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MATERIALS AND METHODS

DNA origami assembly and purification. The scaffold DNA (p8064) was prepared as
previously described.' Staple DNA strands were synthesized by solid-phase chemical
synthesis (Eurofins Genomics GmbH, Ebersberg, Germany; HPSF purification). DNA
origami objects were designed using caDNAno v.02* and prepared as described previously.™*
Objects were self-assembled by subjecting the one-pot reaction mixture to a thermal
annealing ramp using a thermal cycling device (TETRAD; MJ Research — now Biorad).” The
reaction mixture contained 50 nM scaffold DNA (p8064), 200 nM of each staple DNA strand,
folding buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; pH 8), and 20 mM MgCl,.

DNA origami switch device. All 16 basepair stacking interactions are active in the dynamic
switch variant switchD16 (Supporting Figure S6). After a 15 min thermal denaturation step
at 65 °C, the thermal annealing ramp covered the temperature interval [58 — 55 °C] with a rate
of 1 °C/90 min.

Excess staple DNA strands were removed from the reaction mixture by performing two
rounds of polyethylene glycol (PEG) precipitation.® The resulting pellet was dissolved in
folding buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; pH 8) containing 5 mM MgCl,.
To allow for equilibration, all samples were incubated at 40 °C and 400 rpm overnight.
Residual PEG was removed from the samples by performing three rounds of ultrafiltration
(30K Amicon Ultra-0.5mL from Merck Millipore). Filters were equilibrated by adding 500
uL folding buffer containing 5 mM MgCl, at 2000 x g and 25 °C for 2 minutes. Then, 50 pL
sample was mixed with 450 pL folding buffer and centrifuged at 8000 x g and 25 °C for 15
minutes. The flow-throw was discarded and 480 pl of folding buffer was added to the

recovered sample.

DNA origami bricks. We used a self-complementary DNA origami brick where the
protrusions on its front face can click into correspondingly shaped recessions on its back face.
Two samples were prepared: in brick Al protrusions are active and recessions were
permanently deactivated (Supporting Figure S7) and in brick A2 recessions are active and
protrusions were permanently deactivated (Supporting Figure S8). Blunt end contacts were
permanently deactivated by using 10-thymine-long overhangs. After a 15 min thermal
denaturation step at 65 °C, the thermal annealing ramp covered the temperature interval [56 —

50 °C] with a rate of 1 °C/60 min.
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Excess staple DNA strands were removed from the reaction mixture by performing one round
of polyethylene glycol (PEG) precipitation.® The resulting pellets were dissolved in HPLC
buffer (1 mM EDTA, 5 mM TrisBase, 200 mM NacCl; pH 8) containing 5 mM MgCl,. Then,
we subjected the sample to HPLC (Agilent Technologies 1260/1290 Infinity) using the
column (Agilent Bio SEC-5: 5 um; 2000A; 21.2 x 300 mm) at a flow rate of 2 ml/min and
collected fractions of the monomer peak (29.5 — 33.5 minutes). Due to dilution of the sample,
we used ultrafiltration (30K Amicon Ultra-15mL from Merck Millipore) to concentrate the
sample and to exchange the buffer to folding buffer (1 mM EDTA, 5 mM TrisBase, 5 mM
NaCl; 5 mM MgCl,; pH 8). Filters were equilibrated by adding 15 ml folding buffer
containing 5 mM MgCl, at 7000 x g and 25 °C for 5 minutes. Then, 15 ml sample was added
and centrifuged at 7000 x g and 25 °C for 7 minutes. The flow through was discarded. This
step was repeated until the entire volume of the sample was centrifuged in the same filter.
Then, the sample was mixed with 15 ml folding buffer and centrifuged at 7000 x g and 25 °C
for 7 minutes. This step was repeated three times. The concentration of all DNA origami
samples was determined using a spectrophotometer (NanoDrop 8000; Thermo Scientific). All
SAXS experiments were performed on SwitchD16 and brick samples dissolved in folding
buffer (1 mM EDTA, 5 mM TrisBase, 5 mM NaCl; pH 8) containing varying MgCl,

concentrations.

SAXS data acquisition

SAXS measurements were performed at beamline P12, DESY, Hamburg’ and the high
brilliance SAXS beamline ID02, ESRF® , Grenoble.

P12. SAXS measurements at beamline P12 were performed at an X-ray wavelength 4 of
1.2 A and a sample-to-detector distance of 3.0 m, resulting in a g-range of 0.03 to 5 nm '

(with ¢ = 4m-sin( 4)/ A, where 2 ¢ is the total scattering angle). For data acquisition we used

a Pilatus 2M detector. For each sample condition 40 frames with an exposure time of 45 ms in
‘flow’ mode were conducted at room temperature. Buffer samples were measured using
identical procedures before and after each sample measurement. Static profiles of monomeric
and heterodimeric brick constructs were measured in buffer with 20 mM MgCl, at sample
concentrations of 50 nM and 100 nM, respectively. Time-resolved (tr) SAXS measurements
on dimerization kinetics were performed by manual mixing of 50 nM and 100 nM monomer

concentrations in a 1:1 mixing ratio.
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ID02. SAXS experiments were performed at an X-ray wavelength A of 0.99 A. Static
experiments at beamline ID02 on switchD16 samples and DNA origami brick monomer and
dimer samples were performed in a temperature controlled flow through capillary operated in
air using the Rayonix MX-170HS detector (Rayonix L.L.C., USA) with a sample-to-detector
distance of 5 m resulting in a g-range of 0.015 nm™ to 1.5 nm™. Data acquisition was
performed with an exposure time of 10 ms including 50 repeats and a delay time of 0.5 s in
order to reduce radiation damage. The measurements were conducted at room temperature.
SwitchD16 samples were measured at a final sample concentration of 100 nM.

