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1. Inapplicability of ELFSE to short probe-miRNA hybrids 

The theory of ELFSE was developed for significantly long oligonucleotides that presumably 
behave as a semiflexible random coil.1-6 The latter is true if the polymer contour length L = Nb is 
much greater than the Kuhn length bK of the polymer. Here, N is the number of monomers and b 
is the monomer length. The bK value is often related to persistence length p (p = bK/2 for 
semiflexible polymers described by the worm-like chain model), which is a measure of the 
polymer’s stiffness.7,8 We approximately have b = 0.34 nm and bK = 100 nm for double stranded 
DNA (dsDNA).5 The single stranded DNA (ssDNA) is much more flexible and is described by 
values b = 0.43 nm and bK = 6 nm.5 In particular, calculations of the mobility of ssDNA with an 
attached drag tag5 is based on the theory of polyampholyte electrophoresis that itself was 
developed for long polymer chains adopting a Gaussian conformation.9 Since miRNAs contain a 
small number of nucleotides (~ 18-26) we have to understand if the ELFSE theory can be applied 
to migration of DNA-miRNA duplexes with attached drag tags. Structural studies of DNA-RNA 
hybrids show that they form hybrid helixes.10 Their conformation is intermediate between A- and 
B-forms of dsDNA but more resembles the A-form.11-14 The persistence length of dsDNA can be 
estimated as 45-50 nm15, which is in agreement with the Kuhn length ~ 100 nm.5 Double 
stranded RNA (dsRNA) is stiffer than dsDNA and the persistence length of dsRNA helix is 
larger (65-80 nm) than that of dsDNA.14,16 One could expect that a DNA-RNA hybrid has 
intermediate stiffness and its persistence length lies in a range of 50-75 nm. There are only a few 
experimental studies on the persistence length of DNA-RNA hybrids. They indicate that 
persistence lengths can be as low as 20 nm in some cases.17,18 However, even such surprisingly 
low values are still higher than the contour length Lhyb < 9 nm of short hybrids containing 18-26 
nucleotides that we deal with in this work. As a result, the assumption made in ELFSE that long 
oligonucleotides behave as semiflexible random coils, is not applicable to short DNA-RNA 
complexes. Rather, these short hybrids seem to behave like ridged rods. 

2. Flexibility of short peptide drag tags 

The Kuhn length of short peptides, bK,tag, is of the order of 1 nm magnitude and the 
persistence length is just ~ 0.5 nm.19-22 On the other hand, contour lengths of peptides used for 
example in Table 1 (see main text) are 1.8, 3.6, 5.4, and 7.2 nm for drag tags containing 5, 10, 
15, and 20 residues, respectively. These values are several times higher than the persistence 
length of peptides. Thus, the latter should take a more compact conformation that can be properly 
described by the gyration radius RG,tag. In the case of long polymers with the number of 
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monomers Ntag > N*tag calculations of RG,tag require taking into account the excluded volume. The 
critical value N*tag is determined by relation1,5 
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where dtag is the diameter of the peptide, btag = 0.36 nm is the crystallographic length per residue. 
This value is slightly smaller than the dynamic value of btag = 0.4 nm that accounts for the 
internal degrees of freedom of the peptide.23 For peptides formed by glycine, alanine, and 
threonine we have dtag < 0.24 nm and, therefore, Ntag* > 48 that is larger than the number of 
residues in the drag tags used in this study. Thus we can neglect the effect of excluded volume on 
interactions in peptides. In this case, the gyration radius is determined by the Kratky-Porod 
equation7,8 
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where Ltag = Ntag btag is the contour length of the peptide. For example, the gyration radii of drag 
tags containing 5, 10, 15, and 20 residues are 0.39, 0.64, 0.83, and 0.99 nm, respectively. These 
values are significantly smaller than the length of the ssDNA-miRNA hybrids and we can assume 
that the drag tag forms a worm-like chain located at the end of the ssDNA-miRNA hybrid. 

