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Rapidly finding a specific nucleic-acid sequences in a large pool of competing off-targets is a fundamental 
challenge overcome by all living systems. To optimize the search and beat the diffusion limit, it is known 
that searchers should spend time sliding along the nucleic-acid substrate. Still, such sliding generally has 
to contend with high levels of molecular crowding on the substrate, and it remains unclear what effect this 
has on optimal search strategies. Using mechanistic modelling informed by single-molecule data,  we show 
how sliding combined with correlated short-ranged skips allow searchers to maintain search speed on 
densely crowded substrates. We determine the conditions of optimal search, which show that an optimized 
searchers always spend more than half its time skipping and sliding along the substrate.  Applying our 
theory to single-molecule data, we determine that both human and bacterial Argonaute proteins alternate 
between sliding 10 nt and skipping 30 nt along the substrate. We show that this combination of skipping 
and sliding lengths allows the searcher to maintain search speeds largely unaffected by molecular 
roadblocks covering up to 70% of the substrate. Our novel combination of experimental and theoretical 
approach could also help elucidate how other systems ensure rapid search in crowded environments.  

The flows of information in the central dogma of molecular biology rely on proteins efficiently finding specific 
DNA and RNA sequences. The sheer size of intracellular and nuclear volumes restrict the rate of finding a target 
through diffusive collisions alone1–4. Still, measured rates exceed this theoretical upper bound by up to two orders 
of magnitude5. A substantial body of both theoretical1,6–16 and experimental17–31 research has established that 
proteins can utilize a combination of 3D diffusion through solution and 1D lateral diffusion along the substrates 
to facilitate the search process and reach the measured search speeds.  

Most theoretical and in vitro biophysical studies have focused on search along bare and double-stranded DNA, 
which is simple in structure and presents almost no physical obstructions to sliding.  However, in vivo DNA and 
RNA are highly decorated with DNA and RNA binding proteins and secondary structures11,15,32–35. While 
searching along the substrate, the protein stays in close proximity at all times, and benefits of 1D motion will be 
limited without a specific mechanism for bypassing roadblocks. The motion is typically split up into 1-nucleotide 
(nt) sliding steps, where each base is interrogated by the searcher, and various forms of base skipping, where bases 
are not interrogated by the searcher. The skipping behavior falls into three broad classes: hops/micro-
dissociations1 (Supplementary Figure 1a), where bases are skipped due to either partial dissociation, where the 
searcher remains within the electrostatic-interaction range but is disengaged from the hydrogen bonds furnishing 
the sequence dependence (Supplementary Figure 1a i), or the protein has two binding pockets, allowing it to 
perform the walk shown in Supplementary Figure 1a ii; intersegmental transfers6,8–10,36 (Supplementary Figure 
1c), where the substrate flexibility enables two distal sites on the substrate to come into close proximity in space, 
allowing a searcher to directly transfer from one substrate segment to another; distinct protein conformations 
(Supplementary Figure 1d), where the protein is be able to adopt one conformation allowing for stronger 
sequence recognition, and another for faster 1D diffusion7.  

Independent of the mechanism through which base skipping occurs, their frequency and length will influence the 
average time needed for the protein to locate the target sequence. To construct a general experimental assay for 
characterizing the distribution of skipping distances, we here introduce a stochastic skip-n-slide (sNs) model that 
accounts for sliding steps, skips of any form, and 3D diffusion. We provide the general conditions for optimal 
search, and show that there are two locally optimal search strategies: one utilizing sliding but not skipping, and 
one with full sNs-search. A sNs-search strategy allows the searcher to mitigate the effects of roadblocks, and we 
establish analytical conditions for when search speeds remain high in the face of molecular crowding along the 
DNA.  