TrSAXS experiments on switchD16 samples were conducted using a stopped-flow device
(SFM-400, Bio-Logic, Claix, France) consisting of four motorized syringes coupled through
three mixers. The last mixer is coupled to a quartz capillary with a diameter of 1.5 mm that
serves as the observation volume where the sample is exposed to the X-ray beam at a constant
position (Figure 1a). A hard-stop is placed at the end of the flow line and is activated at the
end of the mixing sequence in order to stop the flow. The net dead time (~ 1 ms) including the
mixing time and the time to transfer the mixture to the beam crossing point in the capillary
was determined as described elsewhere®. For each trSAXS measurement 150 pl each of buffer
and switchD16 samples were prepared in the syringes for mixing and subsequently mixed at
equal volumes. For stopped-flow based SAXS experiments the sample-to detector distance
was set to 2.5 m covering a g-range of 0.04 nm™ to 3.0 nm™. For each run 30 to 50 frames
were recorded with an exposure time of 10 ms and a delay time ¢, = (16 x 1.05") ms (where i
denotes the actual frame number) between consecutive frames in order to prevent radiation
damage. For trSAXS experiments switchD16 samples at a concentration of 200 nM were
dissolved in 5 mM MgCl, buffer. Buffer solutions with MgCl, concentrations of 65 mM, 45
mM, 25mM, and 5 mM were prepared to achieve final MgCl, concentrations after mixing of
35 mM, 25 mM, 15 mM and 5 mM, respectively. Prior to each stopped-flow experiment
static profiles of switchD16 samples (¢ = 100 nM) at 5 mM, 15 mM, 25 mM and 35 mM
MgCl, concentrations and corresponding buffer profiles were recorded with the exposure time
set to 10 ms and the number of frames to 10. For each MgCl, concentration two independent

trSAXS repeats were conducted.
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SAXS data processing

Data reduction was carried out using custom written scripts in Matlab (Matlab 2015, The
MathWorks Inc., Natick, MA, USA). Scattering data were normalized to the intensity at zero
angles (I(0)) by performing Guinier analysis of the data.’

Static SAXS measurements. For static SAXS experiments performed at beamline P12 and
ID02, sample and buffer data from each run were analyzed for radiation damage, which was
not observed in any of the measurement. Matching sample and buffer profiles were averaged
and buffer profiles were subtracted for background correction.

Stopped-flow based SAXS measurements. For each MgCl, concentration scattering
profiles at each acquisition point were checked for consistency and radiation damage; no
damage was observed in any of the measurements. Matching averaged buffer profiles from

static SAXS experiments were subtracted from each single frame for background correction.

SAXS data analysis

SwitchD16. For trSAXS data, the scattering profile at each acquisition point (/(g,t)) can be
described by a superposition of the scattering profiles of the sample conformation at the initial
solution condition (/(g,t,)) before mixing and the scattering profile of the final state at
equilibrium after mixing (I(q,t.,)):

1(q.0) = fi* 1:(q.to) + [ - I(q.1eq) (1)

where the coefficients f; and f; are fractional occupancies of the initial and final states. For
stopped-flow experiments we used static reference profiles of switchD16 samples acquired at
5 mM MgCl, and 15 mM, 25 mM and 35 mM MgCl, concentrations for /; and I, respectively.
For some frames, portions of the scattering curves deemed unreliable at the lowest g-values
due to parasitic scattering and at high g-values because of low signal-to-noise ratio resulting
in an utilizable g-range of 0.08 nm™ to 2.5 nm™ for fitting. The fraction of closed particles
was determined from two independent SAXS measurements at each MgCl, concentration and
time point and the mean and the standard deviation were calculated and reported in Figure 2b.
Fraction of closed particles were normalized to the portion of closed switchD16 particles in
steady state for each MgCl, concentration (i.e. 0 %, 90%, 98% and 99 % for 5 mM, 15 mM,
25 mM and 35 mM MgCl, concentrations, respectively), derived from previous SAXS
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measurements.” To evaluate the goodness of the two-state fits, chi-squared values (x’) were

calculated for each fit according to the following equation:

[Iexp (qi)— Ifit(‘li't)]z

XZ = Zi 2 2

o;

where I, is the experimental SAXS profile, I; the best two-state fit profile, and o the
experimental error of .

Bricks. Two-state fits for dimerization kinetics of DNA origami bricks were performed
using Equation 1, where the initial and final state are given by the scattering profiles of the
monomer at the respective starting concentration and the dimer at equilibrium. Each fit was
evaluated according to Equation 2. To determine the fraction of dimers, we used the g-range

from 0.1 to 2.5 nm™’.

Kinetic fits for folding and assembly.

SwitchD16. The (intramolecular) conformational change between the open and the closed

state of the switchD16 sample was modelled as a reversible first-order reaction:

kciose

(0] C 3)
%
kopen

where O and C denote the open and closed state of switchD16 particles and Aciose and kopen
describe the closing and opening rate constants. Assuming that all objects (with an initial
concentration of ¢y) adopt an open conformation at #p = 0, the time dependent relative

concentrations of particles in the open and closed state are given by:

_(kclose+k0pen)t

co (t) _ kopentkciosee (4)
‘o kclosetkopen
cc (1) — kclose_kclosee_(kdose"'kopen)t (5)
‘o kclosetkopen
The equilibrium constant K., of the reaction is defined as:
K. = kclose = exp (_ AG ) (6)
eq Kopen kpT

where kz is the Boltzmann constant and AG denotes the Gibb’s free energy between the
open and the closed state.

To estimate the closing rate constants for the 25 mM and 35 mM MgCl, data, we
calculated the fraction of closed particles following Equation 5 for different closing rate

constants (20 s < kupse < 300 s™) with kopen =0 (as at MgCl, concentrations of 25 mM and
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35 mM the closed fractions in equilibrium are ~98 % and ~99 %, respectively, suggesting that
the opening rate constant is essentially negligible) and calculated the reduced y’-values for

each closing rate constant given by:

b (- £ |
d losed ] %)

1 fl
X?ed = E(Zl [ = 2

gy

where N denotes the number of data points, /7 corresponds to the experimentally

determined fraction of closed particles, /™

corresponds to the fraction of closed particles
given by Equation 5 for each k. value. The errors ¢ used in the calculation of the reduced
y’—value are from repeat measurements, with an additional global error of 1%. All fitting
procedures were performed with custom written Matlab (Matlab 2015, The MathWorks Inc.,

Natick, MA, USA) scripts using ‘fminsearch’ as optimization function.

