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Theoretical estimation of drag tag lengths for direct
quantitative analysis of multiple miRNAs (DQAMmMIR)t

Leonid T. Cherney and Sergey N. Krylov*

To better understand the regulatory roles of miRNA in biological functions and to use miRNA as molecular
markers of diseases, we need to accurately measure amounts of multiple miRNAs in biological samples.
Direct quantitative analysis of multiple miRNAs (DQAMmIR) has been recently developed by using a
classical hybridization approach where miRNAs are hybridized with fluorescently labeled complementary
DNA probes taken in excess, and the amounts of the hybrids and the unreacted probes are measured to
calculate the amount of miRNAs. Capillary electrophoresis was used as an instrumental platform for
analysis. The problem of separating the unreacted probes from the hybrids was solved by adding SSB to
the run buffer. A more difficult problem of separating hybrids from each other was solved by attaching
different drag tags to the probes. Biotin and a hairpin-forming extension on the probe were used as
two drag tags in the proof-of-principle work. Making DQAMmMIR a generic approach requires a generic
solution for drag tags. Peptides have been suggested as drag tags for long oligonucleotides in DNA
sequencing by electrophoresis. Here we theoretically consider short peptides of different lengths as drag
tags for DQAMmIR. We find analytical equations that allow us to estimate mobilities of RNA-DNA
hybrids with peptide drag tags of different lengths. Our calculations suggest that the mobility shifts
required for DQAMmIR can be achieved with the length of peptide chains in the ranges of 5-20
residues for five miRNAs and 2-47 residues for nine miRNAs. Peptides of these lengths can be feasibly
synthesized with good yield and purity. The results of this theoretical study will guide the design and
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Introduction

MicroRNAs (miRNAs) are short, non-coding RNA molecules (18-
26 nucleotides) that participate in the regulation of gene
expression." They can serve as diagnostic tools since altered
expression patterns of multiple miRNAs have been linked to
serious diseases including some forms of cancer.”* Using
miRNA in diagnostics requires quantitative analyses of multiple
miRNAs. Most miRNA detection methods (quantitative reverse-
transcriptase polymerase chain reaction, microarrays, surface
plasmon resonance, next generation sequencing, etc.) are indi-
rect and require chemical or enzymatic modifications of miRNA
as a part of analysis.>® Such modifications are complex and lead
to a decrease in accuracy due to the influence of miRNA
sequence on modification efficiency.”"* Conventional direct
methods (northern blotting, signal amplifying ribozymes, in
situ hybridization, bioluminescence detection, and two-probe
single-molecule fluorescence) do not require any modification
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production of hybridization probes for DQAMmMIR.

of the target miRNA, but they can provide only semi-quantita-
tive analysis of multiple miRNAs.***¢

A method for direct quantitative analysis of multiple miRNAs
(DQAMmMIR) has been recently developed in our laboratory.'”
This method employs a hybridization approach in capillary
electrophoresis (CE) with laser-induced fluorescence (LIF)
detection (Fig. 1). Single stranded DNA (ssDNA) probes are
labeled fluorescently for detection, taken in excess to miRNAs,
and bind miRNAs sequence-specifically. Probes are also
extended with drag tags of varying sizes, which results in
different electrophoretic mobilities of probes and probe-
miRNA hybrids. ssDNA binding protein (SSB) is added to the
run buffer to separate the unreacted probes from the probe-
miRNA hybrids.**?* The hybrids are separated from each other
due to the drag tag induced differences in their mobilities. Peak
areas corresponding to the unreacted probes and individual
hybrids are measured and used in a simple algebraic formula to
calculate absolute amounts of miRNAs. DQAMmiR is a cali-
bration-free approach that promises robustness and rugged-
ness required for validation of miRNA disease signatures.

