCAACAAGACCAATTTGGCCAAATCTGATACGAGAAGTGGGGGAGACATGCCTGATCCTATTTCGTCTTACCCATAAATA
AATTACCGACACGATGATCAGTGACGCAGTATTTACGAGTCCTGCTGAATCCGGAAGGTCGGACTCGTGTGCCACACCAGAACGCAT
ACGTCAAACGGATATTAGACCGTTGCGTGGTGCAAGGATCCAATGTCGGGATGGACACTTTAAGCCGGTTTGAGAGGGTAGCAGTGTG
TAGGACGGACCATGTGACTATCACCGGTACTACGAGGGTGGTGTTTGTTCATTATGAGTAGTGCACGACGGTGTGCTTATGACGACAA
CATTGTCATAGGCTCAACAGCTGGTAGTAGCTCTGACGCCCGTTGATAGCAAAAAGGTTTACAACAACTGTTTGCGCGCACGAAGTAC
TATACATTTAACAAAGTAAATGAAAGCCAGCCCCGTTATGATGAGCCGCAAAGTGCCGGAATAACGAAGAGAAGCCCGGCGCGCGC
CAATAGCTAACGTGATCTTTTCTGAGCTAGATGGCCTGACACCTGGTACCTCCTCACATATTCCACATGTGCGGCCACAATGGCCCAA
TGGTGGGAGAAAATACTTAGTGAGTGACATGAGACACTGCGATCGGTCGGTAACGGTCGTACAGGAATATTATCGGACGCACTGAGTC
AAGAGATGTATTATAAACACTAATCAGAGAGATATTTCCCGGACATATGGATAGCGAGAGGAGACTTTGCATGGGTATAAGCCATTCGA
CGATGGTCTACGGCCATACAGATGCCGCCTTCCAGTTCCAGAATAGGGAGCTCGTGATTGGATCACAGATTAAGGGCTAACCGGCCA
ATGAGATGAAGCTGGGCCTCGGTTTATAGTTAACATAACGTTACCGCTCATCTAGGCATGCCGGTGCACAAAAATTGAAAACCTGGAA
GTTGAGGTATCTCAGCAAATGGCTACAAATTGGCAATGATGCCTAAGACAGAAGGTACTTGGCCTATGCTCCGTCGATCTTAAGCTCGA
GCTAAATTGTTCTGAATAGAAAGGCTTGCAAGCTATCAATTGGGACAGCGAGTTTCCTCGGACCCTCCCAACGTAGGAAGGGAACGCT
AAGCTGCCCTGGGACCCGTTCAAACCGTCATATCGCATTTGCCAATTAGTAATCCTCAGCTATACGCATGCGATTTTAGCGTTAACTGG
GTGTACATCTCCTGCAACGCCTACTAGAACCCCGAATGTACTAAAGTTCGTAGAGTGGTATGACCCATTCAGGGATGCCCTCTCAGTG
TACGAGCTGGACAACGACGCGTTGGCTTTATTCCGAGTTGCCTTGGGTTGTGAATACGCGAGCACAGTTGTAGCCGTAACTATAACTGT
CCGCGCATCCTGAAGACACACCGCTTTAACGTAATCAACTTTGGTTCGTTTCCCAGTATAATATCATCGGATACATCATCATACCTGGC
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GGTAGATTTGACCCTAACCTGTTTCTGCTTGTCTTGATGCATGACATTAATCTCCACTTGTGTGCGCTATCTGCCTTTATCCCCAAGTTTG
AACGCGTGCCGAAGCGGCAGACTAGCCCCCTTATTCAGTATGAAACGTCGCGCAAATAACATTATCTAGAGCTTCATAAAACTAACTC
AAGCGGGACACGTCGGGTTACCATTGAGCACGCGCTGTTCACTCGGGAGGGGCCTGGTGACCAAACAAAACCCAAGCCCTTGGTG
ATTAACGGAATCGAGGCAGAATTTAAGTCGTTGAACAAACCAACCATGCTATTTTTCTACCATGGGGCACTGCTATGGCGGATGCTTAC
GGAGACCCAGGGAGGAGCAGCAAGCAGGGTATTGTGATGTCGTGACACAACAGTCAGAAAGAACTGAAAAAAATGTAGTGTAATAGA
CTTACGCTCTACTATCTAAACGGGTAAGTTACCTGATGATTCACCGACGGGCCGGCCTTGCCGGGTGCCTTAGGCGCTAGACAAAGC
AGTACTTTGAAGGGGGTAACCTTATGTCAGTTGACTTGACCACGATACACTAGATTAGTCCTTTGTTGCCATGGCCACTCTTCCGAACCT
CGGCACAGGACAATTTAGGCCCTTCATGCTCTATCATAAGGCGATTCATGGCACCAGGGCAATAGTTTCTCCCAGAAGCGTAAGCATA
TTACCTCACGGAAGAAAAATAGGCACAATCCGCCAGATTTTCTTATGGTTGCGCTGACGAACTCAGGGCGACCGGACTGGACTAACG
AGTGGAAATATGCGTCTGAAGCAAAGATTACTGAATGGAGGATTGACGCTCGGATCTGAACCAGATAGCTCCGGTGGACATTGACCGG
GCTTGGGAAATTAGCCTGCGCAGAGGACTACCACTACCTGCAGGCTTCTCCAATTCTGACTAAAACCACGCGGCCGGGAACACGTTG
AGAAAGCGGATTACGTTCCGGATGAATTTGAGCGATTAAAATGCAGTCTGAGAGAAATTTTGGGGCGCAACGAGCAGACGCCGACCTT
CTTCGGGCATATGCTGTTACGTAGAAGGCCTACACCGAGCCTGTTAGGACCTGTATCACTAGTACCTAAAAAAGCTTAACCCCTGCTC
CCGGTAGCTGTGTTCTCTTCAATTTTAATCACCACACAGCGCATAAGTCTCAATAAACGAACAGTAGCACCTATAAAATCGCAGGTCCA
ATATACCTTCAGGCGGGATCCGCACTTGGTTAAATCCGAAAGGTAGCCCGATGACAGATAAACCAGCTTCCCACTCGCCCGGGCGC
GTAAAAGCGAGCGGAACTGGTGTCTAAGGTCCCAAGAAGGGTACCGCGCTTCTTTGATGTTAACCGTGTCCCTACTGCCCATGATCTC
GAACCGGAGGACGTTAATGTATAAAGGGCATCGTTCGTGTTACACGGCTCGGTATTTTCAATAGATATACAACTTATCTTCCTGGAGGG
AAGGATTATCATGACCGACCCACTATTCGGGGTCTCGTCTACTCTTAATCCAGCTAGCTCGGCCGATCCTCGCAGTTAATCGTGAGGG
CCAAGAGGATGCAGAGTGTTGATGACCTTTTGCTCCTAGCTGGCTAATAGCATTTAGATTCTAACGGCCCCATATGTACAGACCCGACA
AAAGTTAGGTATAGGCGTTTGCCTCTGCTCGGGTCCATTCTTCACCCCCAACCTAGTAGACTCATGCGTATGAGGGGGACGGCAAATT
AACTCGGCTGGGTCACTTATGCTTTGTGTCAGATATCTATAATTAAATGTCACTGTGCAATCTTGCGTACTTCAACGAAACTGCGTCACTA
TATCGGGTGAGTTTATCGTGCTGGGGTGCGGGCGTGTGTGAAACTTAGGGGAAAGCAAGAGTTGAAAGTCGCTCAAAAACCGCAAGG
TGATAAGATGGTACTCTGAAAGGGACTGTTAAACGTTTATTTCATCTCGTAATACGTGGTTGACCTCAGACCTGACGTCGTTCTGTTCTAT
TAGTTGATCTGCTGTACACTGGGGCTACGGTTCCATCGATGGGTTAAGGCCGACGACTATTAAGTTTCGATATAACACAGGTCACGCC
CTCGTACGACTCTGTCTGCAGATACTATGAAGAGTCACGACATCCGACAGACGACGAAGCTAAGAATTACAGTCTTCTCAGGTTGCTA
CGAAGGACATGTACGTTGCTCTCGTGGCAGTTTAGTATCGGTGTCCAACTTGTCCCCTTTTATGTATGATCCGTTCCCAAATGCCTCCA
CGAGGATATCGTAAATACACAGACTTCTTGGGGGTGTTGGCAGATTCAGCGCGTGGGGTCCCCGACGTCACAATTACTAGGCGGCGT
TGTGGGATTGGCCCTGCCGGCATAAAGCTCCCCATCAGTTATGTTAGAGGAAACCCGTGGTAGGGTGCTGCCAGTCCAGTCGAATAG
TCGCCCAGGCACTCTATACTGACGGTCTATATGCCTTCTGCCGACTAAGTGCGGAGATGGAAGATCTTCGCGATCTCTTGGCGCTCTT
CGTGCGTTTTGAATGAAGTAACGCAGACCGAAGTCGGGCCACCACGTCTAATACAAAGGGGTACGCCCCCGGTGTAAGGAACATGC
AGCCCGTCGCAAACCCTCGCTGAGTGGCGTGAATCGCTGGAGTAATGTGGTTTTGTAAGCCTGGCCAGCATTGAATATCCTCCTTCGA
TCAGATGTTTTATTAGCGCGAGGGCGTCAGGCATCTGGCGATCCCCTAAGTCCGTGCGGTAATCGAACACTGAACTCGCTTGTTTACG
CCAAGGAAAGTTTTGGTACATTACTCGAGTGTCTCCTCTTACATTGCACACTTCCGCAGGACTTTATGGGACTCAGAGTTATCTCCCCT
GAGCAAACACACATGCGGGAGAGACCGCGACTGAGGAATTAGGGACCTCTGGCTTGTGCAGTTCGGCGCTGGTCTTCATCGCACTA
TCGGCGTAATGCTTCCATAGATTGAGATTGTGCCGCGGAAATCCCACCAGTTGCGAAATTCGGTCTTGCACCCCACAGAGGGCAGAG
CACTAGGGAAACACCGGGGACCGCAGTGAATGCCAAGTGTTTCATTCTGTAGACGTCCCCCTAGAAACAATCAGCCCTATGGAGCTG
AAGGTGTATGTAAATCTTAGTTTGCACTTAGAGTTTGGGAGTCGGTCCCTCCGCTTATCCATTACCCCGTACCTTTACTCCTGTTGCGGG
GAGCCACATCAATGGGTGGAGCGTTGCACGTGGCTGAACGTATCCTAATTAGAAGCTCATTTGGTCACACAAAGAGTGCATGCACTAC
GGGGCTGCTCATACATGGCTTAATTGACTGCCTAGCAAGGCTAGCCTACCGTCCCTGGATTAGCAATAACCAGGTCGTCCCGACTCG
GAACAGACATAAACTTCAGCCGTGGACGTGTGGGGCCCGTGAAAGATAATCTGCGACACCACCATTAACACCTTCCGGCCGTCGGT
GACAAACAGAGAATGTGCTAGTAACTTGCTTTTTCATGATACTTCTATGGTCGCAGCATAGGTGCCAAACGAGGCGGTGAAGATAGTCT
GCTAAGTATAGTCACTCAGTTTCAGTTCTTGAACCCGGAAAGGAGTTGTCGAAATACCCGTAGATGATGGGCTAGGAAATGACGTACG
GTCAGAGCCAAGCAATTAAGAAGCATCGGTTCTTAAAGGTCTCTCCGCGAGACTACATGATTGATGGCGAGAAACCTCCAAAATAATT
CTTGCCCGCACAGCCTCGCGGCTCAGATCGGCCAGACACGGTCCAGGAGTAGGCGACGCCTGCTTAGAACGGCGAACGCCAGCT
GAGGCCGGTATGCAGGAGATTCGAAAAGGGTTTGGAGCCTTCGCAACTAATTTTCCGACCGAGAGAGGCCACGAAATGGGCCCAGA
CGTTCATAGCTTTAGAGAACATTTTACTTACCTAGCCAGTTAGATCGACCTCCGTGAGTCGCGGAGGCCCGAGCATCATTTCCTTAATA
TTCGCAGAAGTTTAATTCCTTGTGGACCCAAACCTTTCACCTACCAGCGAATTTCCAGCACTCCGCCCCAATCCTTGGCACGCAAAAG
CACATAGGGTAATGGATTCGCGTGTAAAGTAGAAATAGAGCGCGCTCCATGAACTTGGATAAGTAATATAGCCGCGAAGACCGGTTGG
GGTATCAGTCGGCTAAACAACGCACCCGCCACGTGCATCGACACAGTGAGCTGTAATCTAGTATTAGGAACTATTGCATTATTGACAC
TATGGGTCCTCTAACCCGCGTCCATACCCTGTTCGAGTCGACTTAGCTTGCGCACTCATCCATATTTATGAACCGTACTCGCGACGTG
CGATATCAAACTCACAACTCATTACACACGACTGGCCCGCGATACCCCCGAGGTAGGCAAAGCGCTCACACTACAGGCTGTTGTCT 

