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. Abstract

2 Biological molecular motors transform chemical energy into mechanical work by coupling a cycle of

3 catalytic reactions to large scale structural transitions. Mechanical deformation can be surprisingly
4 efficient in realizing such coupling, as demonstrated by the celebrated example of F,F, ATP synthase.
5 Here, we describe a synthetic molecular mechanism that transforms a rotary motion of an asymmetric
6  camshaft into reciprocating large-scale transitions in the structure of the surrounding stator orchestrated
7 by mechanical deformation. We designed the mechanism using DNA origami, characterized the

8  structure of the components and the entire mechanism using cryo-electron microscopy, and examined
g9 the mechanism’s dynamic behavior using single-particle fluorescence microscopy and molecular
10  dynamics simulations. The data indicates that, while the camshaft can rotate inside the stator by
11 diffusion, mechanical deformation of the stator makes the camshaft pause at a set of preferred
12 orientations. By changing the mechanical stiffness of the stator, we could accelerate or suppress the
13 Brownian rotation within the mechanism, thereby demonstrating an allosteric coupling between the
14  movement of the camshaft and of the stator, and the ability to tailor the free energy landscape that
15 governs the rotary motion. Our mechanism provides a framework for the manufacture of artificial
16  nanomachines that, just like the man-made machines in the macroscopic world, function because of

17 coordinated movements of their components.

18 Introduction
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19 Macroscopic machines commonly rely on a coordinated motion of multiple rigid components to perform their
20  function. For example, an internal combustion engine uses a rotating camshaft to cyclically open or close the
21 peripheral valves for fuel injection and exhaust gas removal; the coordination of the valves’ operation is
22 paramount to the engine’s function. Nanoscale biological machines also often consist of multiple components
23 that move in a coordinated fashion. For example, the rotation of the central shaft in F,F, ATP synthase (z-3)
24 produces cyclic structural transformations at the interfaces of the F, subunits, coordinating cyclic chemical
25 transformations. Intriguingly, the F, motor of F,F, ATP synthase is fully reversible (4, 5): it can either function
26 as a rotary motor powered by the chemical energy of ATP hydrolysis or it can use the mechanical energy of
27  the central shaft rotation to catalyze synthesis of ATP. The fact that F, ATP synthase can be both a motor and
28  achemical generator reflects the microscopic reversibility of elementary chemical processes and is a unique
29  feature of molecular scale machines. Realizing a similar degree of mechanochemical coupling in a synthetic

30  nanoscale system remains a landmark technological goal.

31 The construction of artificial molecular machines by chemical synthesis has previously provided important
32  insights regarding how to create molecular mechanisms with internal degrees of freedom, such as catenanes
33 and rotaxanes, and how to power molecular motions using chemical fuels, light, and other stimuli (6-12). DNA
34  nanotechnology has also already provided a range of mechanical systems including pivots, hinges, crank
35  sliders, and rotary mechanisms (23-16) that can be reconfigured using strand displacement reactions (SDR)
36 (27) or by changing environmental parameters such as pH, ionic strength, temperature, and external fields
37 (18-23). Whereas the molecular mechanisms generated by chemical synthesis tend to include on the order of
38 100 atoms, DNA nanostructures, in particular DNA origami objects, are much larger and can encompass
39  hundreds of thousands of atoms (24-26). As such, DNA origami nanomachines may offer more opportunities
40 for the assembly of space-filling components that realize mechanisms of coordinated mechanical power
41 transmission. In this work, we describe the construction, computational characterization and experimental
42 validation of a rotary mechanism with user-defined power and motion transmission. We conceived this object
43 by combining macroscale machine design concepts with functional and structural aspects of the ATP
YA synthase, and consider it to be an important milestone toward creating artificial machines that achieve and

45  generalize functionalities observed in biological motors.

. Results

47  Design of the rotary mechanism

48  We designed our rotary mechanism as a tetramer composed of a camshaft-like rotor in a surrounding stator.
49 Rotations of the camshaft will induce reciprocal deformations of the structural elements in the stator (Fig.
50 1A). The stator is made from three similarly shaped components. These stator units are designed to contain
51 rigid parts forming a “bearing” which will hold the shaft. Each unit of the stator also has two “pawls” that can
52 flex in response to the camshaft rotation (Fig. 1B). In an implementation where each of the pawls can flex
53  independently, the full stator unit features six preferred camshaft orientation slots. As we will discuss, the

54 pawls can also be coupled together to reduce the number of available slots, which will influence the motion of
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55 the camshaft. For example, Fig. 1A shows the three available slots when the two pawls per stator unit were to
56 flex together. The camshaft also contains a crossbar (Fig. 1C). The crossbar and the cam on the other end of

57  the shaft are used to mechanically interlock the camshaft inside the stator (Fig. 1D).