In the original work on DQAMmIR, we utilized two tagged
probes and one untagged probe and thus could analyze 3
miRNAs in one assay. The drag tags were biotin and a
DNA extension forming a hairpin. While satisfactory for
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Fig. 1 Schematic representation of the direct quantitative analysis of multiple
miRNAs by CE. MiRNAs and their complimentary ssDNA probes are shown as
short lines of the same color, drag tags are shown as parachutes, a fluorescent
label is shown as small green circles and ssDNA-binding protein (SSB) is shown as
large black circles. In the hybridization step, an excess of the probes of concen-
trations [Plo; is mixed with the miRNAs which leads to all miRNAs' being
hybridized but with some probes left unbound. A short plug of the hybridization
mixture is introduced into a capillary prefilled with a SSB-containing run buffer.
SSB binds all ssDNA probes but does not bind the double stranded miRNA-DNA
hybrid. When an electric field is applied, all SSB-bound probes move faster than all
the hybrids (SSB works as a propellant).’®2' Different drag tags make different
hybrids that move with different velocities. A fluorescent detector registers signals
from hybrids and unreacted probes. The amounts (or concentrations) of miRNAs
are finally determined with a simple mathematical formula that uses the inte-
grated signals (peak areas in the graph: Ay for the areas corresponding to the
hybrids and Ap for the total area corresponding to the unreacted probes).
Adopted with permission from ref. 17. Copyright 2001 John Wiley and Sons, Inc.

proof-of-principle, these tags are not extendable and cannot
support the analysis of >3 miRNAs. On the other hand, practical
uses of DQAMmIR, such as for cancer profiling, will certainly
require simultaneous analysis of >3 miRNAs. The next step in
the development of DQAMmIR is to design an approach for
generic expandable drag tags. Polymers of different lengths
would work well for this purpose. Controlling the exact length
in synthetic polymers is difficult. In peptides - natural polymers
- the length is controlled by the number of residues and can be
changed precisely. To choose the number of residues, one
needs to know the ideal lengths of the peptide tags that allow
for optimal separation. Generally speaking, appropriate lengths
of peptides could be determined experimentally by trying their
various combinations. Unfortunately, chemistry of peptide
synthesis and its conjugation to DNA is not trivial and is
expensive. Therefore, it is essential to theoretically estimate the
range of peptide lengths required prior to screening the drag
tags experimentally.

Peptides have been proposed as drag tags in electropho-
resis-based DNA sequencing and some theoretical approaches
have been developed for calculating the mobilities of DNA-
peptide chimeras.?>*® As we show in the Results and discus-
sion section these approaches cannot be directly applied to
short probe-miRNA hybrids studied in DQAMmiR. We thus
modified the existing theoretical approaches and developed
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our own method for estimating the mobility of the tagged
hybrids and probes. The method was used to determine the
lengths of peptide drag tags in the analysis of 5 miRNAs (4
tagged and 1 untagged hybrids). Further, our estimates of
hybrid separation from each other suggested that 9 miRNAs
can be analyzed by using peptide drag tags with 0-47 residues.
Synthesis of peptide tags within this range of lengths is
feasible. Two important features of optimal drag tags were
found: (i) the increments in peptide lengths should increase
with increasing peptide length and (ii) the longer peptides
should be attached to shorter ssDNA fragments. Our results
justify experimental tests of the peptide drag tags in DQAMmiR
and suggest the strategy of the drag tag design. The expandable
drag tag will make DQAMmIR a practical tool for the analysis
of multiple miRNAs.

Results and discussion

The goal of this theoretical consideration is to estimate the
mobility shift induced by a peptide tag on an miRNA-ssDNA
hybrid. The physics of electromigration and thus formulae used
to describe it depend on the lengths of both the hybrid and the
peptide tag. The length of the hybrid is limited to the narrow
range of miRNA lengths: 18-26 nucleotides. As for the peptide
drag tag, we first consider an example of 5-20 residues (in the
case of five miRNAs) with the understanding that if suitable
mobility shifts could not be achieved then we would consider
longer peptides.