Bricks. Heterodimerization kinetics of the DNA origami bricks were modelled as an

irreversible bimolecular reaction:

A, + A, B
)
where A; and A, correspond to the brick monomer variants where either the protruding
stacking pattern (1) or the recessed stacking pattern (2) had been activated, B denotes the
dimer state and k,, describes the association reaction rate constant in M'-s”'. For our
experimental conditions with an equimolar mixing ratio of 4; and A4, (with an initial
concentration of A4y) and in the absence of dimers B at 7, = 0, the time dependent relative

concentrations of heterodimeric bricks as a function of time is given by:

BO _ 4 _ 1
A0 1 1+ Ag kon t ©)

The model defined by Equation 9 was used to fit the fraction of dimers derived from the
SAXS data for initial monomer concentrations (4;(¢g) = Ax(t9) = Ap) of 50 nM and 100 nM.
We obtained an association rate constant k,, of 1.8 x 10° M'-s™ and 1.6 x 10* M":s" for a
monomer concentration of 50 nM and 100 nM, respectively, and hence a mean value of 1.7 x
10* M5,

We also applied a bimolecular reaction model fit including the dissociation reaction rate
constant for different final states of dimer fractions varying between 90 % and 100 % where a
value of 100 % dimers resulted in the lowest y?-value and a negligible small value for the

dissociation reaction rate constant in line with previous experiments’. Assuming 100 %
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dimers, we tested different k,; rates, yielding that the fit results are insensitive towards the

off-rate for k,;< 107°. Larger k,y values resulted in increasing y2-values.

To compare these values with a reaction, only limited by the diffusion dynamics of the
monomeric bricks, we calculated the theoretical diffusion-limited association rate constant
ki of the bricks: "’

kaisgr =4m-R-D "Ny (10)
with R as distance within the two monomers react and form a dimer and can be assumed to be
~2 nm'', D is the diffusion coefficient according to Equation 11 and N, as the Avogadro

constant.
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SUPPORTING TEXT

Estimation of the timescales involved in the conformational transition from the open to the

closed conformation of switchD16 samples.

We estimate the timescales for several processes involved in the conformational transition
from the open to the closed state of the switch device. Specifically, we obtain rough, order-of-
magnitude, estimates for the timescales of 1) the diffusional motion of the two arms from the
open to the closed conformation, ii) the formation of DNA basepair stacking interactions, and
ii1) the local conformational transitions of the central Holliday junction.

Diffusion of the switchD16 arms. After introducing a sufficiently high salt concentration
to screen the (long-range) electrostatic repulsion that causes the switchD16 device to adopt
the open conformation at low salt, we expect the transition from the open to the closed state to
be fundamentally limited by diffusion of the arms, since the favourable stacking interactions
that keep the switchD16 device in the closed conformation are short-range in nature'' (with a
range of < 2.5 nm) and will only form once the arms are in sufficiently close proximity.
Therefore, the timescale for diffusive motion of the two arms is expected to set the ultimate
speed limit for closing of the switch device, similar to what has been observed for proteins.'*
13

To assess the order of magnitude of the timescale for diffusive motion of the arms from
the open to the closed state of switchD16, we applied a simple model based on rotational and
translational diffusion. Each arm was considered as a rigid rod with a length L = 95 nm and a
diameter of D = 16 nm (Supporting Figure S4) and the translational (D,) and rotational (D,)

diffusion coefficients were calculated following Lehner et al.'*:

D, = 3f";’;n?;[ln (%L)— 5] (11)
D, = 285 [in (%) - ] (12)

where k3 is the Boltzmann constant, 7" the temperature in Kelvin (300 K), n the viscosity of
the solvent (1 mPa-s) and & and vy are correction factors for the end terms taken from Tirado et
al.”®. The distance d each arm has to travel depends on the opening angle @, which has a
mean value of ~ 50° (Supporting Figure S4). Translational (f;4,) and rotational (z.)

diffusion times for each arm are given by:

d2
ttrans = T (13)

4D
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@2
4D,

(14)

We find values for . in the range of 20 to 70 pus for opening angles @ between 50° to 90°.

trot =

The estimate based on translational diffusion gives similar values, again varying the opening

angle between 50° and 90°.

Formation of DNA stacking interactions. In the closed state, the two arms of the
switchD16 device are held together by DNA stacking interactions. The timescale for the
formation of nucleobase stacking interactions was investigated recently by force spectroscopy
and molecular dynamics simulations.'' The results suggest that formation of stacking
interactions occurs on a timescale of 2.40 x 10~ s under conditions similar to our
experiments. This implies that once the arms are positioned to form stacking interactions, the
formation of the short-range stacking interactions is very fast and essentially negligible

compared to the timescale for diffusion of the arms or to the overall rate of closing.

Conformational changes of the central Holliday junction. The single Holliday junction
that represents the pivot point for the rotational degree of freedom of the switch object could
also influence the dynamics. Dependent on the ion concentration Holliday junctions in
isolation can assume multiple conformations: an open conformation at low salt conditions and