58  We approximated the desired 3D shapes of the components using the methods of multilayer DNA origami
59  (Fig. 1E) (27, 28). In our design, each stator unit consists of 46 helices packed in parallel on a honeycomb-like
60 lattice. One stator unit possesses an asymmetric feature to allow discriminating the stator orientation relative
61  to the shaft orientation by transmission electron microscopy (TEM) imaging (Fig. S1). The bearing and the
62  pawls can be considered each as rigid blocks of helices that are connected to each other via two DNA double
63  helices (the “support” helices) that extend vertically along the whole structure. The pawls are connected to
64  the support helices via two crossovers at the top and bottom of the pawls, respectively. The support helices
65  can flex away from the central shaft, and the pawls can also flex around the support helices. This construction
66  offers two elastic degrees of freedom to make room for the rotating camshaft. The pawls can also form base-
67  pair stacking interactions at the blunt-ended helical interfaces between the bottom and top surface of pawls

68  and bearing, respectively. These interactions can be utilized to influence the flexibility of the pawls.

69  The camshaft consists of a shaft made of 24 helices packed in a honeycomb-like lattice. The T-crossbar is
70  formed by helices that are bent to form a go® angle with the shaft. The cam on the shaft is produced by four
71 additional helices that are attached on one side of the shaft (Fig. 1E, Fig. S2). The cross section of the shaft fits
72 tightly into the central bore of the bearing (Fig. S3), but the shaft’s protruding feature clashes with the pawl
73 helices, forcing them to flex away from the shaft. The cam together with the crossbar mechanically trap the
74 shaftinside the stator. This design may be considered as an analogue of a rotaxane, with the stator being the

75  analogue of the ring and the camshaft that of the dumbbell-axle.

76  To achieve mechanical interlocking, we dock the camshaft first onto one stator unit before closing up the full
77 bearing (Fig. 1F). We achieve this by hybridization of four staple strands protruding from the stator unit to a
78 complementary single-stranded scaffold segment of the camshaft (Fig. 1F, top). We then add the other two
79 stator units, which dock to each other via shape-complementary features carrying sticky ends (Fig. 1F,
80  bottom). Once the complete DNA rotor complex is formed, we release the camshaft from its docking site via
81  toehold-mediated strand displacement. To this end, invader strands are added that remove the initial strand
82 linkages between camshaft and stator unit (Fig. 1G, top). Due to the mechanical interlocking, the camshaft

83 remains sterically trapped in the stator (Fig. 1G, bottom), constrained to a rotary degree of freedom.

8,  Cryo EM analysis of rotor structure and rotary motions

85  We self-assembled the components of our rotary mechanism using previously described methods (29) and
86  determined suitable folding conditions using gel electrophoresis (Fig. S4). Trimerization of the stator and also
87  tetramerization of the complete rotary mechanism proceeded robustly (see Methods, Fig. S5). We analyzed
88  the folded structures via negative stain transmission electron microscopy (Fig. S6), and we also determined

89 3D cryo EM density maps for each of the four DNA origami units of our complex (Fig. 2A-D, Fig. S7-S10), for


https://doi.org/10.1101/2021.04.27.441587
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.27.441587; this version posted April 27, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

90 the trimeric stator lacking the camshaft (Fig. 2E-F, Fig. S11), and for the fully assembled tetrameric rotary

91 mechanismincluding the camshaft (Fig. 2H, Fig. 3, Fig. S12-S15).

92  Structures of components
93  The cryo EM maps determined for the individual stator units agreed well with the design (Fig. 2A-C). The map
94  determined for stator unit 1 had the highest resolution, with regions where the grooves of the constituent
95  DNA double helices can be discerned. The shape-complementary protrusions and recesses used for docking
96  the stator units into a complete bearing can also be discerned. In stator units 1 and 3 (Fig. 2A, 2C,
97  respectively), the two support DNA double helices to which the pawls are anchored can also be distinguished.
98  The asymmetric feature that marks stator unit 3 can also be discerned (Fig. 2C). In the cryo EM map of the
99 camshaft (Fig. 2D), we can recognize the honeycomb pattern, the protruding “cam” helices on the side of the
100 shaft, and the crossbar. On the other end of the central shaft, we observe a small dent, which we assign to the
101 segment of the scaffold that we left single-stranded in order to allow binding the camshaft to one of the

102 stator units via staple strand hybridization.