It is well known that even a low concentration of salt in a
buffer decreases the Debye length A, to molecular sizes (Ap =
1.1 nm for 25 mM Borax) and screens electrical charges of
nucleotides. As a result DNA molecules behave like free-drain-
ing polymers and their migration becomes size-independent.*
Peptides have been considered as tags allowing one to achieve a
DNA mobility shift in CE mainly in application to DNA
sequencing. Accordingly, the theory of end-labeled free-solution
electrophoresis (ELFSE) of DNA has been developed.?”™?
However, the theory of ELFSE was developed for oligonucleo-
tides significantly longer (hundreds of base pairs) than miRNAs.
The theory uses an assumption that oligonucleotides behave as
a semiflexible random coil.*® Such an assumption cannot be
made for short 18-26 nt long miRNA-ssDNA hybrids. Indeed,
the assumption is valid if the polymer contour length L = Nb is
much larger than the Kuhn length bx which can be used to
characterize the polymer stiffness.*®** Here, N is the number of
monomers and b is the monomer length. The condition L > by
is not satisfied in our case of maximum 26 nt hybrids (for which
Niyb = 26 and by, =~ 0.34 nm) since we have Ly, = Niypbhyb < 9
nm whereas by pny, > 20 nm, where the subscript ‘hyb’ shows that
the corresponding parameters describe miRNA-ssDNA hybrids
(see ESIT). Therefore, the theory of ELFSE is not applicable to
our case. There are experimental studies on short ssDNA with
drag tags attached, which use the ELFSE theory.**”*> However,
their results are not applicable to miRNA-ssDNA hybrids which
are much less flexible than ssDNA.

Given that Ly, is several times smaller than bk ny,, we
adopt a different theoretical approach. We assume that the

This journal is © The Royal Society of Chemistry 2013
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miRNA-ssDNA hybrid behaves like a rigid rod moving parallel
to its axis. The hybrid diameter, d}, can be estimated to be 2.6
nm.*** It is higher than the Debye length Ap, and the hybrid
length Ly, is many times higher than Ap. As a result, one could
expect that the hybrid mobility, unyp, is estimated by the size-
independent expression used for a thin double layer>>*

d ) (1)
&oér

here, ¢, is the vacuum permittivity, ¢, is the relative permit-
tivity of the buffer, { is the zeta potential, ¢ is the surface
density of the electric charge in the diffuse part of the double
layer around the miRNA-ssDNA hybrid (i.e. excluding the
Stern layer), E; is the electric field strength at the inner surface
of the double layer, n is the dynamic viscosity of the buffer.
However, the situation is complicated by the condensation of
the counter ions on the hybrid.*®**° This effect takes place for
cylindrical objects carrying a sufficiently larger electric
charge, Q,*
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here, g is the linear density of the electric charge, e is the
elementary charge, z; is the valance of counter ions, Ay is the
Bjerrum length, T is the absolute temperature of the buffer, kg is
the Boltzmann constant. We assume that the electric charge is
uniformly distributed along the hybrid length. For example,
ssDNA usually has one negative charge per 0.43 nm of its
length.?® On the other hand, Az = 0.7 nm for water solutions at
room temperature.*’ Therefore, condition (2) is always satisfied
for miRNA-ssDNA hybrids. As a result, the condensation of
counter ions reduces the density of the hybrid charge to the
effective value, g, determined by the second relation (2).>**° In
this case, relation (1) for hybrid mobility can be rewritten as
follows:

0D et AD qeff

— o=

Hhyp = —— = -
Y n 7'577€l’hyb7 dehyb

(©)

here, we consider the Stern layer as a part of the condensed
counter ion layer. The expression (3) for ¢ takes into account the
condensation of counter ions at Q/Lny, > gerr Wwhere Q is the
electric charge of the hybrid. Relations (3) also allow one to
estimate the mobility upna of short DNAs. They lead to a value of
upna = 3 x 107* em® V7' s7! which agrees with the previously
published data.>* Expression (3) for up,;, can also be obtained
from the balance of electric and hydrodynamic forces, Fgpnyb
and Fy,nyb, acting upon the hybrid,

Fgnyo = Frngs )

if we assume the following effective values for these forces:

TN dnyb Liyb "

Te! 5
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here, E is the electric field strength and u, is the relative
velocity of the hybrid (with respect to the buffer). Expression (5)
for Fy nyp, differs by the coefficient C from the force F;I,hyb acting
upon the cylinder moving along its axis:**
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If formula (6) for Fiypnyp, is used instead of Fypy, in the
equation for balance of electric and hydrodynamic forces (eqn
(4)), then the corresponding expression for hybrid mobility iy
will differ from upyp, also by coefficient C:

By = 2qe7ﬂn (ln
We have C = 1.5 at dy,yp, = 2.6 nm, Ap = 1.1 nm, and Ly, = 8 nm.
An expression similar to (8) was applied by Desruisseaux et al. to
estimate the ssDNA mobility, usspna.>* The authors used argu-
ments that ugspna €quals to the mobility of DNA fragments with
length Ap and width 5.>**° Such an approach corresponds to an
assumption Lyyy/dpy, = Ap/b in our case, which also leads to C =
1.5. Thus, relations (5) and (6) give values of the same order
(Fr1,hyb and Fyg pyp) for the hydrodynamic force, and relations (3)
and (8) give values of the same order (uny, and unyp,) for hybrid
mobility.