16, 17

two stacked conformations at high salt conditions. While there are several studies on the

kinetics of the conformational transitions between the two possible stacked conformations of

a Holliday junction,'® '®

to the best of our knowledge there exist no experimental rate
constants for the transition between the open and the stacked conformations. However, MD
simulations yielded transition times in the ~us regime, which again is much faster than the
timescales for diffusional motion or overall closing and suggests that the structural dynamics

of the Holliday junction are not a rate limiting factor.'” *°
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Supporting Figure S1. Scaling relationship for nucleic acid folding rate constants.
Experimentally determined folding rate constants of a range of RNA molecules (cyan circles)
as a function of the square root of the number of nucleotides and the corresponding fit of a
scaling relationship using log ki = log (ko) - aN’ with a, b, and k; as fit parameters; both the
data and the fit are from Hyeon et al.*' The red star indicates the folding rate constant
predicted for the switchD16 device by the fitted scaling relationship. In contrast, the blue star
corresponds to the experimentally determined folding rate constant for the transition of
switchD16 from the open to the closed state at 15 mM MgCl,.
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Supporting Figure S2. Time-dependent scattering profiles for switchD16 and two-state
fits. Time-dependent scattering profiles of switchD16 samples upon mixing with varying
MgCl, concentrations and corresponding fitted profiles from a two-state model (black lines)
(see main text). a) Evolution of scattered intensity upon equimolar mixing of switchD16
samples with 5 mM MgCl, at different time points indicated in the legend. SAXS curves at
the bottom (dark blue circles) and at the top (red circles) correspond to static reference
profiles of switchD16 samples at the initial and final MgCl, concentrations (here: 5 mM). b)
Scattering profiles for switchD16 samples diluted into a final concentration of 15 mM MgCl,
at subsequent timepoints acquired after mixing. SAXS profiles at the bottom (dark blue
circles) and at the top (red circles) are obtained from static SAXS measurements of
switchD16 samples diluted in 5 mM and 15 mM MgCl,, respectively. ¢) Scattering profiles of
switchD16 samples diluted into a final concentration of 25 mM MgCl, buffer. SAXS profiles
at the bottom (dark blue circles) and at the top (red circles) are obtained from static SAXS
measurements of switchD16 samples diluted in 5 mM and 25 mM MgCl,, respectively. d)
Time-dependent SAXS data obtained from switchD16 samples after equimolar mixing with
MgCl, buffer resulting in a final concentration of 35 mM MgCl,. SAXS curves at the bottom
(dark blue circles) and at the top (red circles) are obtained from static SAXS measurements of
switchD16 samples diluted in 5 mM and 35 mM MgCl,, respectively. Data are vertically
offset for clarity. Data from trSAXS experiments with final MgCl, concentrations of 5 and 35
mM after mixing contain twice the number of data points as compared to the 15 and 25 mM
MgCl, data due to interpolation to the g-bin size of static reference profiles, which where
recorded with half of the bin size as stopped-flow SAXS experiments.
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Supporting Figure S3. Estimate of the closing reaction rate constant of SwitchD16
particles for a final MgCl, concentration of 25 mM after mixing. We used Equation 5 and
calculated the reduced y*—value for different closing rate constants while setting the opening
rate constant to zero (as at a MgCl, concentration of 25 mM the closed fraction in equilibrium
is ~98 %, suggesting that the opening rate constant is essentially negligible). The data are well
described for ke values equal or greater ~ 150 s (see inset graph corresponding to the data
range indicated by the grey frame). We found an very similar results for the 35 mM MgCl,
data.
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Supporting Figure S4. Schematic model and length scales used to estimate the diffusion
times of the arms of switchD16 required to change from the open conformation (shown here)
to the closed conformation.
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I(q) (arb. units)

q (nm7)

Supporting Figure S5. Time evolution of scattering profiles from DNA origami
dimerization Kkinetics after 1:1 mixing of monomeric brick samples at an initial

concentration of 100 nM: 0 min (dark blue circles, bottom), 2 min, 5 min, 10 min, 15 min,
20 min, 30 min 45 min, 60 min, 90 min, 2 h, 3 h, 4 h 30 min, 12h 30 min and 24 h (red
circles, top). Black lines correspond to fits from a two-state model following Equation 1.
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Supporting Figure S6. Strand diagram of the dynamic (switchD16) variant. Scaffold
(shown in blue) and staple layout of the dynamic switch variant with 16 activated stacking
interactions. Cyan: stacking activated. Generated with caDNAno v0.2.

S16



Ju)nvvwvmunnnuvw1 ajvnnnmn‘:vavvnuﬁn))l uamnvnm‘ g¥e) 3¥3¥13593939 [T¥VI13] [ 35339335V3V30Y * 3377153335 1395¥3 1953 n‘)mvv)ommnoon)'ﬂ 5 RN
TIGATTAGTAR TAACATCACTTGCC |T6AGTAG Aacanct, caancTalkcanatchhertrr rrcecer|cddecre ccoran ceacranfhrcconn] tccrana ;;;Anu CCCGATT TAGAGCT, TeAcGGe|fAARGCC gGcarACaTGeceh |EArRGGr AcGehaGAR
L ol L Tt ks — — | m— —1 s ¥ 1