In a recent experimental study32, we showed that Argonaute (Ago)—a searcher along single-stranded (ss) nucleic-
acid substrates in eukaryotic post-transcriptional regulation37–39 and prokaryotic host defense40,41 — can bypass 
protein and secondary-structures without dissociating. These findings hint at how Argonaute can perform efficient 
facilitated diffusion on molecularly/structurally crowded substrates. By applying our theory to single-molecule 
Förster resonance energy transfer (smFRET) experiments, we show that both human Argonaute 2 (hAgo2) and 
Clostridium Butyricum Ago (CbAgo) use sNs-search. On an unstructured substrate, the searchers slides a distance 
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of around 10 nt before being interrupted by short-range intersegmental transfers where about 30 nt are skipped. 
We end by showing that Ago’s search is consistent with sNs optimal search, and can progress essentially 
unhindered by roadblocks for up to 70% coverage of the substrate.  

Results 
Detecting skip-N-slide target search  

Previous experimental approaches to characterizing diffusive motion rely on tracking the molecule’s movement 
across hundreds of nucleotides in order to span the diffraction limit17,18,21,22,25,27,28,30,31. As lateral excursions might 
not reach such lengths42, we seek a method that is capable of detecting shorter excursions. Following earlier 
experimental work19,29,32,43,44 we consider experimental designs with a substrate containing two specific binding 
sites (traps), separated by non-specific sites. With the searcher trapped long enough to be detected, this design 
allows us to accurately determine the shuttling time between traps. We begin by showing that the shuttling time 
from one trap to the other depends on the number of non-specific sites in between them. We base our argument 
on the assumption that 1D diffusion can be seen as consisting of repeated sNs cycles. Each cycle is composed of 
approximately 𝑙!"#$%&  diffusive single-nucleotide steps, that typically scan a segment of length 𝑙!"#$%, followed by a 
multi-nucleotide skip (Fig. 1a) of average distance 𝜇!'#( in either direction, spread over a distance 𝜎!'#( (Fig. 1b). 
After a hop/micro dissociation1 event for a searcher with only one binding pocket, the searcher is most likely to 
rebind where it unbound from, and such events are described by  𝜎!'#( > 𝜇!'#( = 0. Both hopping with multiple 
binding modes and intersegmental transfers6,10 are likely to rebind some appreciable distance away from previous 
binding site, and such events are described by 𝜇!'#( > 𝜎!'#( > 0. In Figs. 1b and d we illustrate how this last 
situation leads to a central gap in the distribution of nucleotides covered in one round of sliding and skipping.  

 

Linear increase in shuttling time at small trap separations  

For rapid sliding without skipping, we recently showed32 that the total shuttling time between two traps is given 
by 

 𝑇!)*++"% = 𝑑+,-(τ+,-(. (1) 

Here τ+,-( is the average escape time from the trapping sequence, and 𝑑+,-( is the distance between traps. Even 
when skipping is allowed, we can bring traps close enough that there is no time to skip before shuttling to the 
other trap (𝑑+,-( < 𝑙!"#$% , see Fig. 1c). We can therefore determine τ+,-(  by fitting Equation 1 to measured 
shuttling times at small trap separations. 

Linear increase in shuttling time at large trap separations 

If traps are so far apart that there are many sNs cycles in a single shuttling event, then large-scale dynamics will 
resemble that of a simple random walk with a mean-squared step length (Figs. 1a, d) 

 𝑙!.!& = 𝑙!"#$%& + 𝑙!'#(&  (2) 

per sNs cycle. Here we have introduced the mean-square skipping distance 	𝑙!'#(& = 𝜇!'#(& + 𝜎!'#(& . In the 
Supplementary Information we use a description conditioned on skipping events (Fig. 1d) to construct (and 
numerically validate, Supplementary Figure 2) a scaling argument that shows that we should expect the shuttle 
time to grow linearly (Fig. 1c) as 