The hydrodynamic radius of the drag tag, RH,tag, can be related to the gyration radius of 
polymers by equation (10) (hereafter equation numbers without S refer to the main text). On the 
other hand, studies of unfolded proteins result in the following dependence for the hydrodynamic 
radius (in nm):24 
 

0.57 0.02
H,tag tag(0.22 0.11)R    (S3) 

 
that was obtained by fitting experimental data. Here, Ntag is the number of residues in the peptide 
chain. Expression (S3) gives approximately twice higher values for RH,tag (0.55, 0.82, 1.03, and 
1.21 nm for drag tags containing 5, 10, 15, and 20 residues, respectively) than those found from 
(10). However, the order of magnitude of RH,tag remains the same. 
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3. Mobility of unreacted probes and probes bound to SSB 

For ssDNA bK = 6 nm5 and is comparable to the length of ssDNA section (8 – 11 nm) in the 
probe. Thus, relation (3) can be used to estimate the mobility of ssDNA without a drag tag. In 
this case, a value of dhyb present in (3) should be replaced with the diameter of ssDNA, dssDNA. 
The latter can be estimated as dhyb/2

25,26 or can be considered as an adjustable parameter. The 
probe mobility can then be evaluated using the second relation (12) if μhyb, Lhyb, and dhyb are 
replaced with μssDNA, LssDNA and dssDNA, respectively. After such modification relation (12) will 
depend on the numbers of monomers in ssDNA, NDNA, and in the tag, Ntag, through the ratio 
RG,tag(Ntag)/NDNA (since LssDNA ~ NDNA), where function RG,tag(Ntag) is determined by the Kratky-
Porod equation (S2). The averaging procedure employed in ELFSE leads to a different 
dependence of the probe mobility on the ratio Ntag/NDNA: 
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Here, bssDNA and bK,ssDNA are the monomer size and the Kuhn length of ssDNA, respectively. 
Though the second relation (12) (modified for probes, i.e. for ssDNA with a tag) gives different 
dependencies of μssDNA+tag/μssDNA on NDNA and Ntag than the first relation (S4) does, these relations 
lead to close values in our ranges of NDNA and Ntag. For example, at NDNA = 20 and Ntag = 20 we 
obtain μssDNA+tag /μssDNA = 0.72 and 0.87, respectively, from relations (12) (modified for probes) 
and (S4). Since dssDNA < dhyb, we always have μssDNA > μhyb. The mobility of the probe (i.e. 
μssDNA+tag) is also larger than that of the tagged hybrid. 

Finally, let us consider the mobility of the probe bound to SSB, μprobe+SSB. SSB is a globular 
protein consisting of 177 residues and having the characteristic size ~ 10 nm. ssDNA bound to a 
SSB surface can be assumed to have a length <10 nm and a diameter ~1 nm. As a result, we can 
consider a complex of ssDNA-SSB as a globular object with approximately the same diameter 
(dcomp ~ 10 nm), as the native protein. In this case, its mobility, μssDNA+SSB can be estimated by 
relations similar to equations (3) 
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Where σssDNA+SSB is the surface density of the electric charge in the diffuse part of the double 
layer around the complex of SSB and ssDNA, QssDNA+SSB is the total charge of this complex, and 
we neglected the Stern layer around the complex. Given the relatively small number of residues 
in the drag tag we can assume that μprobe+SSB ≈ μssDNA+SSB. For much longer drag tags a relation for 
μprobe+SSB can be derived similarly to relation (12) for μhyb+tag. Indeed, an expression (S5) can be 
derived from the balance of electric and hydrodynamic forces, FE,ssDNA+SSB and FH,ssDNA+SSB, 
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acting upon the ssDNA-SSB complex if we assume the following expressions for them (similarly 
to (5)): 
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Then the mobility μprobe+SSB of the probe bound to SSB and having the long drag tag can be found 
from the balance of all forces acting upon such complex: 

 

E,ssDNA+SSB H,ssDNA+SSB H,tagF F   (S7) 

 
Substituting expressions (S6) into equation (S7) and taking into account relation (9) we obtain 
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Here, the hydrodynamic radius of the drag tag, RH,tag, is determined by relations (10) and (S2). 
For short drag tags with 6λDRH,tag << d2

SSB expression (S8) is reduced to μprobe+SSB ≈ μssDNA+SSB. 
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