Staples and special strands: 
 
Strand 

name 
Pos. 

start 
Pos. 

end sequence 

Purif

icati

on 

common 

staples 

for both 

disks    

 

Disk core     
D_2 94[111] 26[104] AAACTTCTAAATTAATAATAATAA  

D_3 5[176] 2[168] ATAGTCACAAACCGGCCATTCTTGTAGGATCAGGCATGTCTATGGGTATGATCATC  

D_4 32[95] 44[96] CTGCTTGACGAAGGATTATCAAGATAATACATTTGACATCACCTCCAAGCCCGTCCTCTG  

D_8 98[111] 34[104] ACGGCTGAGGATTTAGGTGCCAAGTAAAACGAAAGTCTGG  

D_9 126[165] 45[151] TTTTTAGCGAGTAACAACCCGTCGAGGAACGCAGCCAGCTGGCAGCCT  

D_11 48[159] 52[160] AAGTTGTCAGCGGTTGACGAGCAGGGCGCGTACTATTCAGCGAGGAAGAATGTAGATATC  
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D_12 65[205] 20[224] GGTTTTCAAGTACCTGCCTTGCAGTATCCCCCGCGGAGTAACGGAGGGCAGCGTGTCTTC  

D_13 8[127] 12[128] ACGGGGCAGTAGCGATCCTAACTGAACAAGAAAAATCCTTTGGAGTCGAATGGCCGGTTA  

D_14 31[104] 22[112] GAGAGCGCTAATGCAGAACGCCAAAAGGAATTCTTTTGCATCAAAAGGCATATATT  

D_16 56[127] 55[111] TCTGAGGCGTGACCCTGCAGACAGAGTCGAAGCGGTCTACATAAAGATTGCCCTCACCAGT  

D_21 72[162] 47[143] TACTAGGTTCTGTGGTCGCCGCTACACGTATAACGTGCTTCGAACTGCTGAAAATACGCGGTAC  

D_22 38[175] 29[188] GCAAGGCGCAGCTGGCCATTCGCCCGACCTGCTCATAAGGACATGTTTAGGCGCAGTTTTT  

D_23 93[112] 16[99] TACATTTAGAAACAGTACATAAATAACAAGAGCATCCCTGACATTCGGGGAGAAGCTTTTT  

D_24 12[191] 20[192] GATGAGCGCTCGAGCTCCTCAGAAAAGGATCTTACAATACCAGTCAAATGCGACGGCTAC  

D_25 10[127] 67[135] ACCAGAGGACCATCTACATGGCTCGCATAGCGTGTGCGGAATCAGTGCCTTGGAGAAGGATCGGTTGT  

D_26 38[95] 46[96] GGTGGAGTAATTTCTGCTGAAATGAAAAATCTAAAGGTCTTTAAGCTGATTGGTCAGCGT  

D_29 90[159] 25[167] AAATACGAAAAACCGTCTATCACGCGAGTACACAAGTGTTGGGGATTATAAAGT  

D_32 23[168] 20[176] GTCATTTTTGCGGATATAACTGTCATGCCTCGCGTA  

D_33 39[160] 66[160] TAATCTTTTTTCTCAATTGAGGGGCGTCTGGC  

D_37 51[176] 47[175] CAGAGGCATCCAGCGCGATCGCCATTCGATTACCGCACGGTCAGTCGCTTCCCTCCGTTCCGCT  

D_38 42[119] 97[119] TCATTGTGTTAATATTAAGCAAATTCCACCGGGACGGCCAAAGTATTA  

D_40 35[128] 44[120] AAACGAACCTTGACAAGAAAAGAAATTTTCCGGATTGTATTTGTTAAATGGAGAAG  

D_41 49[48] 45[47] GGCTGGTATGAGCCGGAGTAAAAGAGCAATACTTCTTTGAAACTCAAACCGTCGGTCGTAAAAA  

D_42 125[115] 14[120] TTTTTCGGATTGCAGCCTCAGAAGCTAAATTAGGATT  

D_43 44[223] 48[224] AATTTCTGGTGTAGGCTCCACGGTACGGGGTAATGGAACTAAGAGGGCTACCTAGCTGGA  

D_45 95[224] 38[224] TCAGCTGGTCTCGCCAAGTGGCCAGGGAGAAA  

D_46 45[112] 98[112] GCAAACGCCCTGCAGGTCTGTTCCACACGTCC  

D_47 19[160] 28[152] GTTTAGCTCCCAATTCGATAAGAGCTGAATATAATTTTACCCTCGGCTACCGTTCT  

D_48 50[159] 54[160] TGTGCACTGGGGGTGGTTTGCAAGAGCGCCAAGAGAACCCTACCCACACACGACTCTTGC  

D_49 93[224] 32[224] TACAGCTCGCTCTATTGTCACCAGCCTAAGGC  

D_50 21[96] 28[88] ACGTTAGTTTTTTTCAATGTGTAGAAAGGCTATCATTTTT  

D_51 56[159] 55[143] AGATCAACGTCGGCGTCTGTCGGATGTCGTGACTCTTCTAAACTGACAGAACGGAGATGAA  

D_53 53[112] 49[111] ACTGCCCGCCACACAAGCCCGACTTACCCCTTTGTATTAGTCACGCTGCGGTCATAGTGTTCAG  

D_54 8[159] 12[160] TCGTTATTCAGACTCTACAATTCGTTCGTGTTTTAACGGATGAATCTCGCTACTATAAAC  

D_55 50[127] 54[128] GGCGGGCCGTCCCCGGGGGCGTCGGTCTGCGTTACTTTGGAACAGTCGGGAACAACGCGC  

D_56 39[120] 46[128] AGCTATCTGGGCCCCGAGTCGGGACGACCTTGGCACAGTTTTCGTCCTCATAAC  

D_58 39[176] 95[175] CGCATATTGATGTGCTACCGTACGATGCTTCTTAATTGCTGGAAAATT  

D_60 38[267] 98[248] TTTTTTTCTTCCGTGAGGTAGGATTGTCGCCTCG  

D_61 95[192] 38[192] AAACCCTTGACCTTTAGCCTAAATGCCTTATG  

D_62 30[151] 92[144] CAACATTAAAAGATTCCCTGATAAAGCTGATAAAATAGCAAGCGGAGTAAGTCGACTAAATATG  

D_64 16[135] 26[120] TTATGACCATCAAAAATAAATATTCATTGAATGTTTAGACAGAACCCTGTGAGAAAAACTAAAG  

D_67 106[87] 49[79] TCGGAACCCTAAAGGGGCGGGCGCTGCCTGTTTTTGCTCG  

D_68 21[208] 13[207] AGGGTCAAGCGGACAGGGGCGCTGTCGACGCCAACTTGTAGATCGGACGCCTTTCTCGACGGAG  

D_69 28[135] 38[120] CCGGAGAGTAGTAAGAAGATTTAGGAATACCACGTTAATACCCCAGCGAGCATGTCTGTAAAAC  

D_75 15[48] 88[48] CCTCAGAACCGGAATATAAATGCTTCAACAGT  

D_77 93[160] 32[160] GGGTATGGGGCGGAGTTTGTTCAAGTAGAGCG  

D_78 21[104] 17[119] AAATGAATTTAAATGCCTTTATTTAATGCTTTTTCAGAAAACGAGAAT  

D_79 45[136] 66[120] TCGTCGCTCGTTGGTGTAGATCGCATTAAATT  

D_80 92[143] 20[136] GATGAGTGCCAACGTCCGCGTCGT  

D_81 9[80] 6[64] AACGTCACGAATTATCCATTACCGGGCTTATCCGGTATTCCGACTTGCAGTTTATTTTGTCACA  

D_83 49[112] 45[111] CAAATCGTCGAACGATGATAGTGCGCTCTGCCCTCTGTGGGGAAAAACTGTAGAACCCGTTCCG  

D_84 32[175] 24[168] TTTAGATACGACTTAATAAATATGACGGTGTCCTTAATTG  

D_87 57[104] 110[112] GTTGCAGCTACGAGGGCAACAGCTAGGGGACAATTTGGGA  

D_88 33[240] 21[239] AAGGACTAACTGCTTTGTTCTAAGCAAGTTCATGGAGCGCACTGTGTCATAATGTTTGATGATG  

D_91 13[48] 86[48] ATTTACCGACAAATAATTAGGCAGTAAAGTAC  

D_92 88[31] 15[39] TCGCCATAGGTTGGGTTATATACATAGGTCCCCTCAGA  

D_93 32[191] 44[192] CAGGTAAATGAAGGAGAACCGTCATTTCCTAGCCCAACTAGCACGTTAGTCCATCGCTCA  

D_94 10[191] 14[192] GTATTTTATATCTCGTAGAGGAATAGACAGTAGCGCCCTGGTACCTTAAGATATTCAGAA  

D_95 92[183] 16[168] GTTTGATATCGCACGTGGGCGATGTTCCAACCTATAGCTGGGCGCGAG  

D_97 43[128] 36[144] ATTGGGCGCATCGTAAGAGATGGTTTACCCAAATCAACGTCTTCATCA  

D_98 53[144] 49[143] TGCCAGCTAAGCATAAAACGCACGGACGGGCTGCATGTTCGCTTAATGGCTGCGGCCCGGGTTA  