 𝑇!)*++"% = const. +	𝜌!.!& 𝜏+,-(𝑑+,-(,								with		𝜌!.! = 𝑙!"#$% 𝑙!.!⁄ ,	 (3) 
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Fig. 1| A tandem trap assay to characterize sNs-search. a, (top) Schematic of a shuttling event. Starting from the leftmost trap (traps 
indicated in blue), the protein uses a combination of single-nucleotide steps (sliding, turquoise) and larger steps (skipping, orange) to reach 
the opposite trap, after possibly getting recaptured at the initial trap several times. (bottom) After multiple skips, interspersed by 𝑙!"#$%&  sliding 
steps, a coarse-grained description of the shuttling process is used to describe long distance shuttles. Within this coarse-grained description, 
the protein skips between neighboring sites that are all the size of a typical sNs cycle (𝑙!'!) (pink boxes), and all have the same fixed scanning 
density (𝜌!'!) (given by the fraction of turquoise to white in the pink boxes). b, Single-step distribution of the sNs model. The protein either 
slides to a neighboring site (turquoise bars) or skips to sites located a distance 𝜇!(#) ± 𝜎!(#) away (orange peaks). c, Representative numerical 
solutions (Supplementary Information) for shuttling time versus trapping distance. In both cases shown, the mean-square distances 𝑙!"#$%& =
(12	nt)& and 𝑙!(#)& = 𝜇!(#)& + 𝜎!(#)& = (50	nt)&	 are the same. The composition of the skipping distance differs in the two cases though, with 
the orange curve corresponding to precise skips (𝑙!(#)	 = 𝜇!(#) and 𝜎!(#) = 0) and the turquoise curve corresponding to skips with maximal 
spread (𝑙!(#)	 = 𝜎!(#) and 𝜇!(#) = 0). Consequently, the orange and turquoise curves correspond to a gapped and non-gapped sNs distribution 
respectively (see middle panel of d). d, Distribution of searcher position conditioned on skips. (top panel) The protein covers a mean-square 
distance 𝑙!"#$%&  between skips. (middle panel) The first skip takes the protein 𝜇!(#) away in either direction, with a variance 𝜎!(#)&  at either 
landing site (the sNs distribution). (bottom panel) 𝑁!(#) repeated sNs cycles result in a distribution with variance 𝑙+,$& = 𝑁!(#)𝑙!'!&  equal to the 
typical distance traversed before unbinding into solution. 

for large trap separations. Here we have introduced the scanning density 𝜌!.! as the fraction of unique bases 
interrogated by the searcher over a single sNs cycle (dashed box in Fig. 1a). By fitting both the initial and the 
final slope of measured shuttling time vs. trap separation, we can now determine the scanning density of the 
searcher as well as the trapping time.  

Shuttling times can display a minimum at intermediate trap separations  

In between the two aforementioned linear regimes, the shuttling time can vary non-monotonically and produce a 
local minimum. To see this, consider the distribution of distances traveled in a single sNs cycle (Fig. 1d, middle 
panel), which we shall refer to as the sNs distribution. There is a central gap in the sNs distribution when the 
average mean-squared skipping distance 𝜇!'#(&  is substantially greater than the total mean-squared spread 𝑙!"#$%& +
𝜎!'#(&  around the landing positions (this situation is illustrated in the middle panel of Fig. 1d). For trap separations 
that lie well within the gap, skipping is not beneficial, and the searcher must slide across. The local minimum in 
shuttling times appears when the second trap sits precisely one skipping distance away from the first trap (𝑑+,-( =
𝜇!'#(), as this allows the searcher to skip straight into the second trap with little additional sliding needed. For 
there to be a substantial gap in the sNs distribution, we need 𝜎!'#(& + 𝑙!"#$%& ≪	𝜇!'#(& 	, implying that 𝑙!.! ≈ 𝜇!'#( ≈
𝑙!'#( (see Equation 2 and accompanying text). That is, if a clear dip is observed in the shuttling time vs. trap 
separation, its position reports the average skipping distance (𝑑$#( = 𝜇!'#(, Fig. 1c). Only intersegmental transfers  

(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 June 5, 2020. ; https://doi.org/10.1101/2020.06.04.133629doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.04.133629


 

 