The situation with the flexibility of our peptide drag tags is
different. Their contour lengths, Liay = Niaghiag, are greater than
the Kuhn length of short peptides, by rag, that is of the order of 1
nm.*>* Here, Ny, and by,, are the number of residues in the
peptide tag and the length of one residue. In this case, the drag
tag size can be described by the gyration radius Rg g that is
determined by the Kratky-Porod equation (S2f) in terms of
by tag and Ly, (see ESIT). Estimations give values Rg g = 0.39,
0.64, 0.83, and 0.99 nm for drag tags containing 5, 10, 15, and 20
residues, respectively. These values are significantly smaller
than the length of the DNA-RNA hybrids and we can assume
that the drag tag forms a worm-like chain located at the end of
the miRNA-ssDNA hybrid.

The hydrodynamic force, Fyy t,g, acting upon the drag tag is
determined by expression

2pyy 1

thb E) = C,uhyb 3

FH,tag = 6TC7IRH,lagurel (9)
where Ry ¢ is the hydrodynamic radius of the drag tag. A value
of Ry tag can be related to the gyration radius of drag tags:****

(10)

RG,tag = pRH,tag

where p = 1.5 for a Gaussian coil. In a more general case, p can
be considered as a phenomenological parameter of the order of
unity. Theoretical relation (10) gives values of 0.26, 0.43, 0.55,
and 0.66 nm for the hydrodynamic radius of drag tags con-
taining 5, 10, 15, and 20 residues, respectively (for p = 1.5).

The mobility phyp+tag Of the hybrid with the peptide drag tag
attached can be found from the balance of all forces acting
upon such a complex

an

Fenyb = Frnygd + Fhtag
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Substituting expressions (5) and (9) for Fg hyb, Fiinyb, and
Fyag into (11) and solving this equation with respect to the
velocity, we finally obtain

:uhyb
1 + 6AD RH.lag

dhyb Lhyb

(12)

Ure] = /-"hyb+tagE7 Mhyb+tag =

here, Ly, is directly proportional to the number of nucleotides
in the hybrid, Npy,. Dependence of Ry, on the number of
residues in the peptide tag, Ny, is more complex and deter-
mined by relations (10) and (S21) given that Ly,; = Niaghiag. Fig. 2
shows how the relative mobility of the hybrid with the drag tag,
Mrel = Mhyb+tag/ Mhyb depends on Ny, at various values of Ny, It
should be emphasized that uyy, does not depend on Npyp.
Therefore, a pattern for the absolute mobility of the hybrid with
the drag tag, unybitag, Will be similar to the pattern shown in
Fig. 2. All curves will start at the same point (0, unyb) and then
(with increasing Ni,g) they will split in a way similar to the one
shown in Fig. 2. As one could expect, the mobility decreases
with increasing N, and this effect is more pronounced for
shorter hybrids.

Using relations (10) for Ry g We assume that the peptide
attached to the hybrid is not deformed (in particular, not
stretched out) by the hydrodynamic friction force acting upon it.
Indeed, such a deformation could take place at values of Fy g

that can be estimated as follows:>*-2*

kg T
FH,tug "'ﬁ
Jtag

(13)

Taking into account relations (9) and (12) for Fyy tag and e,
we obtain the characteristic value of the electric field strength,
E*, at which the peptide deformation is possible:

« kgT ks T

~ = (14)
67t7]RH‘tagRG,tag,u-hyb+1ag 67tnRH‘tagRG,tagthyb
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Relative mobility of the tagged hybrid, i,
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Fig. 2 Dependence of the relative mobility wrej = ttnyb+tag/ thyb fOr @ hybrid with
the peptide drag tag on the number of residues in the peptide, Niag, at various
numbers of nucleotides in the hybrid, Ny, ,. Magenta, blue, green, yellow, and red
colors correspond to Ny, = 18, 20, 22, 24 and 26, respectively.
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Given the hybrid mobility ppy, ~ 3 x 107 * cm® V' s ! resulting
from (3), relations (14) give E* ~ 70 kV em ™" at Ry gag ~ 1 NM
and Rg g ~ 1 nm. This value of E* is much higher than the
values of the electric field strength used in CE (<600 V cm™1).