103  Empty stator vs stator with camshaft inside

104  The 2D class averages (Fig. 2E) and the 3D cryo map (Fig. 2F) that we determined for the empty stator reveal
105  a structurally well-defined bearing whereas the signal from the pawls is more delocalized and fans away from
106 the long axis of the stator. When slicing through the stator 3D map from bottom to top (Fig. 2F, right), at the
107  level of the empty bearing (slice 1) the honeycomb-shaped cross section matches the design closely (Fig. S16).
108  The asymmetric feature on stator unit 3 is clearly visible. Cutting slightly above the end of the bearing region
109 (slice 2), detail in the cross section is lost and the pawls diverge. Presumably, the loss of detail is due to
110  conformational heterogeneity associated with flexing of the pawls. When looking at the empty stator from
111 the top (slice 3), we see that the pawls are rotated and displaced away from their original position near the
112 bearing to such extent that the central opening is now much smaller than near the bearing further below.
113 When superimposing the map determined separately for the shaft on the map determined for the empty
114 stator (Fig. 2G), we see that the shaft fits well inside the central bore of the stator in the bearing (slice 1),
115  whereasthe camshaft and the stator maps show substantial overlap (steric clashes) in the region of the pawls

116 (slices 2 and 3).

117 In order to accommodate the camshaft into the central bore of the stator, the pawls of the stator therefore
118  need to be pushed outwards. Indeed, in the cryo EM map that we determined from a variant of the entire
119  rotary mechanism with the camshaft docked into the stator (Fig. 2H, Fig. 3), the pawls of the stator are

120  displaced and rotated away from the conformation that they had in the empty stator.

121 Camshaft fixed in different orientations

122 We prepared three distinct variants of the complete rotary mechanism with inserted shaft, in which the
123 camshaftis initially fixed by staple strand linkages to stator units 1, 2, and 3, respectively. These variants thus
124  realize three different, fixed orientations of the camshaft relative to the surrounding stator. These variants
125 allowed us toinvestigate whether placing the camshaft at different orientations into the stator causes distinct

126 shapes of the stator. We determined 3D cryo EM maps for each of these variants (Fig. 3A). In the resulting
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127 maps we could discriminate the asymmetric feature present in the stator unit 3 and used it to assign the stator
128  unitidentities and to align the stator orientation. The camshaft indeed assumes three distinct positions inside
129  the stator, rotated by 120°. These orientations can be discerned by comparing the orientation of the
130  asymmetric feature in the stator (Fig. 3A, red arrows) relative to those of the camshaft crossbar (Fig. 3A, blue
131 arrows). We note that the protruding cam on the camshaft can also be discerned in each of the three maps
132 (Fig. 3A, yellow arrows). As designed, the cam is always oriented at 9o° relative to the camshaft crossbar
133 orientation. Inspection of cross-sectional slices of the three cryo EM maps with fixed shaft reveals that at the
134  level of the bearing (slice 1), the structures of the variants are all very similar. By contrast, at the level of the
135  pawls, and seen from the top (slices 2, 3), the maps differ. One can clearly see that the shape of the voids

136 between the six pawls and the central shafts depend on how the shaft is oriented relative to the stator.

137 Rotary motion

138 We prepared the mobile mechanism by releasing the camshaft from the docking site by toehold-mediated
139  strand displacement (see Methods). The conditions for successful release were optimized and validated using
140  electrophoretic mobility analysis performed with incomplete stators (Fig. S17). We acquired cryo EM data of
141 the rotary complex with the camshaft now free to rotate. 2D class averages already reveal crucial differences
142 between those obtained from rotor complexes with a fixed camshaft (Fig. 3B) and those obtained from the
143  sample with presumably mobile camshaft (Fig. 3C). For instance, the honeycomb cross section of the shaft,
144  the cam, and the horizontal crossbar are all clearly visible in the data with fixed shaft (Fig. 3B). On the other
145  hand, these details are blurred in the sample with the released camshaft. The camshaft cross section also now
146  appears as a rotationally averaged version of a honeycomb (Fig. 3C). These images thus suggest that the

147  camshaftis indeed rotating inside of the stator.

148  We acquired cryo EM micrographs of the rotary mechanism with the mobile camshaft. We analyzed the data
149 set first using 3D classification, which revealed three dominant, structurally distinct 3D classes in the data set
150  (Fig.3D). We aligned the stator of the maps using the asymmetric feature of stator unit 3 (Fig. 3D, red arrows).
151 Each of the three 3D classes shows a different orientation of the T-crossbar of the shaft (Fig. 3D, blue arrows)
152 relative to the asymmetric feature of the stator. The shaft-to-stator orientations are very similar to those that
153  we prepared by fixing the camshaft to the stator with staple strands (Fig. 3A). However, the cam of the
154 camshaft could not be resolved in the 3D classes. The three 3D classes could thus each contain a mixture of

155  particles featuring camshafts in two different orientations, rotated by 180°.