Fig 2| smFRET realization of tandem target assay using Argonaute.  a, Schematic of our experimental assay. Single-stranded DNA/RNA 
constructs containing the two trapping sequences (shown in red) are labelled with the acceptor die and attached to the microscope slide via a 
3’ biotin-streptavadin linker. The Ago-guide complex is labelled with the donor die. b, Representative trace for hAgo2 at a trap separation of 
50nt. The top panel shows donor (green) and acceptor (red) signals, and the bottom panel shows the corresponding FRET efficiency, and the 
side panel shows histogram of all FRET efficiency values obtained for the population of molecules.  c, Shuttling time vs. trap separation for 
CbAgo. Solid lines represent linear fits to data points (average ± sem) at 11 nt, 15 nt, 18 nt, 22 nt (initial slope) and 64 nt, 92 nt, 120 nt (final 
slope) d, Shuttling time vs. trap separation for hAgo2. Data points at 7 nt, 11nt, 15 nt (initial slope) and 80 nt, 120 nt, 160 nt (final slope) are 
used for linear fits. Shaded regions in c  and d represent 95% confidence interval obtained using bootstrapping (Supplementary Information). 

and a two-binding pocket mechanism allow for a gapped distribution, and a local minimum in shuttling time vs. 
trap separation curve. For systems with only one substrate binding site, the former mechanism is ruled out, and 
any observed local minimum will be evidence of intersegmental transfers. 

Lateral diffusion of Argonaute  

To demonstrate the power of the above theoretical analysis, we focus our proof-of-principle on hAgo2 and CbAgo, 
which respectively use a 22-nt guiding RNA to bind ssRNA37–39 and a 23 nt guiding DNA to bind ssDNA45. Ago 
potentially displays several variants of skipping (Supplementary Figure 1), but which one is dominant is not 
known. Electrostatic interactions between guide/protein and target allow for micro-dissociations. The search along 
flexible single-stranded substrates heightens the possibility of short-ranged skips via intersegmental transfer. 
hAgo2 is also known to undergo a conformational change during target site recognition46, which possibly takes 
Ago between search and recognition conformations47.  

To probe lateral diffusion on length scales as short as a few nucleotides, the relevant scale of local target search 
by (guided) target searchers32,42,43, we here used smFRET (Fig. 2a). To trap diffusive excursions for long enough 
to detect it (>100 ms), and have it complete before photobleaching (<700s), we designed single-stranded thymine 
(CbAgo32) and uracil (hAgo2, Supplementary Figure 3) repeats that contain two 3-nt traps and two 4-nt traps 
respectively (Fig. 2a). To observe protein binding, one trap is labeled with an acceptor fluorophore (Cy5), while 
the guide (irreversibly anchored to the Ago protein) is labeled with the donor fluorophore (Cy3). High FRET 
efficiency is thus observed when the protein binds to the labelled trap, whereas lower FRET efficiency is obtained 
when Ago binds to the unlabeled trap (Fig. 2b, Supplementary Figure 3). This construct allows us to observe 
both binding to the substrate, as well as which trap Ago is bound to. To reduce the background fluorescence, 
traces were recorded using total internal reflection (TIRF) microscopy. Using TIRF allows us to focus only on 1D 
diffusion during a single binding event, as freely diffusing proteins move too fast across the evanescent field to 
be detected.  

As shown in Fig. 2b, the FRET efficiency shifts almost instantaneously between the levels corresponding to the 
two trap locations. Though smFRET has a high spatial resolution, the total time spent diffusing between traps has 
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fallen below our time resolution (30-100 ms). Still, we capture the time it takes to shuttle between traps at 
nucleotide resolution. This enables us to compare the experimental curves of Figs. 2c and c to the theoretical 
curves in Fig. 1c. As we have no evidence of Ago having the two substrate binding pockets, we take the 
appearance of a minimum in measured shuttling times vs. trap separation as evidence that Ago skips through 
intersegmental transfers. 

Argonaute skips three times as far as it slides  

To estimate the trapping time 𝜏+,-( we fit Equation 1 to the initial linear part in Figs. 2c and d, resulting in 
𝜏+,-(
/0123 = 62	(59,64)	ms and 𝜏+,-(

)123& = 67	(65,70)  ms (numbers within brackets indicate 95% confidence 
interval, Supplementary Information). Next, we determine the scanning density of an sNs cycle by fitting 
Equation 3 to the final linear part of Figs. 2c and d. The resulting scanning densities 𝜌!.!

/0123 = 0.38	(0.35,0.41) 
and 𝜌!.!