Expressions (12) allow one to easily calculate the travel time
of the hybrid with the drag tag to the detector, ¢4,

Ldel o Ldel

u UEOF — MhybttagEd

(15)

fget = (H = UEOF — Mhyb+ng)
here, Lge: is the travel distance to the detector, ugor is the
velocity of the electroosmotic flow, u is the total velocity of the
hybrid with the drag tag. We also took into account the fact that
the hybrid charge is negative. For hybrids without drag tags one
should use upyp, instead of pnybicag in relation (15). Fig. 3 shows
dependencies of the travel time, t4., determined by expression
(15) on the number of residues in the drag tag Ni,, at various
numbers of nucleotides in the hybrid, Nyy,. Calculations were
made for values Lyer = 40 cm, Ugor = 0.25 cm s~ *, E = 500 V
em™" that are typical in CE studies of miRNAs."” The absolute
mobility fingh+tag Was found from the second relation (12) with
unyb determined by expression (3) that results in ppyp, = 3.1 X
107" em® V' 571 The travel time curves in Fig. 3 start at the
same value of the travel time for all hybrids without the drag tag
(Ntag = 0) and then split at N,g > 0. An increase in Ny, leads to a
decrease in the travel time since the hybrid with a longer drag
tag has a smaller mobility and, therefore, migrates slower
against the electroosmotic flow.

Expressions (12) and (15) for upypitag and tge along with
Fig. 2 and 3 allow one to estimate shifts in the electrophoretic
mobility and travel time caused by peptide tags as a function of
the peptide length for hybrids of various lengths. Such infor-
mation can help in choosing optimal lengths of peptide drag
tags for multiple miRNAs. Let us consider as an example two
scenarios of the drag tag distribution among five miRNAs of
various lengths (Table 1). In the first scenario longer drag tags
were attached to longer miRNAs. In contrast, in the second

420 4

380 4

340 A

300 1

260

Travel time of the tagged hybrid, t,, (s)

0 10 20 30 40 50
Number of residues in the drag tag, N.,,

Fig. 3 Dependence of the travel time to the detector tye: for a hybrid with a
peptide drag tag on the number of residues in the peptide, Ni.g, at various
numbers of nucleotides Ny, in the hybrid. The color coding is the same as
in Fig. 2.
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Table 1 Relative mobility gre| = tthyb+tag/ hyb and travel time to the detector tyet
for five hybrids with the peptide drag tags in the cases when the number of
peptide residues, Ny,q, increases and decreases with the number of nucleotides in
the hybrid, Npyp

Niag increasing with Ny, Niag decreasing with Ny,

Nhyb Ntag Hrel tdety S Ntag Mrel Ldet) S
18 0 1.00 410 20 0.78 306
20 5 0.91 360 15 0.83 322
22 10 0.87 342 10 0.87 342
24 15 0.85 332 5 0.93 367
26 20 0.84 327 0 1.00 410