156 We also employed multibody refinement to investigate the motion of the camshaft relative to the stator (30).
157  Tothis end, the components are treated as rigid bodies that can move independently from each other. Using
158  principal component analysis on the relative orientations of the bodies over all particle images in the data set,
159  movies for the important motions in the data can be computed. To illustrate these motions in a still image, we
160  superimposed the frames of the resulting movies (Fig. 3E, F). For the three samples where we fixed the
161 camshaft by strand linkages to the stator, we see that the dominant motion of the camshaft is restricted to
162 some rotary wiggling with a ~ 20° range (Fig. 3E). By contrast, in the sample with the free camshaft, the

163 rotations of the camshaft cover the entire 360° range (Fig. 3F). Together, the results from 3D classification
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164  and multibody analysis indicate that the camshaft can freely rotate inside the stator and that it has at least

165 three, possibly six, preferred orientations.

166 Analysis of rotary motions in real-time and with simulations

167  Single-particle fluorescence measurements

168  We used total internal reflection fluorescence microscopy (TIRFM) to study the dynamical behavior of our
169  rotary complex. To anchor the stator to a glass slide covered by PEG-silane and biotin, we extended stator
170 unit 1 with a helix bundle (6hb) domain at the top of one of the pawls (Fig. 4A, Fig. $18-519). The 6hb was also
171 labeled with 10 fluorescent dyes (cys) to detect the position of the stator. Protruding from the 6hb are eight
172 DNA adapter strands to which we hybridized biotinylated DNA strands (Fig. S20) that anchor the stator in a
173 multivalent attachment to the slide via biotin-neutravidin-biotin bridges. The multivalent binding is crucial to
174  suppress rotations of the entire mechanism on the glass slide. We also extended the T-crossbar of the
175  camshaft with a 10-helix bundle lever arm featuring 10 fluorescent dyes (cy3) at its tip, resulting in a ~ 290 nm
176  long “pointer” (Fig. 4A, Fig. S18, S21) that amplifies and also slows down the motions of the camshaft due to

177 friction with the solvent to facilitate tracking the camshaft motions in real-time.

178  Rotary random walks

179 Imaging of rotary mechanisms with released camshafts revealed particles performing rotary random walks in
180  addition to stationary particles (Fig. 4B). The rotary particles could potentially reflect situations where the
181 whole complex including the stator is rotating around a faulty connection with the surface. To test for this
182  possibility, we designed a 160 base pair long extension to the 6hb domain protruding from the stator unit 1
183  (Fig. $S22-523). We thus obtain two pointers that allow tracking simultaneously the motions of the camshaft
184  and of the stator, respectively. With this setup, we confirmed that the rotating particles indeed reflect
185  camshaft motions relative to stator, while the stator remains fixed. In another control experiment with a
186  sample where the camshaft was fixed to the stator by strand linkages, we observed a negligible fraction of
187  particles exhibiting rotary motion. We conclude that the rotary particles seen for the sample with released

188 camshaft indeed reflect motions of the camshaft inside of the stator.

189  We used super resolution centroid tracking (31) (Fig. 4C) to compute single particle angular orientation
190  trajectories (Fig. 4D). These traces typically featured stepwise jumps between three different levels. Since the
191 rotation occurs in thermal equilibrium powered by random Brownian motion, no effective directional bias is
192  expected and is also not observed (Fig. 4E). The particles preferentially populate three main orientations
193  separated by 120° (Fig. 4F), which matches with the designed three-fold symmetry of the stator and with the
194  three preferred orientations of the shaft seen with cryo EM. The mean distance of the moving centroid to the
195  center of movement computed for each particle was ~286 nm (Fig. 4G), which corresponds well to the
196  expected 290 nm (Fig. 4A). The angular velocity distribution averaged over all measured rotary particles (Fig.
197  4H) has an approximately Gaussian shape and is centered at 0° as expected for a random Brownian diffusion
198  process without directional bias. Particles can apparently rotate with speeds in the range of up to 3
199 revolutions per second. The root mean square deviation (RMSD) of the angular displacements grows with the

200 square-root of time, also in accordance with normal diffusion (Fig. 4!).
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201 Allosteric coordination of rotor and stator motions