)123& = 0.32	(0.30, 0.38) indicate that both Ago skip about three times the distance it slides. From our 
previous argument we know that the dip visible in the shuttling time in Figs. 2c and d essentially reports on  the 
length of the skips,  implying 𝑙!'#( ≈ 30 nt. Using the measured scanning densities we also have 𝑙!"#$% ≈ 10 nt 
(Equation 3). 

Optimal sNs-search strategies 

Skipping clearly helps the searcher to swiftly reach distant sequences, but could also lead to the target being 
missed if too few sliding steps are used in between skips. If too many sliding steps are used in between skips, the 
protein will repeatedly scan sequences, rendering the search inefficient. Here we establish the conditions under 
which sNs search reduces the time needed for protein to find a target within a genome or mRNA pool. To this 
end, we calculate the average time to find a target site through sNs search, interrupted by complete dissociation 
into solution and rebinding. We start by considering bare substrates, and later include the effects of roadblocks. 

Our model (Supplementary Information) covers the scenario presented in Fig. 3a, where even though the target 
site is located between the binding and unbinding sites of a searcher during a 1D search round, it can still be 
skipped over and missed. We optimized the time needed to find a target amongst 𝐿 sites, 

 
𝑇!%-,4) = (𝑁!"#$%𝜏!"#$%IJJKJJL

5!"#$%

+𝑁!'#(𝜏!'#(IJJKJJL
5!&#'

MNNNNNNONNNNNNP
6()

+ 𝜏78)
𝐿

𝑙,9$𝜌,9$
 

(4) 

with respect to the typical number of skips (𝑁!'#() and sliding steps (𝑁!"#$%) performed in a single sNs cycle. In 
Equation 4, 𝑇!"#$% and 𝑇!'#( denote  the total time spent on sliding and skipping during every round of facilitated 
diffusion. These total times (𝑇’s) are the product of the number of times the searcher slides or skips (𝑁’s) and the 
time required to perform an individual step and interrogate the landing site ( 𝜏′𝑠 ) (see Supplementary 
Information for details). To expand upon existing models6,7,16, we let the effective scanning density 𝜌,9$ denote 
the fraction of sites interrogated during one 1D lateral diffusion event (see dashed box in Fig. 3a and 
Supplementary Figure 4). The effective scanning density should be contrasted with the scanning density (𝜌!.!), 
which gives the chance of an intervening base being checked in a single sNs cycle.  
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Fig. 3|Optimal search times. a, Schematic single search round. In search of the 
target site, the protein binds, and cycles through an average of 𝑁!(#) sNs cycles 
before it unbinds into solution. Only sites slid past (at least once) are interrogated 
(turquoise), resulting in a scanning density 𝜌+,$  between the binding and 
unbinding sites. b, Search time versus 𝑁!"#$%  and 𝑁!(#)  for 𝑙!(#) = 30  nt and 
𝜏-. = 10𝜏!(#) = 100𝜏!"#$% . Region above the solid line represents sparse 
scanning (𝜌!'! < 0.5) while the region below the line represents dense scanning 
(𝜌!'! > 0.5). The sliding only optimum (on the boundary of zero skips) and the 
sNs optimum are indicated with crosses. c, Diagram showing when the sNs 
minimum is the global minimum (𝑇!%/+01!'! < 𝑇!%/+01

!"#$#,2) in green, as a function of 
the effective parameters that control the system (see Supplementary 
Information for details). 

In the Supplementary Information we show that the search 
time has two local minima (Fig. 3b): one sliding-only minimum 
and one sNs minimum. We further show that in the high 
scanning-density region, where 𝑙!'#( ≪ 𝑙!"#$%, a minimum search 
time occurs on the boundary 𝑁!'#(

!"#$#92 = 0 . At this local 
minimum, the protein spends half its time diffusing through 
solution and the other half sliding ( 𝜏:8 = 𝜏78 , see 
Supplementary Information for derivation), in agreement with 
the known minimal search time when a priori assuming that 
there are no skips6,7.  

