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ABSTRACT: Selection of target-binding ligands from DNA-
encoded libraries of small molecules (DELSMs) is a rapidly
developing approach in drug-lead discovery. Methods of kinetic
capillary electrophoresis (KCE) may facilitate highly efficient
homogeneous selection of ligands from DELSMs. However,
KCE methods require accurate prediction of electrophoretic
mobilities of protein−ligand complexes. Such prediction, in turn,
requires a theory that would be applicable to DNA tags of
different structures used in different DELSMs. Here we present
such a theory. It utilizes a model of a globular protein connected, through a single point (small molecule), to a linear DNA tag
containing a combination of alternating double-stranded and single-stranded DNA (dsDNA and ssDNA) regions of varying
lengths. The theory links the unknown electrophoretic mobility of protein−DNA complex with experimentally determined
electrophoretic mobilities of the protein and DNA. Mobility prediction was initially tested by using a protein interacting with 18
ligands of various combinations of dsDNA and ssDNA regions, which mimicked different DELSMs. For all studied ligands,
deviation of the predicted mobility from the experimentally determined value was within 11%. Finally, the prediction was tested
for two proteins and two ligands with a DNA tag identical to those of DELSM manufactured by GlaxoSmithKline. Deviation
between the predicted and experimentally determined mobilities did not exceed 5%. These results confirm the accuracy and
robustness of our model, which makes KCE methods one step closer to their practical use in selection of drug leads, and
diagnostic probes from DELSMs.

Finding molecules that can selectively bind therapeutic
targets is the initial step in most mainstream approaches of

modern drug development.1−3 Selection of protein binders
(ligands) from DNA-encoded librares of small molecules
(DELSMs) is one such approach.4,5 DELSMs provide a
solution for the main dilemma of selection of ligands from
highly diverse mixtures of molecules. On one hand, the
probability of finding ligands increases with increasing diversity
of the mixture. On the other hand, the increasing diversity
decreases the number of copies of unique molecules in the
mixture, making their identification impossible by classical
structure-analysis methods. In DELSMs, the structure of every
small molecule is encoded in its DNA tag and can thus be
revealed by amplifying and sequencing the tag. The efficiencies
of polymerase chain reaction (PCR) and DNA sequencing are
so high6 that selecting a few copies of each ligand from a
DELSM is sufficient for identification of its structures. As a
result, DELSMs with diversities of more than 1 billion
structures are synthesized and used for drug-lead selection.7

The concept of DELSM was introduced in 1992,4 and since
then a number of synthetic approaches to the generation of
DELSMs have been developed (Figure 1).8,9 Different synthetic
approaches lead to different structures of DNA tags. In general,

DNA tags are linear DNA of two types: pure double-stranded
DNA (dsDNA) and ds-ssDNA chimeras composed of dsDNA
and single-stranded DNA (ssDNA) fragments.
Selection of ligands from DELSMs involves three major

steps: (i) mixing and incubating the target protein with the
DELSM to facilitate protein binding to the ligands, (ii)
partitioning of protein-bound ligands from the rest of the
library, and (iii) PCR amplification and sequencing of DNA
tags of the collected ligands. High efficiency of the partitioning
step is critical for successful selection from DELSMs. The
collected ligands contain small molecules that cannot be
amplified by tools of molecular biology. Therefore, the
selection is typically achieved within 2−4 rounds and requires
highly efficient partitioning.
The majority of partitioning methods are surface-based; they

use either surface-immobilized protein target or partitioning on
filters.10,11 Nonspecific binding to the surface leads to high
background and low partitioning efficiency. For instance, up to
15% of DNA can bind to a nitrocellulose filter via nonspecific
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interactions,12 which is detrimental in selection. Failure to
successfully select protein binders from DELSMs can be caused
by low partitioning efficiency of surface-based methods.
Gel-free capillary electrophoresis (CE) is a solution-based

alternative to classical surface-based partitioning methods. CE
was successfully applied to selection of DNA aptamers from
random ssDNA libraries with a background level of less than
0.01%.13 We expect that CE can potentially be used for high-
efficiency ligand selection from DELSM. This suggestion is
based on the following logic. In all DELSMs, the DNA tag is
much larger and has a much greater charge than the small-
molecule head. As a result, the physical properties of DELSMs,
such as size and charge, are mainly defined by the DNA tag. A
single DELSM has a single structure of the DNA tags, and
therefore the DELSM will migrate in CE as a single zone.
Protein−ligand complexes will also migrate as a single zone
with a mobility intermediate between those of the protein and
the DELSM. Thus, the migration pattern of the three zones is
similar to that in aptamer selection (Figure 2).14