D_100 15[144] 11[143] CAGTTAACGGCTGAGAATGGTTTGAAATAAGAATAAACACAAATGCCCTCTCATTGGCTTATAC  

D_102 95[64] 38[64] TTTCAGGTCAGATGATACGGGTAATAACCTCA  

D_103 10[159] 14[160] TTGCCATAGTCTCCTGACGTGGATTTCAGCGGACCGGATAAATATTAATGCCCATGAAAG  

D_107 13[176] 9[175] ATTTCGGAGGTAACGTGCGTCTTGGGTGGTCTCAGCAACAGGCGCAGCGCCCCCTTTTTTCATC  

D_108 13[80] 9[79] TTTTGATGCAGGTCAGTTGATCGCCGGAAAGACTTCCCCGTGTTCAGCGAACCGCCAGGCCGGA  

D_109 15[80] 11[79] CTCATTTTGTGCCGTCAAGAACGCATACAAATTCTTACCAAGGGAATCACGATTGGTGACAGGA  

D_112 4[159] 8[160] GACATTGACACCACCCAGAGCTACCAACGCTAACGACACTCCTCGCGCGCAAGCTTCTCT  

D_113 10[223] 14[224] ACCGATCTCTTGACATCGGCTTAAGAGCACAGACGCGGTGTCCGTTCTGTCTCTGTCCCA  

D_114 39[208] 27[207] CGCCCTGACCTGGTGCGGGTATTTTGTAGTCTCGCGGAGATTCGAATCCCCGTCGGACCAAGGG  

D_115 21[48] 13[47] GCCCTCATACCGTAACAATATCAGAACATGATCTTGCCTTACTATATGGGTGTATCGTCTCTGA  

D_116 53[176] 49[175] CCAGCACGCAGTGACAATCTTCCACAGCGATTCACGCCACACTTAGGGAGTGTCACCCCCTGCA  

D_117 51[112] 47[111] TCACAATTCGTTTTCACGCGTAACGAGCGGGAGCTAAACAATTACGCCGCCCTTTAGGCAGTAG  

D_118 32[111] 23[111] ACGACATCTCTCCGTAAGATCTACGTAAAGATAAAGAAGTTTTGCTTTTTTTTCAGAGGGGGTAAT  

D_119 11[208] 7[207] AATACATCGCAGTGTCCCTTGGGCATGGGATCTCGGCGACGCTGATCCAGCTCAGAGGCGTCAG  

D_120 22[151] 91[151] AGTAGATTACAGTTTCAAAGCCAAAAAGGGCG  

D_121 90[151] 64[136] GAGAATGCCGTGCGACTAAATTTACTCCTCAAAGTAACAGCAAAATTA  

D_122 95[128] 37[135] CTATGAACATCATTTTCACTAAAACACGACGTAATCATAT  

D_123 52[95] 109[95] ATAAAGTCTCACATCGTCAAAATAAATC  

D_124 47[112] 99[111] GGACACGGGCCGGACTGCTCATGGTTTTGAATGGCTATTAAGTTTATG  

D_125 91[176] 13[175] GCCGGAATTTGTGTACGGCGTTTCGGAACGAGTTCTGAAACCCTGCCT  

D_127 4[127] 8[128] AATATCCGCATGATCAGCCATTTGCACCCAGCTACATCCTAAACCATTTACTTCATCATA  

D_128 9[144] 5[143] CTTTAGCGTCCGGCACCCCATTATAATATACGCCATGCTCATTTTATCCGTAGAAACTTATTAC  

D_128 9[144] 5[143] CTTTAGCGTCCGGCACCCCATTATAATATACGCCATGCTCATTTTATCCGTAGAAACTTATTAC  

D_130 93[192] 32[192] GTCAATAAACCCTATGCGTTAATCTGAATCAT  

D_131 52[159] 56[160] TGACACATAAGTTTACGGGTTCGGCAGGGCCAATCCCAACACCCTCCCTTTCTGTACAGC  

D_132 21[112] 13[111] TTTCTGTATGAGAGGGTCCACTATTTTCACTCTCCGGACTAATATATTTTTGCTCAGGTAATAA  

D_133 32[223] 44[224] ACCCGGCTCGGAAGTCAATCACGACAACTCCTTTCCCGACCATAAGCGCAACCGCCCCAA  

D_134 43[152] 48[160] CTGCCAGTCGTGTTCCACAGCTACTGACCTGAAATGGATTATTTACGAATGAAAAGACACCAAGGAAGAT  

D_135 45[48] 33[47] AAGCCGCACTCATTTGCACCGCCTGTCAGTTGGCAAATCAAAAATATCGAAACGTATTTCATGA  

D_136 9[176] 5[175] GGCATTTTTATTGGCGAGTCATTCGTCCTCGCCGGATCTAGCGCGAGCCGTGCACTTACCGGTG  

D_137 12[95] 20[96] CTATTCTATACAGGATGCGTTGAGAAAACTTTTTCACTATGATTACTTTAGTAATGGGTC  

D_138 38[191] 46[192] ATAGAGCTCCACTCATTCTCTATTAAGCCATGTATGATAAAAGGAGTGATACTTTATTGA  

D_139 45[176] 97[175] GCTTTTTTCCGGAACGGGCAGTCAGTTTGTCACCGACGGCTGGCTCTG  

D_142 47[80] 39[79] GGCGCTTTGTCTGGTCTATTACCGACTGATAGCCCTAAAATGAGAGCCAGCGGATCTCACGGAA  

D_144 52[127] 56[128] AATTTGCCTTTCCAAGAGTCCGAGTGTTGTTCCAGTTATCCTCGCGTATTACACGTCAGG  

D_146 6[159] 10[160] TGAACAAACTTCGTGAAAATGATGGCTCGATCGTCTTGTACTTAGTAGCGCGATTAGCGT  

D_147 26[31] 38[32] TGCTTTCAGTTGCGTCGGGAGATTTGCACGTAAAACATTGTTTGAAAGACTTCAGCGCCA  

D_149 32[63] 44[64] TTGCGGGCCATTAAGGCAATTCACTAACAACTAATACTCAATCAGATAGCTCAAACTTAA  

D_150 39[144] 27[143] TCAATCCTCCAGGGTTTCGTATTAAAGTTTGAGTAACATTGTCTGGGCCATTTTTTTGGTAGAA  

D_151 93[96] 34[88] AGAAAACAGCGAATATTCCCTGGGACAATACCCATTGCCTAGCAAACAAGATTTTT  

D_152 31[152] 98[160] ATTGTGTCTAAGTCTACTCTTCGCATTTTAAAATCCTTTGCCCGAACGGAAGGT  

D_154 48[63] 51[71] TGCGGTAATGGGTACAGAATCAAGAAAGCGAAAGGAAGCCCCCGTTCGTAAT  

D_156 97[136] 34[128] TCGACAACTTCCCAGTCACGATCGAGGGCTCATCTTTGAC  

D_157 43[168] 41[175] ACGACGACAGTTTTTTTTCCCTGACGAGAAACACCAGTGAAT  

D_158 79[88] 6[96] AAAATAGCAGCCTTTCAAATAAGATAACGGAAAACGCAA  

D_160 14[95] 92[96] CGGATAATCTACGAGGCTATGGTTGTTCCAGTTTGGCAATATAT  

D_161 87[144] 9[143] AGACGATAACGAAGGGGTAGTTATCGAGATTCAATCAAAAAAGTTTGC  

D_162 34[151] 93[143] TGTTGGGAGTGCGGGCTTACACTACCATTTCGATTCGCTGGTAGGTGACGCAAGCT  

D_164 13[112] 86[112] GTTTTAACATCTGTGACGCGGATACTGCCATA  

D_165 48[191] 52[192] CGGTCATGGAGCAATTCAGTGGATGCCTGACGCCCTAAAACCACATACCTAAGTACGCAA  

D_166 7[176] 3[175] TGTAAACCCACACCGTCTTAGGAACAACTATGAGGTTGACAGAGCGATTTAAAGTGATTCAGCA  

D_168 35[94] 26[112] TTTTTGACGTTGGGAAGAAAAATCTACATTCAACGAAACAAATTTTTGAGAGCATCCGGAATTGCG  

D_170 10[95] 14[96] GAGCCGCGGAACTGCCCTGCCTGCACGGGGGAAGTAAGTATCATAGTGTACTGTACCAGG  

D_171 21[80] 13[79] TTGTCGTCCAGGGATAGGTTGAGTTAAATTTTAGCATACGGCAAGACAGAGAGGGTTACATGGC  

D_172 2[127] 6[128] CAATAGCGTTTGACGGGAGAAAAAAACAGGGAAGCGAAAATAAATAAGACTCATACATAC  

D_173 24[188] 26[184] TTTTTGCTTAGAGTGGAAGTTTCATTTTTGCCGCTT  

D_178 28[143] 16[144] AATTAATGACAGTCAAGATAAAAAGTCCAATACTGAATTGCCTTTCGGAAATGGTCAATTCTAC  

D_179 33[48] 21[47] GGAAGTTTATCGTCACAGAAATTGTATACAGTAACAGTACGCGAATTATATCGGTTCACAGACA  
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D_183 54[127] 57[143] GGGGAGATCAACCATGGAGGCAGTTGGACACCGATACATAGTATTGTGTTATATCGAAAC  