202  We designed and self-assembled five additional variants of the stator in which we altered the flexibility of the
203 pawls (Fig. 5A-F, Fig. S24-S29). All variants were analyzed dynamically with multi-resolution MD simulations
204  using mrDNA (32) (Supplementary Movie 1). Experimentally, we released the shaft from its docking site in
205  each sample, acquired single-particle fluorescence microscopy movies, and performed centroid tracking of
206  single rotating particles to compute angular RMSD over time traces (Fig. 5G) as described in Fig. 41. The stator
207  design modifications had strong influence on the rotary mobility of the camshaft. In variant 1, there are no
208 lateral connections between the pawls, and the pawls can therefore flex independently, which is also seen in
209  the mrDNA simulations (Fig. sA). In variant 2, we additionally deactivated the base stacking contacts between
210 bearing and pawls, which increases pawl! flexibility (Fig. 5B). Experimentally we saw that the rotary mobility of
211 this variant increased approximately by a factor of 2 compared to variant 1 with the stiffer pawls (Fig. 5G). In
212 variant 3, which was already characterized in Fig. 4, we coupled the two pawls within each stator unit laterally
213 with strand crossovers so that they move as one unit (Fig. 5C). This design change removes three of six
214  possible “slots” for the camshaft. Interestingly, variant 3 had very similar rotary mobility compared to variant
215 1. In variant 4, we coupled the pawls along the lateral interface of neighboring stator units with strand
216 crossovers (Fig. 5D). This design change removes the other three possible slots and had drastic influence on
217  the mobility: it completely inhibited rotary motion, meaning there was a negligible fraction of rotating
218  particles in this sample. The observations so far suggest that the camshaft preferentially populates and
219 switches between the three slots located at the interface between stator units, whereas the slots located in
220  between the two pawls per stator unit are not used. In variant g, instead of direct strand crossovers as in
221 variant 4, we used 25-thymidine-long strand linkages. These linkages not only restore pawl flexibility, but they
222 also push the pawls a bit apart due to the volume taken up by the poly-T linkages (Fig. 5E). Strikingly, this
223 design change completely restored rotary mobility (Fig. 5G). In fact, this variant showed the highest diffusive
224 mobility of all variants which we attributed to the increased distance between the pawls. Finally, in variant 6,
225 allthe pawls were tightly connected to each other by lateral staple strand crossovers (Fig. 5F). Consistent with
226  the previous results, this variant did not rotate at all, presumably because the pawls could not give way to the

227  camand kept it locked in the conformation in which it was docked initially.

228  MrDNA simulations of variants 1, 3 and 6 at 5 bp/bead resolution investigated the coupling between the
229  camshaft orientation and the mechanical deformation of the stator. In these simulations, the relative
230  orientation of the camshaft and the stator was enforced via a harmonic potential that acted on the dihedral
231 angle formed by the centers of geometry of the four regions (Fig. 5H). By changing the rest angle of the
232 potential at a constant rate, the shaft was driven to rotate in each direction for at least three complete
233 revolutions. We analyzed the resulting trajectories by binning and averaging the microscopic configurations
234  according to the camshaft angle every 10°, revealing deformation of each pawl as the cam approached. For
235  variant 1, the distance between the cam of the shaft and each subunit had a roughly sinusoidal dependence
236 on the camshaft angle with an amplitude of ~5 nm and phase offset by ~120° for adjacent subunits, as

237  expected (Fig. 5H, top row). However, when the cam approached a pawl, it caused the pawl to bend away
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238  from the center of the camshaft by ~5 nm as seen by an increase of the distance between each pawl and the
239  center of the shaft (Fig. 5H, bottom row). Similarly, the angle between each pawl and the adjacent pawls was
240  seen to be maximal as the cam approached the outer pawls, and minimal as it approached the central pawl
241 (Fig. S30). These deformations can also be seen from exemplary simulation snapshots (Fig. s5l-J): when the
242  cam approaches one of the pawls, they are pushed further from the camshaft center, while they relax back

243 into position if the cam is pointing away.

244  We generalized the simulation analysis to variants 3 and 6, revealing that all variants exhibit qualitatively
245 similar deformations of the pawls despite the different inter-pawl connections (Fig. $30). However, the
246 deformation is diminished by increased coupling of the pawls as implemented in variant 3 and especially
247  variant 6, which did not show any actual rotation in our experiments. Furthermore, the minimum pawl-shaft
248  distance during the rotation cycle of variant 1 is similar to the maximum distance for variant 6, reflecting that
249  the latter does not readily accommodate the cam. In summary, the simulations show that the rotary motion
250 of the cam is tightly coupled to, and coordinated by, the reciprocal deformation of the pawls, as designed.
251 The coordination and reciprocal motion may be appreciated in movies of the forced rotation simulation

252 results for variants 1, 3 and 6, respectively (Supplementary Movies 2 and 3).

.53 Discussion

254 In this work, we presented a compliant nanoscale rotary mechanism with a central camshaft surrounded by a
255 stator with programmable stiffness. We used single-particle cryo-electron microscopy to structurally
256 characterize the components, and also the entire mechanism in different states. We also studied the
257  dynamical behavior of the rotary apparatus via total internal reflection fluorescence microscopy and
258  molecular dynamic simulations. The results from structural analysis by cryo EM, the single particle
259 fluorescence imaging, and the simulations all support the following picture: the camshaft can freely rotate
260 inside the stator, but there exist three preferred shaft orientations. These orientations correspond to states

261 withthe cam snapped into slots located at the boundaries between the stator units.