scenario longer drag tags were attached to shorter miRNAs.
Values of u,. and ¢4, shown in Table 1 depend nonlinearly on
Nhyb and Ny, as it should be according to Fig. 2 and 3. Inter-
estingly, the second scenario results in a larger average shift in
trel and tge. than the first one. Indeed, in the first scenario e
and ¢4 Span over ranges of 0.84-1 and 327-410 s, respectively,
whereas these ranges increase to 0.78-1 and 306-410 s in the
second scenario. The second scenario also leads to a more
uniform distribution of shifts in u. and tge than the first
scenario. Table 1 shows that the use of relatively short peptides
as drag tags allows one to achieve at least 5% shift in the travel
time to the detector among five hybrids. Such a shift is usually
sufficient for distinguishing the corresponding peaks by CE."”
Eight peptides tags have to be used to separate nine miRNAs
with Ny, ranging from 18 to 26 nucleotides. Using expressions
(12) and (15) we can choose lengths of the corresponding
peptides and their distribution among probes to maintain 5%
shift in ¢4, among all nine hybrids. The theoretical solutions
derived from these expressions suggested that the optimal drag
tag lengths for these miRNAs should consist of 2, 5, 9, 14, 20, 27,
36, and 47 amino acid residues. The corresponding probes are
formed by attaching these peptides in a reverse order to sSDNA
fragments the length of which increases monotonically. For
example, the peptide with 47 residues is attached to 18 nt long
ssDNA, the peptide with 36 residues is attached to 19 nt long
ssDNA, and so on. Finally, there is no peptide attached to the 26
nt long ssDNA fragment. Two important features of the theo-
retically derived optimal drag tags should be noted: (i) incre-
ments in the peptide length grow with the increasing peptide
length and (ii) the longer peptides are attached to shorter
ssDNA fragments. The first feature follows from the steeper
decline of the curves in Fig. 2 and 3 at smaller values of N, than
at larger ones. The second feature reflects the fact that the
curves in Fig. 2 and 3 which correspond to smaller values Ny,
are positioned lower than those corresponding to larger values
of Nyyb. Thus, these features result from the qualitative behavior
of curves in Fig. 2 and 3 and are not sensitive to quantitative
estimates of mobilities and travel times of the hybrids. Of
course, the found values of the peptide lengths (and corre-
sponding values of ¢;.) may depend on such quantitative esti-
mates. The described qualitative behavior of curves in Fig. 2 and
3 also explains the difference in the average shifts of e and tge¢
corresponding to the two scenarios shown in Table 1.
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Relations (3) and (12) can be modified and applied to esti-
mating the mobilities of unreacted probes and probes bound to
SSB (see ESIT). It is also worth noting that the absolute evalua-
tion of the electrophoretic mobility of short oligonucleotides is
a difficult problem® and relations (3) and (S5f) should be
treated as rough estimates. The mobility can be also expressed
by relation (1) in terms of the zeta potential that is often
considered as a phenomenological parameter.

Concluding remarks

Here we developed a simple method for estimating the lengths
of the peptide drag tags that can be used in DQAMmiR. This
method is based on theoretical expressions (3) and (12) for the
mobilities upy, and pnybiag Of the untagged and tagged hybrids
and on expression (15) for the tagged hybrid travel time to the
detector tgqe.. Dependencies of wnybitag/finyy and tgee on the
peptide and hybrid lengths were illustrated in Fig. 2 and 3.
Expressions (3) and (12) were also modified for estimating the
mobilities of unreacted probes and those bound to SSB (ESIY).
As an example we considered the use of four drag tags with
Niag = 5, 10, 15, and 20 in studies of five miRNAs with Ny, =
18, 20, 22, 24, and 26 (Table 1). We compared the direct
distribution of peptides among five probes (Nig increasing
with an increase in Nyy,) with the reversed one (Ni,, decreasing
with an increase in Nyy,) and showed that the reverse distri-
bution leads to larger and more uniform shifts in the mobil-
ities and travel times of the hybrids. Then we estimated the
lengths of eight drag tags and their distribution among nine
probes that are required for the analysis of all nine miRNAs
with Ny, ranging from 18 to 26. The optimal choice of the
corresponding nine probes was found. This set of tags can
provide 5% shift in the travel times of the hybrids, which is
sufficient for CE analysis of multiple miRNAs. The obtained
results will facilitate the application of DQAMmiR for analyses
of multiple miRNAs.
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Estimation of drag-tag lengths for direct quantitative analysis of multiple miRNAs

Leonid T. Cherney and Sergey N. Krylov

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."® 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.”® We approximately have » = 0.34 nm and bx = 100 nm for double stranded
DNA (dsDNA).” The single stranded DNA (ssDNA) is much more flexible and is described by
values b = 0.43 nm and bg = 6 nm.” In particular, calculations of the mobility of ssDNA with an
attached drag tag® is based on the theory of polyampholyte electrophoresis that itself was
developed for long polymer chains adopting a Gaussian conformation.’ 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.” Their conformation is intermediate between A- and
B-forms of dsDNA but more resembles the A-form.” ™ The persistence length of dsSDNA can be
estimated as 45-50 nm'®, which is in agreement with the Kuhn length ~ 100 nm.” Double
stranded RNA (dsRNA) is stiffer than dsDNA and the persistence length of dsRNA helix is
larger (65-80 nm) than that of dsDNA.***® 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."*® However, even such surprisingly
low values are still higher than the contour length Ly, <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 g, 1S of the order of 1 nm magnitude and the
persistence length is just ~ 0.5 nm."®?* 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 Rge. In the case of long polymers with the number of