D_185 44[191] 48[192] AATTCATAGGTACTGACATTCGTCACACGACCAGTAAGGGCTGAGGGCGAGTTAGTGGGT  

D_186 69[45] 50[64] ATGCCAACCAGCATCCGTTGTAGTCTGTCCATCACGCGGTACGCAAGGTTTCCTTCGCGT  

D_187 67[160] 22[152] CAATAAATCTGAAAAGCGAACCAGTCAGGATTAGAGAGTACTCCTTTTTGCGAACG  

D_188 81[192] 61[210] TCTCACGCATTGACCTTATCAACGAAAGATCA  

D_189 95[96] 37[103] ACTGGCTAGGAGCGGACACCAACCCTTTCAGATCGATGAA  

D_191 57[144] 53[143] TTAATAGTCTAATAGACCACGAGAGTCTGTGTATTTACGAATGGGGAGGAATCGGCACCTGTCG  

D_192 6[95] 10[96] AGACACCGGCGACATATAGAACGCCCAATAGCAAGCAACCAATCACCATCGACTCCCTCA  

D_193 110[111] 53[111] ACGGATCAAGCCCGAGGCGTATTGTTGCGCTC  

D_194 108[111] 51[111] AGAACGTGACGTGGTGCATACGAGTTATCCGC  

D_195 69[128] 43[151] TCATTTTTTAACCAATGATTCTCCATAGGTCATTCATCAATTGGGCTTCCGTGCAT  

D_196 55[112] 108[112] GAGACGGGGGCGGTTTATAGGGTTACTATTAA  

D_197 21[240] 14[232] TATCCGATATTACGTTCGTAACCACGCGAGAGGCCTCGCATTGCCATTGAAACTCG  

D_198 44[63] 48[64] ATTTCTGCAGGCGGTTAAAAACTTGCTGGTAATATCCAAATTAACAGCGGGGGGCGCGGT  

D_200 14[63] 26[64] GTATAGCCCGCCACACCCGCGCGTGACAAGCTTGCCTAAATCGTGTAACGATGCTCCAAA  

D_202 23[112] 14[112] AGTAAAATCCCCCTCACAACGCAACTTTTGCGGGTTCTAGAGCGGGGT  

D_203 69[205] 103[223] GATTTTATGTCATCTTTACATCTGAGTC  

D_204 28[167] 34[152] CAACTTCAGTAGCTCAGAACCGAACTGGGTAGTTACAACCTGCGCAAC  

D_205 15[176] 11[175] AGGATTACACCTATTACCAAGCGTCTTAACGATACGACTAGGTCGCTATATGTTAATCCATATG  

D_206 79[160] 6[160] CCGTTTCCGCGTCTTTCCTCGTAGACTCATAA  

D_210 2[167] 79[159] GTGTCGGTCCAATAAAGTCCGATTCTCGTCGTGCAG  

D_211 95[160] 38[160] TCTCGGTCCGTTATTATATTACGCATTAAGTT  

D_212 127[128] 46[120] GTAATGGGGTGGGAACAAACGGATCAGCGGAACGT  

D_215 49[144] 46[136] CCTGCAGCATATCTATACAAGCCACATTCACTGCGGTCCCGACGCTCAAGCACATC  

D_217 3[144] 4[160] GGCACACGTAAGAGCAAGAATTGAGTTAAGCAATTTATTTCCCCCACCCTTCCGGTCCATCCC  

D_219 12[127] 19[135] GCCCTTAGGGGTCATAATTACTTTCATCTTCTGACCTGCCGAATGCAGGAGATGTCCAGCATTAGATA  

D_221 11[112] 7[111] TGGCCGTACCACCACCGATAAGTCTTTACGAGCATGTAGAAATAATTAGACGGAAAATTGAGGG  

D_222 11[80] 7[79] GGTTGAGGCACCCTCATAATGCAGGGCTGTCTTTCCTTATGTAGGAATACCGTCACGCGCCAAA  

D_224 37[144] 99[159] GTTGATAACCAGCTTTGGGTAACGCCATTCAGGTTAATGGGGACGG  

D_225 32[31] 44[32] CAGCATCGAGGACTGATTATATGAGGAAGGTTATCTACAGTTGATGTGAGAGAGTTGGGC  

D_226 13[208] 9[207] CATAGGCCAATTTTTGCATCGTAAAGACTGACCCCCCAGGTATACCAATCATGTCACATTGTGG  

D_227 44[95] 48[96] CGCAGGCAAACGATTGCGCGACCAGCCATTGCAACAGGTGCAAGAGATCATGTACATTAA  

D_229 37[160] 66[152] CCGGCACCGAAGATCGTGCTCATTCAGAACGAGTAGTAAACATTAAATCTTCCTGT  

D_230 47[144] 99[143] CCTTCTTGCCGGCCAGATCGTCTGAAAGCGTAAGAATACGGGTTATTG  

D_231 96[119] 95[111] AAAGAAACCACCAGAAGGTAAGTA  

D_233 49[176] 45[175] TCAGACGAGATAATCCGGTCTCTCTAGGGGGACGTCTACAATTGGCAGTGGTGATTGGGGTTAA  

D_234 51[80] 47[79] TAGCTGTTAGCACGCGTAGGGCGCGGATTTTAGACAGGAATTTCCGCGATCCGCCGTCATTGCA  

D_235 15[120] 91[127] TAGGCGTTCGGTACTTAAAGAA  

D_237 47[176] 44[168] CGCTTTTAGCGCTGTGATTCACCATGGCCAACAGAGATAGCCTTGCTATAATCCGC  

D_244 12[159] 20[160] CGAGGCCTAAACAGAGGCGTTAAATACCGACCGTGTGAGTTGAGCGCATGCGCAAGGCAA  

D_245 15[208] 11[207] GTTTGAACGCTTGCAAAACGATCCGAGTCAAAAAAGACATTATAATGGTGCACCGGGTGTTTAT  

D_246 40[135] 127[127] AACAGGAAGATATTCATTAATTTCAACTTTAAGATTGACC  

D_247 33[120] 44[128] AAAGAATAGCGGAACGACTTTACAAACAATTCTTTCACGGTTCAGAGTCAGAAT  

D_248 31[160] 40[144] GAAATCCGATTCAGGCAACTTTGAGCATAGGCTGGCTGACAACAAAGCCACTCCAGTCAGAAAA  

D_250 77[120] 4[128] TAATATCAGAGAGATCATTAGACGTATGCGTAACGGTCT  

D_251 100[239] 39[239] TTCAGCCAGACCAAATGCTCGTTGCATAAGAA  

D_253 26[143] 17[143] GAGAATAGAACTTTCATAGTTTGACATTTCGCAATCGTCATCAGGTCT  

D_254 22[135] 32[120] CCATTTTTTGGATAGCCCAAAATAGCGAGAGGACGAGGCAGGTAGCTAGTACAACGTTCTGACT  

D_255 44[111] 36[94] TAGTGGTAGGTCAATGATTTAAATCGGTAATCTTATACCAGTCAGTTTTT  

D_256 15[136] 125[143] TGTACACCTAAAAACAACCAATAGTGACTATTGATTAAGA  

D_257 91[128] 25[135] CGTGGACTTTACCTTTTGCTAAACAAAGGAACGGCCGGAG  

D_258 46[191] 73[210] GACTTATCGCGCCCTTGTTTCCCGCATGTGTGTTTGCAAGCGAGAAGGTCATGCTATTAG  

D_259 10[63] 14[64] AGCCACCAGCCGCCGAGAATAAGGCATTTTCGAGCCGTATAAAGAAGCGTCATGATATAA  

D_260 9[208] 82[208] CCGCACATGGCCATCTTCAAGTATTTGGCCTA  

D_262 48[127] 105[127] TGTAACATAACGGCAGAATCACACCACA  

D_263 6[127] 10[128] ATAAAGGTGGCTTTAGAGGGATACTCTAGTTCAATAAATATCCCACAGAATCTCACCGGA  