262 The three preferred states for the cam are defined mechanically, meaning that the camshaft is pressed into
263 the slots by the forces exerted by the surrounding stator. This is a crucial difference to previously reported
264  nanomachines, where conformational states were defined via direct chemical bonds. The mechanical
265 snapping into place now enables regulation at a distance. In our mechanism, the pawls of the surrounding
266 stator must deform to allow rotation of the camshaft and escape from the mechanical slots, as visualized
267  directly by the simulated trajectories. Such deformations occur in our mechanism in a thermally activated
268  fashion, giving rise to Brownian rotary diffusion. Through targeted design changes, we made some versions of
269  the stator less flexible. As a consequence, the rotary movements of the shaft became slower, even stalling the
270  camshaft in two design variants. Together, these experiments demonstrate an allosteric coupling between
271 the orientation of the camshaft and the mechanical deformation of the surrounding bearing and between the

272 rotary motion of the shaft and the reciprocal open/close transitions in the stator.
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273 Our mechanism could provide a framework for creating artificial nanomachines that, similarly to their
274 counterparts in the macroscopic world, can operate through coordinated motion of their components. For
275 example, it could be of interest to direct the opening/closing transitions in the stator by the consumption of
276 chemical fuel (6-12) to create a chemically fueled rotary nanomotor. Likewise, due to microscopic
277 reversibility, it is conceivable that such a system could potentially be reversed and used for uphill chemical
278  synthesis, as in ATP synthase, by applying mechanical torque to the central shaft, thus creating a chemical
279  generator. In that pursuit, the coordinated motions of the pawl and the camshaft, or new variants of it, could
280  be employed to cyclically bring reactants into close proximity. All of these applications require creation of
281 intricately shaped components and their assembly into a functional mechanism. Our work shows a route for
282  how such tasks can be accomplished but also highlights the challenges involved in imparting the desired
283  functionality on such ultraminiaturized molecular mechanisms. We expect that the realization of more
284  complex artificial machinery will go hand in hand with further improvements in analyzing continuous

285  molecular motions by cryo EM (30, 33) and with improved predictive computational approaches (32, 34).
286
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303 Figure 1 Conceptual design and assembly of the rotary mechanism. (A) Sketches of the

G
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304  mechanism. The shaft is depicted in gray, while the stator units are in blue, green and orange. (B)
305  Sketches of the stator units with pawls in the closed (top) and open (bottom) conformations. (C)
306  Sketch of the camshaft. Black arrows indicate features used to prevent the camshaft from escaping
307 the stator. (D) Sketch of the camshaft when trapped inside the stator. Pawls of the orange stator unit
308  are not drawn. Black arrows as in (C). (E) Cylinder models of our implementation with multilayer DNA
309  origami. Cylinders represent DNA double helices. (F) Sketch of the assembly steps for building the
310  rotary mechanism. Red: connecting strands. (G) Top: sketch of the shaft release from the stator unit
311 via toehold-mediated strand displacement. Bottom: same reaction but performed within the fully
312 assembled stator. Green: invader strands.
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315
316 Figure 2 Cryo EM analysis of the components. (A-D) Representative 2D class averages (top) and

317 3D electron density map (bottom), determined from cryo EM micrographs of the three stator units and
318 the camshaft. Red arrow: asymmetric feature on the stator unit 3. Blue arrow: single stranded scaffold
319  segment for successive binding to the stator units. See Fig. S7-S10. Scale bars: 100 nm. (E, F) Left to
320 right: 2D class averages, 3D cryo EM map and cross-sectional slices of the 3D EM map of the stator
322 assembled without camshaft. Red arrow indicates the asymmetric feature on stator unit 3. See Fig. S11.
322 Scale bar: 5o nm. (G) Slices as in (F), but when the 3D cryo EM map from (D) is placed into the map of
323  the empty stator from (F). Red circles highlight clashes of the camshaft inside the empty stator. (H) 3D
324  cryo EM map of the empty stator (yellow) superimposed with the cryo EM map that we determined for
325  one variant of the fully assembled mechanism with the camshaft bound to one of the stator units. Red

326  arrows indicate the deformations in the stator that are necessary to make room for the camshatft.
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328

329  Figure 3 Cryo EM analysis of the whole apparatus (A) Top: side view of the 3D cryo EM maps determined
330  separately for three variants of the mechanism, with the shaft docked to the stator unit 1, 2 or 3, respectively.
331 See Fig. S12-14. Bottom: cross-sectional slices through the maps. Red, blue, yellow arrows highlight the
332  asymmetric feature of the stator, the T-crossbar, and the cam, respectively. (B) 2D class averages of the
333  mechanism with the shaft bound to stator unit 1. Blue and yellow arrows highlight crossbar and cam of the
334  shaft, respectively. Scale bar: so nm. (C) 2D class averages of the mechanism determined from a sample
335  where the shaft was released from the docking site. Blue and yellow arrows point to where crossbar and cam
336 would be expected to be located, but the features are blurred. Scale bar: 50 nm. (D) Top: side views of three
337 representative 3D classes discovered in the cryo EM micrograph data determined from the same sample with
338  the released camshaft. Bottom: cross-sectional slices through the 3D classes. Red arrows indicate the
339  asymmetric feature of the stator, blue arrows show the position of the camshaft T-crossbar. The cam could
340 not be resolved in the data. See Fig. Sis. (E) Overlay of frames from movies from multibody refinement
341 analysis of data acquired separately, with the shaft docked to one stator unit 1, 2 or 3, respectively. Black
342  arrows indicate the observed range of rotary motion of the shaft relative to the stator. (F) Asin E, but for the