1



monomers Nyg > N*i,, calculations of Rg e require taking into account the excluded volume. The

critical value N*, is determined by relation®”®

N* — bf(,tag (S 1)
“ btag délg

where dy,, 1s the diameter of the peptide, big = 0.36 nm is the crystallographic length per residue.
This value is slightly smaller than the dynamic value of by, =0.4 nm that accounts for the
internal degrees of freedom of the peptide.”® For peptides formed by glycine, alanine, and
threonine we have di, <0.24 nm and, therefore, Ny,* > 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
equation”®

2 3
RZ — bK,tathag 1 _ 3 bK,tag + 6 bK,tag _ 6 bK,tag 1 _ eXp _ 2Ltag (SZ)
e 6 2Ltag 2Ltag 2Ltag bK,tag

where L = Nug buag 1 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, Ry g, 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):**

Ry, = (0.22£0.11)N 0% (S3)

tag

that was obtained by fitting experimental data. Here, Ny, 1s the number of residues in the peptide
chain. Expression (S3) gives approximately twice higher values for Ry g (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 Ry 1o remains the same.



3. Mobility of unreacted probes and probes bound to SSB

For ssDNA bx = 6 nm’ 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 dhy, present in (3) should be replaced with the diameter of sSDNA, dgpna.
The latter can be estimated as dhyb/225’26 or can be considered as an adjustable parameter. The
probe mobility can then be evaluated using the second relation (12) if gnyb, Luyb, and dhy, are
replaced with uspna, Lssona and dsspna, respectively. After such modification relation (12) will
depend on the numbers of monomers in sSDNA, Npna, and in the tag, Nug, through the ratio
R tag(Niag)/Nona (since Lgpna ~ Npna), where function R ag(Niag) 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 Nig/Npna:

-1
N, b be.
/’lssDNAHag = Hpna (1 +ta = j , = e (S4)

DNA bssDNA K,ssDNA

Here, bsspna and by sspna 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 ztsspna+agisspna 0N Npna and Ny, than the first relation (S4) does, these relations
lead to close values in our ranges of Npna and Ny,e. For example, at Npna = 20 and Ny = 20 we
obtain fsgpNa+ag Mssona = 0.72 and 0.87, respectively, from relations (12) (modified for probes)
and (S4). Since dspna < dnyp, We always have ugpna > unyp. The mobility of the probe (i.e.
UssDNA+ag) 18 also larger than that of the tagged hybrid.

Finally, let us consider the mobility of the probe bound to SSB, probe+sss. 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
(deomp ~ 10 nm), as the native protein. In this case, its mobility, pspna+sse can be estimated by
relations similar to equations (3)

o ssptn _ O ssp/p 0, ss
_ ssDNA+SSB — SSDNA+2 B O-SSDNA+SSB — ssDNA+SSB (SS)

HespNatsse = 2
n 7ndgsy 7rd gy

Where oipnassss 1S the surface density of the electric charge in the diffuse part of the double
layer around the complex of SSB and ssDNA, Ospna+sss 1s 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 gprobe+ssB = Usspna+sss. For much longer drag tags a relation for
Uprobe+ssB can be derived similarly to relation (12) for snyb+ag. Indeed, an expression (S5) can be
derived from the balance of electric and hydrodynamic forces, Fgspnarsse and FisspNa+SsB,



acting upon the ssDNA-SSB complex if we assume the following expressions for them (similarly

to (5)):

7277d52SB

FE7SSDNA+SSB = stDNA+SSBE9 FH,SSDNA+SSB = A,D u (86)

Then the mobility zprobe+ss 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:

F

E,ssDNA+SSB

=F

HssoNA+sse T £ H,tag (S7)

Substituting expressions (S6) into equation (S7) and taking into account relation (9) we obtain

Hyspnatsss

HMiroberssp = W (S8)
,tag

1+
dysp

Here, the hydrodynamic radius of the drag tag, Ry g, 1S determined by relations (10) and (S2).
For short drag tags with 6ApRy tag << d*ssp expression (S8) is reduced to fprobe+sSB = UssDNA+SSB-
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