D_264 46[95] 73[114] GGTGCTGCGGTTCGACCGAATTCAATCTATGGAAGCGGAGGCCGACACTGGTCCGGGGGT  

D_265 39[80] 27[79] AAAGAGACCCGCCACGCCGTCAATTCATATTCCTGATTATCGCGACTCGAGTTAAATATTCGGT  

D_267 89[112] 11[111] TTAGTTAATAGAAAAAGCCTGTTTGCACGCTATCCAATCACATCTGTA  

D_269 41[104] 34[112] TTTTTTACCTTATGCGCTGGCTCAGTAAAACTATTATACC  

D_271 47[120] 50[128] TTAACATCCCTAGTGATGAAGACCAGCGCTCCTCGTTATCAGATGCAGAATGC  

D_272 14[191] 91[191] CAATTTATAATTGGGCACGCCTCCGATC  

D_273 3[112] 77[119] AAAAGTAATATCTTACTTGAGCGC  

D_275 47[208] 39[207] GGTTTATCTAGGTGCTGGAGTAAACCATTGATGTGGCTCCAGCAGCCCGCATTTTAAGTCCGGT  

D_278 48[95] 105[95] CGTCCTCATCCCTTATTAAAGTGGCAAG  

D_279 91[192] 26[192] CCGGGAGCTGTAATGACAAGCAGAGCTAGTCT  

D_280 27[208] 15[207] CTTGGGTTCATACTGATTCCTAATTCGCGGGCCAGTCGTGGGGCGCTATTATAGTTATATGACG  

D_284 93[64] 32[64] TGAGCAAATTAACGTCAACCGATAGGCCGCTT  

D_285 91[224] 26[224] TAGCGGTCCCTACCTCGCCAGGTAATTTGCGC  

D_286 49[208] 45[207] TGCATCCTTAGACGAGAGATAACTACACCTTCAGCTCCATCCGCAACAACTGTTCGAGGTCCTA  

D_287 99[160] 69[172] TAGGCTAGAACCCTTCCGGGAGCAAAAATTGAATAATTCGTTTTT  

D_288 49[80] 45[79] TCATAAACCGCACTCAGCACAATCTTCGCAACTGGTGGGACAGAACAAAGCAGCAAGATGAAGG  

D_290 9[112] 5[111] CCGTAATCTAAATATTACACTGTTTAGTTGTCAAACAAATAAGATTAGTATAAAAGATACCCAA  

D_291 14[223] 91[223] ATTGATAGGGTCCCTAAGCGCGCAAGTG  

D_292 39[168] 35[175] GCTTCAGAGGCCTCAGGCTTCTGGGACCAGGCAAGAGGAC  

D_293 45[120] 48[128] GGTCCGTTACAATATAAATACCTACATTTTCGGTGTTTCAAAGAAGCCGAGCCG  

D_294 47[48] 39[47] GGAGGTGTCGGCAGCACTATCGGCTACCGAACGAACCACCAGTATTAACCGCCAGCATAGACTT  

D_295 65[45] 20[64] TTCACAATTCCAGTCCAACGCGATGCAAATCCAATCTAGTTTGTCCTCAGAGAATAGGAA  

D_296 35[176] 93[183] AGATGAACACGGTCAATCCATGTTCCGGAACGATTCTGCCCGGCACGCTAGAGGAC  

D_297 17[144] 12[144] TTATCGAGTTAATCCCTAGTAGCAAGAATTAGTGCCCGTACAGCTTCA  

D_298 5[144] 2[128] GCAGTATGGATCCTTGGTTGCAACATCAGATTTGGCCAAAAACCCACAAGAAACAATGAAATAG  

D_299 11[176] 7[175] TCCGGGAACGGTCATATGAAATTGTATCTCACTCGGCTCGTATATTTACGCGCCGGACAGTTGT  

D_300 44[143] 35[151] TGGTTTTATCCGAGCGGCCCCAAAGTACCCCGAGAGTAATTAACGGAA  

D_301 26[263] 95[255] GAGTTAGTTTTATGACAGCGCGACTTATCCAGGCGT  

D_302 45[208] 33[207] ACAGGCTCCTCAGACTCGTAGTGCCATGAAAAAGCAAGTTTCATCTACCATGAATCTGTCCTGT  

D_305 94[175] 17[175] AGGATTGGACGCGGGTGTTCAAACGAGATTAAAGTTGATTATATTTTCCCAACAGGACCGGAAG  

D_306 74[162] 3[143] TGTATAGTTTAGCAAACTGAATCTCTAATTTGCCAGTTACTTGGTCTTCACCACGCTCTGGTGT  

D_308 44[151] 98[136] CGGCCGCGCTAATCCAGTGGTGTCGCAGATTA  

D_309 45[80] 33[79] GTAAAGTTGCAGAAACAGCAGCAACCTCAAATATCAAACCGATTAGAGGGAACGGAAATACGTA  

D_311 93[256] 97[255] TGCGTTGTGCTATATTTGCTCAATTACCCCCTTCAAAGTATCTAGTGGGCAAGACTGAGT  

D_313 64[135] 20[120] AGCAATAAATCAAAAAATAGTCAGAAGCAAAGGACCATAACTGTAATAGGATAAAATCGTACAC  

D_314 81[96] 61[114] CTTAAATCAAATCAGATTCAACCGTTATTCAT  

D_315 125[144] 15[159] GGAAGCCCGAAAGACTCAAGGCAATTAACATCTATTAAGAGCTAAAAT  

D_316 6[191] 10[192] TCATAAGTTTTTGCTGTATGTGAAGTAATAGCGGATCTCAGATGCATTGGGCCTCACTAA  

D_317 41[176] 94[176] AAGGCTTGGGTGTACATGCCGGAACAAAGCGCGAAAGGGGCTTACCCGAGTTGCGAGCGTGCCA  

D_319 124[167] 16[152] TTTTTAATATCGCGTTCTTCAAAGGTGGCATC  

D_322 69[152] 103[159] CATCAAAAAGAGAACGGACCTTCACTTGGGAGGTCC  

D_324 27[80] 15[79] CGCTGAGGAATCTCCAATGAAACAAATAACCTTGCTTCTGCGAGATAGGCAAGCCCCCACCACC  

D_402   ACGTGTAGACTGAGTTACCGCCAC  

     
Disk edge     
D_7 51[205] 106[216] GTCGGGTCTGTACATATTTTATTCAA  

D_15 8[236] 85[223] CCCCAGGTACCAGGTGTCAGTGGAATCCTAACCGGTCGTC  

D_17 7[112] 3[111] AGGGAAGGTGGCAACATTGCTATTATTATTTATCCCAATCACAGAGAGCCGAACAATTTTTAAG  

D_19 108[79] 51[79] AACCGTCTCACCCAAATGGGGTGCCATGGTCA  

D_20 95[272] 26[264] CCCCCCAACCGGTCTTCGCGTTAGCCGATCCCGCTT  

D_31 53[67] 107[87] CCCCCTAATGAGTGAGCTAAGTAAAGCCTCAAGTTT  

D_34 90[262] 21[268] CCCCCTCGTCTAGACCACACCCGCCGCGCTGAGACAATACTGGGACCCC  

D_35 3[176] 77[188] GGACTCGTTGCGTCACAGACGAAACCCC  

D_36 89[240] 11[247] CTATACGATGCTGACAAAATGCAGTCCAACAAGATACCTCTCCGATAATATCCCC  

D_39 7[80] 80[71] GACAAAAGACGGAATAGGGAGGTTTTTTTGTTTAACCCC  

D_44 82[231] 9[236] CCCCTGCCTTCGGGGCACCCACAGATGATATCGGCGCATGTGAGGCCCC  
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D_52 55[173] 110[184] ACCATCTTATCACCTTTTTGGGACCC  