343  sample where the shaft was released from its docking site.
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345
346  Figure 4 Dynamic analysis of the rotary mechanism via single-particle TIRFM. (A) Sketch of the

347  experimental setup: the mechanism is fixed to the cover slide via biotin-neutravidin-biotin bridges. The
348  crossbar of the camshaft is lengthened to approx. 290 nm. Inset: top view. (B) Typical field of view image (left,
349  scale bar: 5 um) and standard deviations of the mean integrated over entire movie for exemplary particles
350  (right, scale bar: 600 nm). (C) Exemplary sequence of frames of a typical particle jumping between three
351 preferred positions (blue, orange and yellow). (D) Exemplary angle-time trace of a single particle. (E)
352  Cumulative angle over time for two typical particles. (F) Probability density distribution for lever orientations
353  computed from angle-time trace of a typical particle. (G) Solid line: Distribution of the measured distance of
354  lever arm tip from center averaged over N=212 particles. Dashed lines: standard deviation. Vertical gray line:
355  weighted average of the distance from center. (H) Solid line: angular velocity distribution computed from
356  N=212 particles. Dashed lines: plus/minus standard deviation. Vertical gray line indicates the weighted
357  average of the angular velocity (which is zero, since there is no directional bias). (I) Solid line: average angular
358 root mean square deviation over time from N=212 particles. Dashed lines: plus/minus standard deviation. Red
359  dashed line: fit using RMSD = At.
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362
363 Figure 5 Mechanical coupling between stator and camshaft. (A-F) Side views of snapshots from 3D
364  structures predicted for variants of the stator using mrDNA, see Supplementary Movie 1. Insets:
365  schematics of design modifications in stator to influence its mechanical properties. Cylinders
366 represent double stranded DNA helices. (G) Experimentally measured average root mean square
367  deviation for variants 1, 2, 3 and 5 from single-particle angle-time traces (see Fig. 4). For variants 4
368 and 6 no rotation was observed. (H) Forced rotation of variant 1. The steered molecular dynamics
369 protocol was applied to a potential acting on the dihedral angle. As the camshaft spins, the cam
370  cyclically approaches each pawl (top), causing it to deform away from the center of the camshaft
371 (bottom). (I-J) Average structure from mrDNA simulations of variant 1, extracted from multiple cycles
372  of forced rotation in top (I) and side (J) views. Big circles: deformations on the stator unit 2; small
373  circles: deformations on stator unit 1. In (J) the stator unit 3 is not shown.

374

375
376
377


https://doi.org/10.1101/2021.04.27.441587
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.27.441587; this version posted April 27, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

378 References

379

380 1. P. D. Boyer, The ATP synthase--a splendid molecular machine. Annu Rev Biochem 66, 717-749 (1997).
381 2. G. Pinke, L. Zhou, L. A. Sazanov, Cryo-EM structure of the entire mammalian F-type ATP synthase.
382 Nat Struct Mol Biol 27, 1077-1085 (2020).

383 3. H. Itoh et al., Mechanically driven ATP synthesis by F1-ATPase. Nature 427, 465-468 (2004).

384 4. H. Noji, R. Yasuda, M. Yoshida, K. Kinosita, Jr., Direct observation of the rotation of F1-ATPase.
385 Nature 386, 299-302 (1997).

386 5. R. Yasuda, H. Noji, K. Kinosita, Jr., M. Yoshida, F1-ATPase is a highly efficient molecular motor that
387 rotates with discrete 120 degree steps. Cell 93, 1117-1124 (1998).

388 6. N. Le Poul, B. Colasson, Electrochemically and Chemically Induced Redox Processes in Molecular
389 Machines. ChemElectroChem 2, 475-496 (2015).

390 7. R. D. Astumian, Optical vs. chemical driving for molecular machines. Faraday Discussions 195, 583-
391 597 (2016).

392 8. J.-P. Sauvage, From Chemical Topology to Molecular Machines (Nobel Lecture). Angewandte Chemie
393 International Edition 56, 11080-11093 (2017).

394 9. J. F. Stoddart, Mechanically Interlocked Molecules (MIMs)—Molecular Shuttles, Switches, and
395 Machines (Nobel Lecture). Angewandte Chemie International Edition 56, 11094-11125 (2017).