In the low-scanning density region, where 𝑙!'#( ≫ 𝑙!"#$% , the 
protein is at its fastest if it spends half its time skipping (𝑇!'#() 
and the other half on a combination of sliding (𝑇!"#$% ) and 
diffusing through solution ( 𝜏78 ) (see Supplementary 
Information for the general condition of optimality)  

 																																																													𝑇!'#( = 𝑇!"#$% +	𝜏78. (5) 

Consequentially, at optimum, the time spent diffusing laterally (𝜏:8 = 𝑇!'#( +	𝑇!"#$%) exceeds the time spent 
diffusing through solution (𝜏:8 >	𝜏78). This result is general, and remains true also outside the strictly low 
scanning-density regime (Supplementary Information).  

As there are local minima in both the sparsely and densely scanned regions  (Fig. 3b), the global optimal search 
strategy is defined by which of these two minima have the smallest search time. In Fig. 3c we identify the 
parameter values that make the sNs minimum the global minimum, and show the thin slice of (possibly only 
locally) optimal sNs systems compatible with the Ago in yellow (signifying scanning densities between 0.3 and 
0.4). Next, we consider the implications of the three major types of skips shown in Supplementary Figure 1 on 
our general model’s outcomes, and then turn to the effect of roadblocks. 

Skipping in the form of hopping/micro-dissociation 

First, we consider skips resulting from hopping or micro-dissociations. The contribution of this search mode to 
the overall search time can be probed by altering the salt concentration12,17,21,28,48. At increasing salt concentrations, 
more counter ions need to be displaced when completing a skip, and more time is needed (Supplementary 
Figures 1a,b). It is therefore expected that the effective skipping length (𝑙!'#() increases with increasing salt 
concentration. Raising 𝑙!'#( will lower the scanning density 𝜌!.!, which could be observed as an outward shift of 
the local minimum in the shuttling time vs. trap separation curve, accompanied by a decrease in its terminal slope 
(Supplementary Figure 5).  

Skipping in the form of intersegmental transfers 

Next, If skips are the result of intersegmental transfers, their contribution can be probed by applying pulling forces 
to the substrate36. Tension will suppress large-scale looping back of the substrate (Supplementary Figures 1a 
and c), and distant sites will grow less likely to be close enough to allow a skip. Therefore we expect  𝑙!'#( to 
decrease with tension, as would be evidenced by an increase in the terminal slope of the shuttling time vs. trap 
curve  (Supplementary Figure S5). Note that for single-binding pocket searchers, observing a minimum in the 
shuttling time vs. trap separation curve directly implies that intersegmental transfers are utilized (see above).  
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Skipping to overcome the search-speed/stability paradox 

Lastly, it was previously pointed out that strong sequence recognition suppresses lateral diffusion, leading to an 
apparent search-speed/stability paradox at physiological conditions7. It was also suggested that this paradox could 
be circumvented if the protein is able to switch between two conformations: one with strong sequence 
specificity/recognition and low diffusion constant 𝐷,%4, and one with little sequence specificity and high diffusion 
constant 𝐷!,4) (Supplementary Figure 1d). In the context of sNs-search, the non-specific fast mode can be seen 
as a diffusive skip (𝑙!'#(& = 𝜎!'#(& = 𝐷!,4)𝜏!'#(), while the specific slow mode corresponds to sliding. Interestingly, 
in the low scanning density regime, the optimal search speed is dictated by the (large) diffusion constant of the 
search mode, and not the (small) diffusion constant in the recognition mode (Supplementary Information).  

How is recognition still ensured when diffusion rates are set by the sequence insensitive search mode? In 
Supplementary Figure 4 we show the effective scanning density 𝜌,9$ as dependent on the scanning density 𝜌!.!.  
From  this figure it is evident that the effective scanning density can be close to one, even when the scanning 
density in a single sNs cycle is small. Therefore, the frequent use of skips offers a direct solution to the search-
stability paradox introduced by Slutsky and Mirny7, as our calculation identifies the low scanning-density regime 
as a regime where the diffusive speed is set by the fast mode, while essentially all bases traversed during a 1D 
excursion are still checked.   