D_57 38[31] 46[24] TGTTTACCGGAATTAAGGAATAGAGGTGAGGCGGTCAGCAGAAGAAAAATCCGGTGCCATCCCCCCC  

D_63 107[208] 49[207] GCATATAGTGCTGGCCAGGCTTACCGCGCTAAATCTAAATCAACACTC  

D_65 20[39] 32[32] TCGTCACCAGTACAAACGCCTGGAAAACACAAAATCGCGCAGAGCTTTTACACCGACAATGCGAAAGA  

D_66 50[95] 54[88] TTCTGCCTCCTGTGCACTAAATTTGGGGTCGAGGTGGACTCCAATAATTGCGGGCGCCAGGGTCCCC  

D_70 54[193] 51[175] CCCCGCGGTTTTTGAGCCGCCTAGTCGACTGGACTGGCAGCTCGCGAAGTTTAATTAGACCCGAG  

D_71 48[223] 105[231] TTAAGAGCTTGGCCACCAAAAGATCGAAGGACCCC  

D_74 4[103] 79[87] AGTTACCAGAAGGAAACCGATTTCAAAAATG  

D_76 50[63] 108[64] CCGTGAGGCTCGAAATTTAGACACTACGTGAACCATATCAGGGC  

D_85 81[51] 8[64] CCCCTTTTAGCGAACCTCCTAAGAACGGTTTACCACGACTTGA  

D_89 44[257] 33[239] CCCCAAGGTCGGCGTCTGAGCTTCTTTTGGCACCTATGCTGGGGTTCAAACGCTTCTTGGCAACA  

D_90 104[47] 47[47] TGTTTTTAGGCCACCGGTCACTGTTTACGGCT  

D_96 84[55] 8[35] TATTAAACCAAGTACCCGAGAACAGAGCCAGCCCCC  

D_99 88[47] 12[24] AGGGCTTACATGTAATATCCTCATTAAAGCCAGAACCCC  

D_110 96[23] 96[0] CTTCTGAATAATGGAAGGGTTCCCC  

D_111 94[15] 26[3] ACGGATTCGCCTGCCCCCCCCATTGCTTTGAATATTTCTTAACCCC  

D_140 11[35] 85[55] CCCCCCAGAACCACCACCAGACCCTCAGCCAGACGA  

D_141 54[159] 57[182] TTTCCCCTTAACAGCCAAGAAGCAACGTACATGTCCGCTTCGTCCTTAACCCATCGATGGAACCCCC  

D_143 33[2] 94[16] CCCCCGGCTACAGAGGCTTTGGAACGAGTCAAAATTAAACAATA  

D_148 112[188] 55[172] CCCCAAGACTGTAATTCTTATTCGTAGCAGCCCCAGAGAGT  

D_153 103[224] 49[247] CCATAAAGAGTAATGTCTCACGATTAACTGCGAGGCCCC  

D_159 107[192] 53[215] ACTTAGTCGCCTGGGCCACCCGATATAGTGACGCACCCC  

D_163 4[204] 81[191] CCCCCACTGCTACCCTCTCATGGTCCTCTTAAGTGGTCAG  

D_167 92[239] 15[256] GCGCTTTGACGCTGCGAAAGCGGTTTAGCGTTCCCTTCCTACGTTCCCC  

D_169 6[63] 10[64] ATCAATATCATATGCGAGGCGGTTTTTATTTTCATCCATTCCAACATTAGCAACCCTCAG  

D_174 12[257] 86[240] CCCCAGCCATTTGCTGATGATACTGCGCGTAGG  

D_175 87[19] 14[32] CCCCATTTAACAACGCCAAATTGAGAAAAAGCGCAACCGTACT  

D_176 44[31] 47[39] GGTTGTGGACATAAATAAAACCCCCTTGCCTGAGTAGAAGTTAGTAATCAACCAGC  

D_177 45[240] 100[240] CATATGCCCGAAGCCCCCCCCGATCCCGCCTGAAAGGGACCGAGGATACG  

D_180 86[47] 83[55] CGACAAAAAATTCTGTAGCCGCCAAAAATCACCAGTAGCAGGGAATTAAGCAAGCC  

D_181 7[208] 81[231] AGCTACTAGTTGAGCCTTATTCGGCCCTACGCTACCCC  

D_182 50[225] 47[207] CCCCTGGGGCCGTTAGATAAAACATCTTTCCTTGGCGTAAACTCAGGGGACCCCGAAGGGAAGCT  

D_199 5[112] 2[99] AAGAACTGGCAGATAGAATAACATTTAACTGAACACCCTGGAGGGTAACGAAGCCCCCCC  

D_208 51[35] 104[48] CCCCGATCCCCGGGTACCGACCTCCTCAAGGAAGGGCTGAGAAG  

D_209 5[78] 81[95] CCCCGGAAACGCAATAAAACGATTTGAAGC  

D_213 52[191] 109[199] GATTGCAATAAACTGACTATTAATTGTGACGCCCC  

D_218 86[239] 10[224] GTAGCATCACGAAAAGTGTACGACCGTTACCG  

D_220 92[15] 89[23] GCTTAGATTGAGAAGAGTCAATAGCTACCTTTTTACCCCCCCCACCTCCGGCTT  

D_223 110[95] 57[103] TGGTGGTCAGCAGGCGAAAATCCACGCTGGCTGAGAGA  

D_236 104[247] 47[257] TAAGAGGAGACACTCGTCCTGCGGGGCCGAGCTTTCGGATTTAACCAAGTGCGCCCC  

D_238 103[240] 45[239] AAGTGTGCCCAAACTCTAAGTGCAATAAGCGGGGTATATTCGTAACAG  

D_239 96[284] 27[278] CCCCCCGATCTGAGCCGCGACCTGGACCCATAAGGTGGTAACCCGACCCCC  

D_241 95[256] 33[278] CGCCTACTGGCTGTGCGTATCGTGGTCAAGTCAACCCCC  

D_242 111[176] 53[175] AACCTGAGCACGCGCTGAATCTGCCACAACGCGACTTTCACCCGCACC  

D_243 108[220] 51[204] CCCCACCGTCAGTATAGAGTGGCAGAAGTCGTTGAACTTTT  

D_252 95[0] 92[16] CCCCAGAACCTACCATAGGTAGCAATTACAGCTTGATACCGATGAGGTGAACCAAGTTATAGCGATA  

D_270 93[272] 91[273] CCCCTTGGGCGCTCCCGGTCAATTAATGCGCC  

D_274 13[232] 14[240] TAGGCATCATTGCCAATTTGTTTTTTTGGGAGGGTCCGAG  

D_277 97[256] 39[267] CCCCAGACTATCTTCACGCCTATTTCCCC  

D_289 110[87] 108[80] TCCGAAATCGGCCCCCCCCCAAAATCCCTTGGGCGAAA  

D_304 87[248] 89[262] TCAGTGGACACCCCCCCCAAGTGGGGACTTCTCAGGACCCCC  

D_310 14[31] 26[32] CAGGAGGACCGCCATGAGAGATGAATTTATCAAAATGAATCCTTTAGCATTCTATCAGCT  