396  10. C. Cheng, J. F. Stoddart, Wholly Synthetic Molecular Machines. ChemPhysChem 17, 1780-1793 (2016).
397 11. E.R. Kay, D. A. Leigh, Rise of the Molecular Machines. Angewandte Chemie 54, 10080-10088 (2015).
398 12. S. Kassem et al., Artificial molecular motors. Chem Soc Rev 46, 2592-2621 (2017).

399 13. H. Ramezani, H. Dietz, Building machines with DNA molecules. Nat Rev Genet 21, 5-26 (2020).

400 14. A.E.Marras, L. Zhou, H.J. Su, C. E. Castro, Programmable motion of DNA origami mechanisms. Proc
401 Natl Acad SciU S A 112, 713-718 (2015).

402 5. P. Ketterer, E. M. Willner, H. Dietz, Nanoscale rotary apparatus formed from tight-fitting 3D DNA
403 components. 5ci Adv 2, 1501209 (2016).

404  16. J. List, E. Falgenhauer, E. Kopperger, G. Pardatscher, F. C. Simmel, Long-range movement of large
405 mechanically interlocked DNA nanostructures. Nat Commun 7, 12414 (2016).

406 17. D. Y. Zhang, E. Winfree, Control of DNA strand displacement kinetics using toehold exchange.
407 Journal of the American Chemical Society 131, 17303-17314 (2009).

408  18. T. Gerling, K. F. Wagenbauer, A. M. Neuner, H. Dietz, Dynamic DNA devices and assemblies formed
409 by shape-complementary, non-base pairing 3D components. Science 347, 1446-1452 (2015).

410 19. H. ljas, I. Hakaste, B. Shen, M. A. Kostiainen, V. Linko, Reconfigurable DNA Origami Nanocapsule for
411 pH-Controlled Encapsulation and Display of Cargo. ACS nano 13, 5959-5967 (2019).

412 20. A. Idili, F. Ricci, Design and Characterization of pH-Triggered DNA Nanoswitches and Nanodevices
413 Based on DNA Triplex Structures. Methods in molecular biology 1811, 79-100 (2018).

414 21. J. M. Majikes, L. C. C. Ferraz, T. H. LaBean, pH-Driven Actuation of DNA Origami via Parallel I-Motif
415 Sequences in Solution and on Surfaces. Bioconjug Chem 28, 1821-1825 (2017).

416 22. V. A. Turek et al., Thermo-Responsive Actuation of a DNA Origami Flexor. 28, 1706410 (2018).

417 23. E. Kopperger et al., A self-assembled nanoscale robotic arm controlled by electric fields. Science 359,
418 296-301 (2018).

419 24. K. F. Wagenbauer, C. Sigl, H. Dietz, Gigadalton-scale shape-programmable DNA assemblies. Nature
420 552, 78-83 (2017).

421 25. G. Tikhomirov, P. Petersen, L. Qian, Fractal assembly of micrometre-scale DNA origami arrays with
422 arbitrary patterns. Nature 552, 67-71 (2017).

423 26. L. L. Ong et al., Programmable self-assembly of three-dimensional nanostructures from 10,000
424 unique components. Nature 552, 72-77 (2017).

425 27. S. M. Douglas et al., Self-assembly of DNA into nanoscale three-dimensional shapes. Nature 459,
426 414-418 (2009).

427 28. P. W. Rothemund, Folding DNA to create nanoscale shapes and patterns. Nature 440, 297-302
428 (2006).

429 29. K. F. Wagenbauer et al., How we make DNA origami. ChemBioChem, (2017).

430 30. T. Nakane, D. Kimanius, E. Lindahl, S. H. Scheres, Characterisation of molecular motions in cryo-EM

431 single-particle data by multi-body refinement in RELION. Elife 7, (2018).


https://doi.org/10.1101/2021.04.27.441587
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.27.441587; this version posted April 27, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

432 31. A.Yildiz, M. Tomishige, R. D. Vale, P. R. Selvin, Kinesin walks hand-over-hand. Science 303, 676-678
433 (2004).

434 32. C. Maffeo, A. Aksimentiev, MrDNA: a multi-resolution model for predicting the structure and
435 dynamics of DNA systems. Nucleic Acids Res 48, 5135-5146 (2020).

436 33. E.D. Zhong, T. Bepler, B. Berger, J. H. Davis, CryoDRGN: reconstruction of heterogeneous cryo-EM
437 structures using neural networks. Nat Methods 18, 176-185 (2021).

438 34. J. Y. Lee et al, Rapid Computational Analysis of DNA Origami Assemblies at Near-Atomic
439 Resolution. ACS Nano 15, 1002-1015 (2021).

440


https://doi.org/10.1101/2021.04.27.441587
http://creativecommons.org/licenses/by-nc-nd/4.0/