Search on molecularly crowded substrates  

We close by asking to what extent search times change when the DNA and RNA is covered with roadblocks, such 
as other proteins or secondary structures11,14,15,33–35. If the target searcher is unable to displace roadblocks, the 
obstacles can be surpassed only through unbinding followed by rebinding (case I in Fig. 4), or through a skip 
(case II in Fig. 4). In case I, where unbinding is used to bypass roadblocks, the only requirement for efficient 
search is that the distance between roadblocks (𝑙0-,%) should exceed the typical distance covered during 1D lateral 
diffusion (𝑙,9$ < 𝑙0-,%). In case II, where skipping is used to bypass roadblocks, the same argument says that 
efficient search is possible only when sliding is not hindered by roadblocks (𝑙!"#$% < 𝑙0-,%). To successfully skip, 
we here also need the roadblock footprint (𝑙;33+) to be smaller than length of the region not typically probed by 
sliding (𝑙;33+ < 𝑙!.! − 𝑙!"#$%). Taken together, the roadblock coverage (𝜌<=) where sNs-search remains efficient 
is limited by 

 𝜌<= =
𝑙;33+

𝑙;33+ + 𝑙0-,%
<
𝑙!.! − 𝑙!"#$%

𝑙!.!
. (6) 

For our measurements on Ago, the maximal coverage is roughly 70%. Typical mRNA 3'-UTR substrates are 
estimated to be 40-80% covered with proteins35, indicating that sNs-search could proceed largely unhindered.  

 

 

Fig. 4| Effect of roadblocks on conditions for fast search.  (left) The method for bypassing roadblocks indicated for varying  𝑁!"#$% and 
𝑁!(#). We have used 𝑙!(#) = 30 nt and 𝜏-. = 10𝜏!(#) = 100𝜏!"#$%, and assume roadblocks are typically 𝑙3/+% = 10 nt apart. Grey region 
indicates that roadblocks are so densely packed that they will force the protein to slide over sites already visited. In the top pink region (𝑙!"#$% <
𝑙3/+%)  the protein can use skips to move past roadblocks, and in the lower pink region in (𝑙+,$ < 𝑙3/+%) proteins typically unbinds before 
encountering any roadblock. The location of local minima in search time (yellow markers) are the same as in Fig. 3b. (right) Illustration of 
the mechanism behind bypassing roadblocks in case I and case II. 
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Discussion  

We have presented both a general analytical theory and a single-molecule assay that quantitatively capture the 
distribution of skips taken during 1D lateral search at nucleotide resolution. By measuring the time it takes a 
searcher to transition between both close-by and far-apart traps on the substrate, we can always determine the 
ratio between sliding and skipping lengths (Fig. 1). Furthermore, if the transition time vs. trap separation has a 
local minimum, then the skips have a definite length that is given by the trap separation at this minimum. Applying 
the assay and theory to hAgo2 and CbAgo (Fig. 2), we found that both alternate between skipping about 30 nt 
and sliding 10 nt. As we find that short skips are suppressed, we argued that skips are likely realized by 
intersegmental transfer.  

We further quantified the potential benefit of adopting an sNs-search strategy in vivo by first giving the general 
conditions under which the search time is minimized on bare substrates (Fig. 3). These conditions show that 
optimal sNs searchers always spend more time skipping and sliding along the substrate, than diffusing in 3D. 
Interestingly, for Ago there is only a narrow region of parameter space (intersection of the yellow slice and green 
region in Fig. 3c) where the speed of optimal sNs-search compares to that of optimal search without skips. Despite 
the small gain available on bare substrates, our measurements show that sNs-search does occur. We next 
established that optimal sNs-search can be sustained on crowded substrates up to a maximal coverage of 
roadblocks (Equation 6). Though there is no appreciable speedup for Ago using sNs-optimized search on bare 
substrates, it allows the protein to efficiently search along substrates with up to about 70% coverage (broadly 
consistent with the 40-80% coverage on typical 3’-UTR mRNA35).  

Proteins searching along more rigid double-stranded DNA can similarly be investigated for skips. It would be 
particularly interesting to consider the E.coli  lac repressor, as it has been shown to spend more than 50% of the 
time diffusing along the substrate49,50, which is consistent with an optimal sNs-search strategy. In vivo, skips may 
be especially important for search on chromatin, which adopts a variety of conformations, densities, and 3D 
motifs51. As cellular DNA and RNA are generally densely covered by roadblocks and adopt various 3D 
conformations, we expect many other target searchers to adopt sNs-search to rapidly find their target sites. 