D_312 79[184] 5[204] TGGACCATGAGCCATAATAGCCCCCCCCGGGTCAGGGAGTCGTCCTACACCCC  

D_318 106[55] 49[47] GCTTGACGGGGAAAGCGGCGAGAACAGTTGAGTTTGCCCTGC  

D_320 20[268] 93[255] CCCCAACGAACCAAAGTTGGATATTACAGCCTGTGGCGGG  

D_323 109[96] 56[88] AAAAGAATCTGTTTGATTTTCTTTTTCACCGCCTGCCCC  

     

Additional 

staples 

for top 

disk    

 

Top swivel 

mixture    

 

D72_top_swivel 118[175] 25[159] GTATCCGGTCAAGTAAGGCCTAGAGGGAGG TT ATCATAACCAGACGACATCACCATCAATATGA PAGE 

D_129 31[128] 118[112] GAGATTTGTATCATCGATCAGTTGGCAACACT  

     

Nanorod 

attachment    

 

D_5_Au_A 33[80] 137[89] ATGCCACTCTTGCAGGACGGAGGTATGATGCTCCAAAAAAAAAA  

D_6_Au_A 26[159] 134[150] AAAGGCAGTGGTTGGTGCTGGAATGGCCTCCCAAAAAAAAAA  

D_18_Au_A 26[223] 134[214] GACGTTTTTGTTTGTCTACTTACCGGCCCCAAAAAAAAAA  

D_27_Au_A 33[208] 137[217] GCCGAGGTAAGGCCGGTCCTGCATTACACGCGCCAAAAAAAAAA  

D_28_Au_A 20[95] 132[86] ATACCACTTTCCAGGTGAGTGAACATCACCAAAAAAAAAA  

D_30_Au_A 19[152] 132[150] AATAACCTCTCGGAATATAGCGCACGGTTCATCGAACACCAAAAAAAAAA  

D_86_Au_A 26[63] 134[54] AGGAGCCCACGCATAGATGAACGTAGATCCAAAAAAAAAA  

D_106_Au_A 20[63] 132[54] CCCATGTAGTTAGCCGCTATTAATTACCCCAAAAAAAAAA  

D_184_Au_A 26[95] 134[86] CGTTGAACTGCTCCTAAGGAACGATCTACCAAAAAAAAAA  

D_190_Au_A 21[120] 132[117] TGGGATTTTTTAATGACAATTTCCAAAAAAAAAA  

D_201_Au_A 27[184] 134[182] TCGATTCTGCTTTTAGGCTCCCCAAAAAAAAAA  

D_207_Au_A 27[120] 134[118] CCATAGCAGGTCCACTCTAAAGCCAAAAAAAAAA  

D_240_Au_A 33[112] 137[121] AAGAGGCAGTTGTGTCAAATGTTCAAGGAATTCCAAAAAAAAAA  

D_266_Au_A 20[191] 132[182] AACTGTGATCAAGAGTTGTGACCATAGTCCAAAAAAAAAA  

D_276_Au_A 20[223] 132[214] AGGATGCATCTACCGGGGGTAACTAGATCCAAAAAAAAAA  

     

Biotin 

strand 

anchors 

free    

 

D_73 137[200] 21[207] AATCCATTTGCAATAGATAAGGGGAACAGGTT  

D_82 137[71] 21[79] CGGGCCTCAGAAGATGAAAAAAAGCTAAAGTT  

D_101 139[104] 9[111] TCGTCCTTCAACAATAGGAACCGCTAGCAGCA  

D_216 82[207] 6[192] CAAATGTGGGTGACTTTATGACAATGTTGTCG  

D_261 93[128] 32[128] CATTTGAAAAGGTTTGGTGCCCCATCAGTTCT  

D_268 105[128] 52[128] CCCGCCGCCTTACACCCTCATACGGCCGAGTT  

D_281 105[96] 52[96] TGTAGCGGCCGTAAAGTGAAATTGCCGGAAGC  

D_283 136[167] 50[160] CTAATTCCGGTTGCTTGCCGGTGCTGCGCGCC  

     

Legs     

D232_Leg_L_3'   

TCTCCGTGCAATCGGCTTTAGGAGCATCAATATAATCCTGAGAAATAACCTCAGCAGACAACAATTTTTGAGGTGCAATCTCCTAT

C 

PAGE 

D126_cut_Leg_L_5'   CGATGGTGTCTAGATCACTTTTTCCATCGCCTTTAATTGTTCATTTCAATTAATTTTCCCTTA 
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D59_Leg_R_3'   

AATCTGGCATATGCTTGAACTGAAAATTATTTTGGAGGTTCGTTCGCCGTCTAGCGGCCCCTCCTTTTTGAGGTGCAATCTCCTAT

C 

D321ext_Leg_R_5'   CGATGGTGTCTAGATCACTTTTTCGAGTGAAAGCTCTAGGATGCACGTAGTGTGAGCGCTTTG 

     

Footholds 

free    

 

D_10 55[144] 51[143] ATAAACGTGCATTAATCTTTATGCTCCTCTAACATAACTGTCATTCAAGTGACCCACATGAGTC  

D_66 50[95] 54[88] TTCTGCCTCCTGTGCACTAAATTTGGGGTCGAGGTGGACTCCAATAATTGCGGGCGCCAGGGTTTTTT  

D_105 85[224] 12[224] CCGGGACCACGCAGCCTCAGTGCGAACTTCCA  

D_126 27[48] 15[47] CCATCGCCTTTAATTGTTCATTTCAATTAATTTTCCCTTAACGTGTAGACTGAGTTACCGCCAC  

D_145 38[223] 46[224] CTATTGCGTTCGTCGAAGTATATGCACTCTTTGTGTCGTGCAACGCCTTCTAGGACCTGC  

D_214 38[63] 46[64] CCGGAAAGTGAAGGATATCTGGCAACAGTGCCACGCCATCGCCACCTTTAGTCCGCAAGA  

D_228 8[63] 12[64] GCCATTTCCATTACGAACGGGCGACAATAAACAACAAGTAATAAGCCAGCATCCTTGATA  

D_249 11[144] 7[143] CCATGCAACTTTTCATATTACAAGCCAACTCAGGCGCTTGCACTTTATTTTGCGGCTTGTTAAA  

D_282 8[95] 12[96] TAAAGGTCAATGAAAATAATCAACGCGCCTGTTTATAGTGGCGTGAAGGCGGCGAGCTCC  

D_303 8[191] 12[192] CGTTAGCCTCCCACGGAGTTCCCTCACCGTATAAGAATAATTCGTCTGATTACATGCCTA  

D_307 50[191] 107[191] CCAGCTAAACGCCTATTACTCTCTCCGC  

D_321 27[240] 92[240] CGAGTGAAAGCTCTAGGATGCACGTAGTGTGA  

     