T JJ TIVITSTVSTSVV309 VST n TTT 1 TITovT ]l J TITVSTSpfvw J] vuﬂ VSSTIVITISST [ VoS le T U}m AEA)DVV 5555 A]IBDD STIS>V 'Jn)un”n) ™I
TGTTGCANTGGCTECGETANTATTGTTCTGGATAT can cordateerrcdchacrocedchrceddc | rbaracaccerrrrredeferiradcdrreanerceacoriidiirantacicaacrerertcedancreaancancactcancecta 2
T T + ) 1 t ) It
[FoTORIIIT * ST IV, (FWSVYS! VIVIvBTI) [ o3 Y IVooy sV Cy ey wssaspojvoDss [oyvvey VW3 [PI3V351 53VWOVWWIIVISY $3I5V9V *VOVVISIIIov3>] 511013 VoIIo9ov
TC_proean raccrac hrrrres cocrear ticercrelbaceced foncaed drvecac] tldecee recaceq decrrrg beccaed deecead ahrcerq Frraate ercerrc donanrclcecanaa recerra Tanavcalssncant acccceaca
I I ks s h r l 1 s 1 m—1 e | m— —} 3
m“J v uﬂmmm .mU; 5 q[’ v ;" J L VST 'ﬂ T “I CEERUBEISRY i ki TITTVSSV [Ju v [ VSSSTITVS ']\1nu :nnnnv TITT .Un ™
ITATIACTGGT(qTGTGACTGETGAATCTGCCART{ARRTAATAEAT scdqtaancdeclarcaccrdrkeccddrercadrqi ccraficcccanTacocanndeccrredicecacarTaccadTeaTTabtocaqCrgaca 4
T - 1t f } T it f ) it 7 T
VWVIVVISVIOY 53VIvpIpvaIvIL TIVSTJTVIIVOSIVI>YS) | VOIS [TV TIlovvS 9953 VON9IavaOVSIIIIo) | TTTIoolf555v3755555 1TV —I935TFI[9355V5 V999535 35 53TVVS [TVVITVS 5139V33%
cearvectabduannafedtrrmaavefdecreererrmkeiiccceercraarrchcens 48
7
v vV ey fvssssvsav (e [T
seeterer recrehl xerert [ inreernecr ACG T | EAACGTECTITC
ns i ) 49
VI DIV IV ToVIVSS PV VI [T ToVIVITo o gvv
GGGACATICIGOCCAACA | cherTaG MACCCTTCTGACCTEARAG accrancreacataa | sffecry, beacreacreccce| drrvees brcosaanaccrerce 5
T TV P T TV IS TS VVs S TopV m] l TS VTSV PV ITVVSSIVVsssovoTov ] SVVSS TSV SISOV VS,
TAATAGCCATTCARAAATATIGTCTGTGCCACGTATICIT ICATTAGGCACC LITACACITTATGCITCCO{ITCOTATGTTGTGT 6
f 1 it 1
TIDSISVIIVISST) SSTITI [VIVVSVovsvoos) [ovIvyiIss SISVSIVV] 3351595 [ 1330VVVISI0V] YIVI0W | 5939575 3VIVIVIvIV
avecocen acreatalocceradearce coarranlbantacd dhcocoraccrarrerrcoce |, dhcorad secrecreacacrl ghoeard decosaraccenc] dfeantr cerantclAveercd dhecror rrccrerereanat ferrarc cocrcacantic 7
{ £ 1 t; 1 i 2 ] . f ) o |
= zﬂ TI5VoT mnuuuuu STVVITIIIVES u-[ 5 H SR PVTS [; ST TVSSS5S ST T]mm VITVST anum VS [vv mlTu TSIV
aatacrencdbecreaccrarerTiphrerterbiTeereericer ccrcecaen crhdbaccoredhance creedtdeacaaceacaaachdnca reacacreciyeearcdtcreatecs ceean 8
T + 1 s T 7
TIVITTO) SSSovs1 S5ty vavIvoy sovooy SVIVWp [ 3V¥I9VII LTI 359993 FIVoIop PVSIIL] (333995 poooIvy V53] [SISSISh SITISY JISTR) STl JSTSTSN Se9w ([V3vs STVosT) Smssscsmss
ACACCGCC TGCAACh, ETGCCAC GCTGAGAGC ccanardadaaate manacg Foceecd derand derannel brrrard decreet damanadbrccery deacree reverndiocasad gorrasc cecarcalbareced cernace recacccaece °
“H TSIV ISV I TS IS 1501 ‘;ﬂmmen l v[) TVITV YT VWPV oovosvoIvIT mn] TV OV [nm TV ISTVRPSS mﬂm >
coancr TATIGATTGAGEGTTTGATATITGAGETT TATG CaAcAGT cridraccacanccacs sk aaeTg caddteaanrdfccccocraaraordileaccrciusccerancerqarilare 10
t f T t 1 1 T . s 1
T55TI5V31 555 1V] * VWITJV3 133 IVV>IVIVY] [D133VY3 1351135 ¥31¥33] “[I5T VIV 3T 3375} sy v T T5555p 7O I¥55V + 3315T35V9sTAPIOVITIY 3IVV355¥333
AATCARCAGTTGARR |qaaATTq acaancarratcTa |haaTar) rhvaceaccacran Jcanccadaiiecrca |bancoay Acatacl] dbacrral pacancelbeaccelf ehracrearcraar, baccacl] daccacanaantaccanceec If decaccercecracracca 1
£ T, { { / t
TIIVSTISTSVVSTITS j; STSSTISSVVIVSVITIT H TSSTSSTIVIT ” TSSTSTVSSVS TIPS VS35 ToVVS VIS T TW SVSTVSSVSVSSVNB IS TISSSS TS TIVSSS TS T3S T555 Va3 ovSvsosl
TCraaTACTTCTAM TCCTCHAM TeTATTATETATTGACcecTdTAbTCTATTAGY ' <16 acanccecccaniilicreecaccannranccacanditiancriveatccecrertreriivercrirneceranaaceralidkerteaccacea 12
i T ? 1
VIVIIVISVRSTLIINSSY STIIV [ TNVIVSYIVISTY) J5Vov] VIV [ SVSWasiusom * eIsTrssssssif. {¥osvss (poaTiy (Dwif JIIve) [ Dvvsrissssiy gvvsvsy [ D[ TSI
TrTacanAcAr TrcaacHl actcatalTanarcertrocc), chancer] pavraathirancc | trrcacalodfsenc cceceal] dheancq batancq fenccoll ahacantlbeocenn acerach] deacear|brrrace aercccefarrrc |Feacaea racacrirc