Methods 
Protein purification  

CbAgo was purified according to Hegge et al, 201945. hAgo2 was purified according to Chandradoss et al, 201543.  

 

Nucleic acid preparation  

RNA constructs with a single amine-C6-uridine modification were ordered from STPharm. After labelling with 
Cy5 according to52 the constructs were precipitated. The RNA constructs were subsequently annealed to a DNA 
splint (specific for RNA and U40 mer), a second DNA splint (for ligating U40 mers) and a U40 mer (in the ratio 
1:2:3:3). After ligation with T4 RNA ligase II (NEB), the ligated constructs were run on a 10% PAGE. Different 
ligated populations are created through this process (for example, TGT- U40 or TGT-U40-U40 etc.) and these are 
then excised from the gel and concentrated through ethanol precipitation. The concentrated and ligated RNA 
constructs were again annealed to a DNA construct and an RNA target with biotin on the 3’ end. Ligation was 
again performed with T4 RNA ligase II. 

DNA oligos with a single amine-C6-thymine modification were ordered from ELLA Biotech GmbH and labeled 
in the same way as the RNA. 

 

Sample preparation  

Quartz slides were prepared according to Chandradoss et al.53 . Briefly, quartz slides were cleaned with detergent, 
sonicated and treated with acetone and subsequently KOH. Coverslips were directly sonicated with KOH. Piranha 
cleaning was done followed by treatment with methanol and incubation of (3-Aminopropyl)triethoxysilane 
(APTES) for both coverslips and quartz slides. PEGylation took place overnight and slides and coverslips were 
stored at -20oC. Before single-molecule experiments, an extra round of PEGylation took place with MSPEG-4. 
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The quartz slide was then assembled with scotch tape and epoxy glue and the chamber is flushed in T50 and 1% 
Tween-20 for >10min to further improve the surface quality of the single-molecule chambers54. Channels were 
thoroughly washed with T50 before adding in streptavidin (0.1 mg/mL) for 1 min. Subsequently, DNA or RNA 
was immobilized on the surface through biotin-streptavidin conjugation. 10 nM CbAgo or hAgo2 was incubated 
with 1 nM guide in (100 mM NaCl for CbAgo, 50 mM NaCl for hAgo2), 50 mM Tris, 1 mM Trolox, 0.8% glucose 
for ~30 min. Lastly, glucose oxidase (0.1 mg/mL final conc.) and catalase (17 μg/mL final conc.) were added and 
introduced in the chamber. 

 

Experimental setup  

Single-molecule experiments were performed on a custom built inverted microscope (IX73, Olympus) using 
prism-TIRF and a 60X water immersion objective (UPLSAPO60XW, Olympus). The Cy3 dye was excited using 
a 532 nm diode laser Compass 215M/50mW, Coherent) and the Cy5 dye was excited using a 637 nm diode laser 
(OBIS 637 nm LX 140 mW). The scattered light was blocked by a 532 nm notch filter (NF03-532E-25, Semrock) 
and a 633 nm notch filter (NF03-633E-25, Semrock) after which the remaining signal from the fluophores was 
separated into two separate channels. Lastly, the light is projected on a EM-CCD camera (iXon Ultra, DU-897U-
CS0-\# BV, Andor Technology). 

Before each experiment, a reference movie was taken with the red laser to excite the Cy5 dyes on the nucleic acid 
molecules of interest. After that, a movie is taken with the green laser. The single-molecule experiments were 
taken at room temperature (20 ± 0.1 oC). 

Analysis of raw data   

The raw data was analyzed using custom written code in IDL, where the reference movie is used to take into 
account only the regions of interest (i.e. the regions that contain a Cy5). The resulting time traces where further 
analyzed in MATLAB (Mathworks) where the shuttling rates were extracted through the use of Hidden Markov 
software called ebFRET (http://ebfret.github.io/) and custom written code in MATLAB. 
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