Additional 

staples 

for bottom 

disk    

 

Bottom 

swivel 

mixture    

 

D_72 118[175] 25[159] ATCATAACCAGACGACATCACCATCAATATGA  

D129_bottom_swivel 31[128] 118[112] GAGATTTGTATCATCGATCAGTTGGCAACACT TT CCTCCCTCTAGGCCTTACTTGACCGGATAC ACTGTCCTTG PAGE 

     

Nanorod 

attachment 

free    

 

D_5 33[80] 137[89] ATGCCACTCTTGCAGGACGGAGGTATGATGCT  

D_6 26[159] 134[150] AAAGGCAGTGGTTGGTGCTGGAATGGCCTC  

D_18 26[223] 134[214] GACGTTTTTGTTTGTCTACTTACCGGCC  

D_27 33[208] 137[217] GCCGAGGTAAGGCCGGTCCTGCATTACACGCG  

D_28 20[95] 132[86] ATACCACTTTCCAGGTGAGTGAACATCA  

D_30 19[152] 132[150] AATAACCTCTCGGAATATAGCGCACGGTTCATCGAACA  

D_86 26[63] 134[54] AGGAGCCCACGCATAGATGAACGTAGAT  

D_106 20[63] 132[54] CCCATGTAGTTAGCCGCTATTAATTACC  

D_184 26[95] 134[86] CGTTGAACTGCTCCTAAGGAACGATCTA  

D_190 21[120] 132[117] TGGGATTTTTTAATGACAATTT  

D_201 27[184] 134[182] TCGATTCTGCTTTTAGGCTCC  

D_207 27[120] 134[118] CCATAGCAGGTCCACTCTAAAG  

D_240 33[112] 137[121] AAGAGGCAGTTGTGTCAAATGTTCAAGGAATT  

D_266 20[191] 132[182] AACTGTGATCAAGAGTTGTGACCATAGT  

D_276 20[223] 132[214] AGGATGCATCTACCGGGGGTAACTAGAT  

     

Biotin 

strand 

anchors    

 

D281_bioTHcomp5 105[96] 52[96] GTGAAGTGTC AAACTATCACAAACTTAA TT TGTAGCGGCCGTAAAGTGAAATTGCCGGAAGC PAGE 

D268_bioTHcomp6 105[128] 52[128] GTGAAGTGTC AAACTATCACAAACTTAA TT CCCGCCGCCTTACACCCTCATACGGCCGAGTT 

D261_bioTHcomp7 93[128] 32[128] GTGAAGTGTC AAACTATCACAAACTTAA TT CATTTGAAAAGGTTTGGTGCCCCATCAGTTCT 

D216_bioTHcomp8 82[207] 6[192] GTGAAGTGTC AAACTATCACAAACTTAA TT CAAATGTGGGTGACTTTATGACAATGTTGTCG 

D73_biofTHcomp2  137[200] 21[207] GTGAAGTGTC AAACTATCACAAACTTAA TT AATCCATTTGCAATAGATAAGGGGAACAGGTT 

D82_bioTHcomp4 137[71] 21[79] GTGAAGTGTC AAACTATCACAAACTTAA TT CGGGCCTCAGAAGATGAAAAAAAGCTAAAGTT 

D101_bioTHcomp1 139[104] 9[111] GTGAAGTGTC AAACTATCACAAACTTAA TT TCGTCCTTCAACAATAGGAACCGCTAGCAGCA 

D283_bioTHcomp3 136[167] 50[160] GTGAAGTGTC AAACTATCACAAACTTAA TT CTAATTCCGGTTGCTTGCCGGTGCTGCGCGCC 

     

Legs free     
D_59 39[240] 28[221] AATCTGGCATATGCTTGAACTGAAAATTATTTTGGAGGTTCGTTCGCCGTCTAGCGGCCCCTCC  

D_126 27[48] 15[47] CCATCGCCTTTAATTGTTCATTTCAATTAATTTTCCCTTAACGTGTAGACTGAGTTACCGCCAC  

D_232 39[48] 28[29] TCTCCGTGCAATCGGCTTTAGGAGCATCAATATAATCCTGAGAAATAACCTCAGCAGACAACAA  

D_321 27[240] 92[240] CGAGTGAAAGCTCTAGGATGCACGTAGTGTGA  

     

Footholds     
D303_FH1_V2 8[191] 12[192] GCTGTACTTTGGTTACTTTTTCGTTAGCCTCCCACGGAGTTCCCTCACCGTATAAGAATAATTCGTCTGATTACATGCCTA PAGE 

D105_FH2_V2 85[224] 12[224] CCGGGACCACGCAGCCTCAGTGCGAACTTCCATTTTTGTATGGGCAGTAGCGT 

D321_FH3_V2 27[240] 92[240] TCCACATCGGACTCTGTTTTTCGAGTGAAAGCTCTAGGATGCACGTAGTGTGAGCGCTTTG 

D145_FH4_V2 38[223] 46[224] CTATTGCGTTCGTCGAAGTATATGCACTCTTTGTGTCGTGCAACGCCTTCTAGGACCTGCTTTTCAGCATTGTCGTCAGGT 

D307_FH5_V2 50[191] 107[191] AGCTCATGCGCAACTTGTTTTCCAGCTAAACGCCTATTACTCTCTCCGCACTTAGTC 

D10_FH6_V2 55[144] 51[143] ATAAACGTGCATTAATCTTTATGCTCCTCTAACATAACTGTCATTCAAGTGACCCACATGAGTCTTTTAGAGTCGGCACATTACT 

D66_FH7_V2 50[95] 54[88] GCTGTACTTTGGTTACTTTTTTTCTGCCTCCTGTGCACTAAATTTGGGGTCGAGGTG 

D214_FH8_V2 38[63] 46[64] CCGGAAAGTGAAGGATATCTGGCAACAGTGCCACGCCATCGCCACCTTTAGTCCGCAAGATTTTTGTATGGGCAGTAGCGT 

D126_FH9_V2 27[48] 15[47] TCCACATCGGACTCTGTTTTTCCATCGCCTTTAATTGTTCATTTCAATTAATTTTCCCTTA 

D228_FH10_V2 8[63] 12[64] GCCATTTCCATTACGAACGGGCGACAATAAACAACAAGTAATAAGCCAGCATCCTTGATATTTTCAGCATTGTCGTCAGGT 

D282_FH11_V2 8[95] 12[96] AGCTCATGCGCAACTTGTTTTTAAAGGTCAATGAAAATAATCAACGCGCCTGTTTATAGTGGCGTGAAGGCGGCGAGCTCC 

D249_FH12_V2 11[144] 7[143] CCATGCAACTTTTCATATTACAAGCCAACTCAGGCGCTTGCACTTTATTTTGCGGCTTGTTAAATTTTAGAGTCGGCACATTACT 

     

Biotin 

hook    

 

biotin hook   /5Biosg/TTTT TTAAGTTTGTGATAGTTT ATTGAGTGGC HPLC 

     

Special 

strands    

 

Fuels     
F1   CAATTTACCC AGTAACCAAAGTACAGC ACTGC GATAGGAGATTGCACC PAGE 

F2   GATCTAGACACCATCG TTGAA ACGCTACTGCCCATACA GACTGTTACG 

F3   ATCATTGTCG ACAGAGTCCGATGTGGA AGTCA GATAGGAGATTGCACC 

F4   GATCTAGACACCATCG CTCAG ACCTGACGACAATGCTG GGATCAGTTA 

F5   TTGCGTGTAT CAAGTTGCGCATGAGCT CCAGT GATAGGAGATTGCACC 
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F6   GATCTAGACACCATCG CTGCT AGTAATGTGCCGACTCT AGTCTGTCAA 

Antifuels     
AF1   CTCCTATC GCAGT GCTGTACTTTGGTTACT GGGTAAATTG PAGE 

AF2   CGTAACAGTC TGTATGGGCAGTAGCGT TTCAA CGATGGTG 

AF3   CTCCTATC TGACT TCCACATCGGACTCTGT CGACAATGAT 

AF4   TAACTGATCCC AGCATTGTCGTCAGGT CTGAG CGATGGTG 

AF5   CTCCTATC ACTGG AGCTCATGCGCAACTTG ATACACGCAA 

AF6   TTGACAGACT AGAGTCGGCACATTACT AGCAG CGATGGTG 

Anti-

swivel    

 

anti-swivel   CAAGGACAGTGTATCCGGTCAAGTAAGGCCTAGAGGGAGG  

Anti-biotin 

hook    

 

anti-biotin-hook   GCCACTCAATAAACTATCACAAACTTAA  

Thiolated 

poly-T    

 

thiol-5'-21T   /5ThioMC6-D/TTTTTTTTTTTTTTTTTTTTT HPLC 
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