[ T ul 0 — — ] ks I 13
')vvn]umnv '))nAnv')HunukuvvJ)annwvnn vrnl” m-ﬂmm n77nwnnnf IV mammmHnm g nn)awﬂnvv[rnn) ))uvvv)vuu”n)mvvn
TAATICCECTCCITCTGOTG4ITTICITTGrT ATGATAAYSTTACTCARRCTT Tescddrearp, ToAcT TeeciracccancrTanTcdderac ICCCCCTTICGLCAGET ik TARTAGCaARG 14
f T ) - t H $ 1 T 1
VITVV3335793 SVSvaoN 3V [ VPVPSSIIIpIVIIYS [ WISpI| vyl postov) [opoves vyl 3373y pIsvasb [TTIoo) §3335w) o30113 WWITvap povioo1 (a1stvs sowviy s3o1 Soowovl VDot
CATCATATTCC TGATTAY cacaTGAlfcocant raarrdrirecrc | deacreclhfdeacc rrreced daccac bereard decaand dexcecalanecace arrcecq arreacq Erecoca acrerrd seanced|coatcec recsaccr
t £ H i . T T I 15
T u‘ VS .\v TV STV I[J STRTVIVIIVSS VSTV :1 s n TS 5TS U TIPS IS T JI)AM) TSTSIVVSTIY Hmu 11)) 55 m”u v
racareeannranrrrreativeeracerrerancedfrecaribcacancrarant dtccranceddearatyercertbicecreanncraathdarecadadinacaaraceccedferacacddhcerancerarcechiaceerhatcceccertr 16
g ! T s T 1
VISSSIIIV] < TSI VITVINVISY] 333 {|SIWVITVS TSIV VIV [WWSsVSCopssTy Tsvovss [FSsvsssvarsy sty [TSTsssvwissTy 33535351 WISy STISSVS ISSVISp KSIWIYvacsy sovsmswy
AACAGAAATAAAGARATT || GCGTAGATTTTCAGGTTTAACGEC coacerrrearcancadasarel reaccensrancan] decoreel barrarccorosannc | w
L
T DITID [ VD IV VYIS u1 [ TSI TWITIVVS 1355 0V] 1 TSTVe TV TIVITID
CCGTTATTGITTCICCCAATGT TACTGITACTGIATATT ACAGGANGGCCAGACKHANTTATTTTTGATGECGTTCHIMITGGTTARAAART 18
T 1t it
TOIVEIVVIVITOV] (35917} [TITT3IVIoV>WY] [ SVIVIFI\VOIV U SVIST>IT] (3399151 [5393 LIVVIvwvv 317339 | WWoOvIv¥IVVIIIILL
cacarTTgC raageartdrrancrrradectlicatca cranag I¢ 50
= 7
t—ﬁimmv oIy [foTrvsy [RpTvasveviio  [faavw [ sTvsipRTDopory
recerrrrl breercl i reacrfidfacarcencar | [Mkanaaaftccera [Rannnaficdeen 51
; L / o
555 BB B IR ST TvsssS VI ye5s1
Tcoccren rrecrrrlbantach dnerrac aaaavcelbocacad deeantr avrcacoarreatal drcaca coansnacal, dpanent] doraranceanatall drranst roranaclirians carrad ATTTTITG TTARATCAGETC o
vvnmmmvm Awu)[kuuku)n wmv{um:“ 5] )Avuﬂnuul') I L TSIV 'Juu] WITIVVOVIIIS m-vumummn mmeumm
TAATTTTGTHTCITOATGTTTGT I ATCATCITCTTTTGCTCAGaTAM TaaRA coracardidhrreadiecracrrrnacaatrlecorrdWtcantrararrarmildérecacdrercaocantaactlearaccbrreraaarcrercahatace 20
f t T ) ? + T 1
VIIVVVVOV VWVOVT3 [TV3VVWp [VVOLVD VavVoy VW VITV 31105] PVIOLW [OIVWoll PIV>3V] [PVVVVID PIVVIoP PVVOIVS [SIVWOVp FVo¥vV> BVIBI3][5¥oVaIp POTIVI1 5575 1VI[3907VWp WIIIVOV SVIIIIIIVIY
TIRCATEY ancantiy FOunerd, Anrrnce roerea] ReGonadAornca s s re] herart forncer, Anncars) nance qreacas, ducecas, hencacy, quanrcn conreaml Inteatd Sreance.orrcrag Lréarad Aroenre. cos 1A
i £ £ T T ! ] { h .f B il fi o t 21
T n TVVVITSTIVY 9[ SIT [[ TIVSS{TIeT m] u.“ STRYTTVVIvT mi[ WVSTT SIS T »:ﬂ.m TSSTVSIT nuvuwn VISV unm SO
aaaavraaTHaTaceoaceatrr rrarrcacrcachidrarre srrocallbanaarhiareaceorrcransblrrrrrad crrocerroanatdiiocry anaacrarfathocerchhanterrrrrceratancceart 22
; t g T T T ¥ 1 Tt 7
TITIWLTY VEIVE DT>T5) NISTT 351005 VIV {31513 VIVPo) IVP3L [WEIT} [FIVIVST [353¥Wsy [ TLTIVY FRVIVog [FV350y TTEVEL Toosves Vs {ITSIV VISD33] *VRIVIIVWYv SvIsLIsooay
comanrccrron |bnand deaatnocriacar Jianonch choncaroacroan Jiancarfodhroan Tbvcracy baraery discear) bancarclbaaranll rharacacecnc, tannoall rhaccanaariane |eannanll dbcreacaccatanncera »
TSV TIVOOVVS TT{INTV IS0 IV IS 0VV IS TVVIT 11 vvjnuu)vnuv” TVS3 s IV TIVWAVpVITV VIS VIIS IVVIIo] ] TV IS IV IO 555115 l STIVISSTIIIVWID ST o0 v I IVIIIovL
CCTARGCCGaAGaTT TcrcrcacaccrateaTr b TARATTCAC TrcfedrcacoccccanntannnnTaThitTans ATGTTGAGCTACNGCATTATATTCAGCAATTAR G FARGCCATCCCARAMR TGACHIKITTATCARRAGGRGCA 2
T :  — t 8 — 1
PIDTSDSIILL [V [ svom s TonTys [v7vesy + s v iovom sty (e fvov [ fTovo Do {00 [ v ol v [ Dyt vt [T
Jreserrarata actaratiefhantc, brearce aaarcc) afcocanlcacanncancocatl] Shacaclhacccee] bancact skanata bdcer rantrg chocrrcbanocon accacaticchance, hascrcc ancacelf dhoaartlhoncact accrrrant 2
U :UJ TV TV IvSVITIY )H TITPTvSsS T TS TI TS VT :“1 TIoT a“me VTTVVSSTIOVY Huw TioT .mmlm“ VSTOSTWIOT .Uu VI
accarranarrradercaaddhranarrancranddvarardiaanangrrrrcrc rroarecantcedtirrocriloacraranblercabceranath¥ croarrrrrearriarearcithrcorrrrcreancherrandiairaacce 26
Y
TSIV D3T3 JIIV0) SIVITS SIITIfyIves: A o ‘Fvvvv) T IFTIVL ST FITT] STy YL 170v9] ¥rveoy Well [V I0s T ¥H1o00
TeanaTaccor_ccotere Aranatalacecert anatand davanag raccoalbagecry frecand doanarr|bfdccaq acccoe] shracralanaterr racacrq diraccelrccanta crecoed Arcercalamamar reatraant
I ] I i1 il — — e — 27
vvuuuws)wj v)vnwuvu))“;vnu TV IT eSS TIvory T DI vvos (T nm]vvm ))))wuvunf ™ wvluvnv)vaAvﬂv) nmmmuv”mmm
TITATACTGGTANGAATTTGYAARCGaTATGATA ¢ ARR CadhTTTTTCTA GTANT rrrrarcercordrbistana fhbcarratchdacrenrecrerirateccrcarantidcrrrrepermareratcrecaacrralieraerarrect 28
T t ny s T )
TWIVITTOOVL IV PYIVID DOIVIVS WOV [0 [WWWVOVDVIIVYS [DVWWVvivoovssl 7ok (155000 7vors DoVl [BVovvisvivsssy ssvIIiy ovevey posvvy SIvys prvhy [Irvsy vvios
CCAACGCTCAACAGTAGG | 4CTTAAT, FoAGAATCGCCATA] TrTaAcalhcaccanca crandaéancan |Eatratracacoral daancat|FCATcAGTTGAGATTT »
t i o] n )
IS5V unl TSSSWITY TOTIV aJ TVVITSTIS S5 IT ] l TS T T WISV D TT D IS TV IV 5 TvvY
IIIGTCGGTACTTTATATTCTCTIANTACTGGCTCOARAATGCCTCTGATARATTAC Tl TivarranceraaTrTTTcTTdd¢hacerCCraacTaeT 30
it :
SVIIIVISVVVY [VIVVS¥S |VIVVISV339¥9] TIIIV)D |SVOVI9SVIIIVVIST VDS YVVVIVVITSOVIO] [FFVVv3Y | ¥9991150¥9973 19777
readhcthanteracrcerrideacaniraqeanreandderrarar Irccac 52
[~ 7
0 e T O | ] e T oo 1] i |
cafradatacadircoea |hatcor HA(z,}r rrasaratec ||| NAcranabiacsarer 5
; b 3
oWV T I TVWYoss ITTV o Vo | TV TS TWWITTV [V R TToVIF PvIossvov
arassar arrcrarl bcaoacq dcaacas Tanncan] carerrg docrastocaaacrraceere | dfonca anconarll afranat deeocrrancataall gfuanty doancrrmaarcar | deronnr macermal bocoarfrfanoan,, croscrcatnar 31
U“ ITVVSOT 9\; T m![[unu 5TV j; VTTVSST ][ TS TS TIPS L TTVITTVV S SR TV S [V TvVos T vev] 7o Tve Hmm IVSSITYVVVIT .’m SSVSTVVT
IGGGATATATITTTCITGIT TTATHIATTGITGAT 1 croarrclttbanrediaecrrrernacariNrrroodilatoantarccoarldivarcalchrracrerraaraatdercacciheccratecaccraliicraracs
f 1 ¢ f H i f f T o
TIVISIV TVIVVTS VSV BTy VIV [VOlp TIrL 7] [FEVeRK VSIS fosios vl eIy ks SSIIVI b33y ¥IVST) STV v'>u>‘—1u>)va 355179 vmm‘—'iummm
TAATITAC GAGCATG FAGARAC daaTcAr TaATCGGETercr TecTTaTcatrcan [hrrareq deanard decenc] Fecreed ferrac AhCned) quenced dorcant] crancy danccon sCronCel aCtod, puschce pcachrcascec 5
L £ h I ) ) ¢ !
5 ‘]j TS5V JL T nu[ TIVITVS3597 T va:“ TTT] »] LLBESSSLERE 7 CRBEY 1 ENBMUSCALFSLE) o) SUBTS) & FSFUBMILTSAL iA (8RR 11 SSTIOVSTSS TV TIT Jﬂ:m ™IS
aaann CCTTGITCICOATQAYITGCqETRCTTEETTTART ch 116 reacecadbihracanbicrccorraracrrielirrcocddrroararantcoctddtcercaldeatancrarrrradhdiaTrcrifToccrrrcerrirhoery 34
I it " T t pr I 1
TS 77wy * Wovspifsovs syvrowy yverif vrosmvovnr oo forvrs [uvnv'l'iﬁ;vv)v P | ] o | s [ R o S BVOVVYS VWYY
rrrrcarcoracoar |rcatiaq decocccantaccn Jhacanall duoatatacancoc ivocatfochacen |bootaccl aaceec]] dbacaodl brrrans bacranl hcrrrrlbeatendliaserryf dbarrasacocera,, haatacq fasteccacracamncecs | -
IS TV VIS TIVIVISS 35555 TV IS TS TS o TvIvT mm” STVSSS TS TIPS TIS S SSVIS TS TS 35vvY ]Mnn;l VTR D I VVVSS TV ITTS SV ITT TSV ITV S oS T3v IS TI3951
ACCTCCCoCaRgTC 1n TcocarTcrfilaaTaccooar TdHTICGCToCr aaaTTCACCICY GCTGATARACCGATA GCTCCITTTGaAGCCTN T TTTGOAGATTTTCAACGT GANAATTATTATT 36
r it i f op i 1
TISISSISTIVEISI} [V < TITITsosvassy aviis) [IVIesoy [ TVVoypvivse [ TrTvwsTsovah ooy Svstvg[risssy forrveg (10 VP J[595¥VY [ VYWY IS TNV PIT5OVS [ TTTIIIVVIVVIVYS
TraancecTTa aaTcard AbTaGTTlGeratTr Tocaccl] dccracalhrrTiatkfreaty o] ffcaca corraci] Aharoan|vrrrerd] favecal| rhvreer|hancanc rrrcant] abvrrcalbeoenct cacantaodancen | hcancra aaceantrc
L H e I t: ! I 37
UT T T TVVIVYT ” 5 I TSOVISTT r S l v STSSWISVITIV VWV SRIvS S TVVves: H.m TISOVWVITT um T L TSTITSIT mnm ™
ITTATTTTGTANCTGGCAR rCrceanaadtecics ITGGTARGAT ITacaT r.uH“ 1 crercrereodtocraciedcarreracrrrerddrocralidhancraacrerTachiTacatehisTrccraTroe 38
f 1 — 1 o m— — m— s s it 1
svevIvved vl FIvI syavol T v [y DIl e Vs SsvInl FsDog v otk §YIsi eyl Sl b7l 3Ty sy 1537 s v
eeatatTatr_avceed drccans|iancanaceatroe] dreatay, hacratd deccoed Aracorelt)deacq sracred doncerr|kactacd decaced densnac] boccacq creaaad desceac| ccrcaaa sccace cocreat|rricace aaccarc
s ! ki) e | — — 39
T lnvuvvvlv Lm TV TITSS TV [ STV VIV .mmml VTSVSTSST lv TV ] TSSSVSTSTT L TR TS5 T ;1]”. J TSSVSTVVYY .”m. 5TD
TAAAGGCTGCTATTTT IGACqIT " S6CACTT, T croagc ccgeraarcdiiarcarrercrraltehercrdldecrermanracrrrchrarrrhkhaTantacerrccddaaracedaléscecats 40
1 it t ) 1 1t + T 1
SVITIISVISY VWYY [VVEI [ SSPVLIISIILTY sVssIsssIovi] 5sosyy | VISV {SpITTT ssomsaf {[IvesvIIvssy b Y579 [PrvvSTITEvSy SIIVI YTV WD VIIVIpsiwessIi Ve Sssetw
cacacarTAACATARAAA || dacoeas, CGeaTTAGACGGGH G4 T Tacteeraatancrrrll thaccelbrcacraccrrone| maacaer, beccaratanacacrr M
L L
TSTTTIVITST [ TTSTS33 TS5 S5TVVISTS “‘ l TSVSSVITIIpVVVITSS335Vs o7 SVITSTSVSSo5SVIVIITSTOV
GATATTAGCGCTCAATTACCCTCHENCTTTGTTCAGEGTETTCAGT acrccrerarcarcatladccateratoacecracroohbideeTanarrcaca 42
it
VIIVIVVI39I9¥5 1] [VWIToHV [9¥IToVVVIVva L] [3IVIWFB{pVVE U TISVSSVSY [IVOTVHL *[[11399 13V IV3] [335VV15 | VOIII539VIIIvVo 1oL
corrmancrbdereeaiedereaccaafdonnraratcoefTalrecerasecaatadnrerte 54
} H 7
vy ([ [T vy [ v
cocrrrre | besoarfltrcacccktdfranacaccrr | bhraccehbacric |Feccealianren 5
i > a; o
EEERLLISERb (b B TS STV IV O VWSS Tv1
acacaTan cccacanlbanTraledrance, ccantan mataanataccanthodcccccdctaceatreacacaabelr soocacorcacachafrecc  crreatalfrcacakacanata aatccrclhrranadedacant, seanrccocact P
; } 7 t £
)“u TVITSSSToIT J[ ST »l]u TS TIVITVIT ST T TS TIVSTITV IS T m & m)mm TSSOV :[ :u)mun SITSVVSTVT vJou 'Umu TSV nl.jn T ulmmam
ITTCCTT4 eTARCTTTGTTCYEkTATCTGITACTTTTCTTARA) r1decrancara rodréereerrcroctoedsfcrcy IeeTeecTCr L TCTeaceer Croacdaceceerrcceet 1 44
f it T T s it " s ¥ )
[T79T9T STV 5SSl 355717 svvT TN RIS $357v SYID - Dsss) 377 $mavih iy snsss v SOVITH $V33933 SVIVIII [3313395 IVWIIID VIIVIIIVOVY
facoasnce cantans, bacooaiaccean maaancrlbecardiimmarc, recriar acocadractrradciriae Jeorcnaacieracc| deerrrrltarceadarrrrce greatadlccccorifnace rrreccalbarireanaataa, asatcaccoon “©
)”nu J'nAvuu\:')nunf%uunmv))7vuuvnA)vavnnvvn)nrv" [ v :"Jnnv nnnmn)nyu 7y 1m- An)aU:ﬂan)7)vvv)77u vvvvnnuvruxvann)u
ST66TGTCHTGCOTITCITTTATATGITGCChCCTTTATGTATGTATIITCTACGYTTGCTAAC TGANIETGTCGCTACTaATTACG6TCHdCTATCOATGGTTTCATTGGTOALSTTTCCqRCCTTGCTMATGGTANTGGTGCTACTGGTGATITTGCT 46
t u; t f 1
TIVIIVIVS VVVIO3| [TWOVVVY IVIVIVY 955159 YVIVIVL VOVIVVY VoVI97] VWIBVI1 *5IVV>1{v9v375] [PVI0VI1 VVID)3Y [39W30V] [V95173> YWVOIvY SIVIIB3[¥¥¥393) 597¥30Y TIV35VI[ IVIVIOVIOVIIY SIVVVIINSY!
AATAAGTTTATTTTG |FCACAATCAATAGAARATICA | TATGGTTTACCAGCGCCARAG |ACAAA, aca |Froamccfary TAA | FATTGACGGARATTATTCATT , MAAGGTGAATTATCACCGTCA , ECGACTTOAGCCATTTGGGAATTAGA P
t

TIVIDVVVIVVYD VS IS IIVS IV IIIIVVS IV VS IVVV IS 130300 I T T I LI TSI T IS IV T IS IV VS I3 T3S T VITIVIVY S T30S LI TVV VYO IVVIT TS VI TIVVIVS IO 00 VoI5 IO VW I35 IVVVI S IIVV oL

[ 7 14 21 28 35 42 49 56 63 70 7 84 o1 98 105 112 119 126 133 140 147 154 161 168 175 182 189

Supporting Figure S7. Stand diagram of brick monomer A; generated with caDNAno
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Supporting Figure S8. Strand diagram of brick monomer A, generated with caDNAno v0.2.
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