Efficient selection of ligands from DELSMs requires
knowledge of the time at which the complex exits the capillary.
Finding this time experimentally is very difficult, as the
concentration of complex is below the limit of detection
(LOD) even for highly sensitive fluorescence detection.
Therefore, a theoretical model that can predict this time is
required. In our previous study, we developed a model for
predicting the electrophoretic mobility of protein−dsDNA
complex. However, this model can be used only for DELSMs
with pure dsDNA tags, such as encoded self-assembling
chemical libraries, but not for other DELSMs that have ds-
ssDNA tags (see Figure 1). Therefore, a more general solution
for predicting protein−ligand complex migration for varying
DELSMs is needed for practical use of CE in selection from
such libraries.
Here we present a general theoretical model that can be

equally applied to DELSMs with different structures of DNA
tags. The model considers a globular protein attached to the
DNA tag at a single point. The thin double layer model is used
to find mobilities of protein, dsDNA, and ssDNA. Given these
mobilities, effective electric and hydrodynamic forces acting
upon protein, dsDNA, and ssDNA are determined. Then the
mobility of protein−dsDNA−ssDNA complex is obtained from
the equation of balance of all forces acting upon the complex.
Finally, complex mobility is expressed in terms of exper-
imentally measurable mobilities of protein and dsDNA−ssDNA
chimera.
We derived an expression that links the unknown electro-

phoretic mobility of the protein−ligand complex with empirical
data for electrophoretic mobilities of the protein and library. To
test the developed mathematical model, we used binding of
streptavidin (SA) to biotin-labeled dsDNA or ds-ssDNA with
varying lengths of dsDNA and ssDNA regions. The predicted
electrophoretic mobilities and migration times deviated from
the experimentally measured ones by less than 11%. We also
assessed our model by using two proteins, SA and carbonic
anhydrase II (CAII), and two ligands with tag structures
identical to those in actual GlaxoSmithKline (GSK) libraries.
Deviation of predicted electrophoretic mobility from the
experimental measured value did not exceed 5% for CAII and
3% for SA. We conclude that the model is adequate and can aid
selection of protein binders from DELSMs and advance the use
of such libraries in identifying drug leads and diagnostic probes.

Figure 1. Schematic representation of assembly routes and corresponding structures of various DELSMs: (left to right) encoded self-assembling
chemical (ESAC) library, DNA-templated synthesis (DTS) “end-of-helix” architecture, DTS internal architecture, sequential assembly templated,
and sequential assembly untemplated. Building blocks of the small-molecule head and DNA fragments encoding them are shown by the same color.

Figure 2. Conceptual depiction of migration patterns of DELSM,
protein, and protein−ligand complex in capillary electrophoresis (CE)
with strong electroosmotic flow (EOF). (A) Positions of the three
corresponding electrophoretic zones at different times. The equili-
brium mixture that contains DELSM, protein, and protein−ligand
complexes is injected into the capillary at time t0. When high voltage is
applied, the three zones start moving toward the outlet with different
velocities dependent on electrophoretic mobilities of the three
components and the velocity of EOF. (B) Times at which the three
zones reach the outlet and the separation window between them. The
goal of selection is to collect the complex (green fraction) as accurately
as possible. The objective of this work is to predict the mobility of the
complex.
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■ EXPERIMENTAL SECTION

Chemicals and Materials. Fused-silica capillary was
purchased from Polymicro (Phoenix, AZ). All reagents were
dissolved in 50 mM Tris-HCl at pH 8.0 (unless otherwise
specified); the same buffer was used as the CE run buffer. All
DNA sequences used for constructing ds-ssDNA chimeras were
purchased from IDT DNA Technology Inc. (Coralville, IA).
The sequences were as follows: alexa80, 5′-alexa-TGA CTC
CCA AAT CGA TGT GTT CCG CAA GAA GCC TGG TAA
GCG GAG AAA GGT CGT TTT ACT GCC CGG TCT
ACC TGA TGG CG-3′; alexa60, 5′-alexa-TCC GCA AGA
AGC CTG GTA AGC GGA GAA AGG TCG TTT TAC TGC
CCG GTC TAC CTG ATG GCG-3′; alexa40, 5′-alexa-CGG
AGA AAG GTC GTT TTA CTG CCC GGT CTA CCT GAT
GGC G-3′; alexa20, 5′-alexa-GCC CGG TCT ACC TGA TGG
CG-3′; bioTEG-anti20, 5′-bioTEG-CGC CAT CAG GTA
GAC CGG GC-3′; c1ss10, 5′-AAC GAC CTT T-3′; c2ss10, 5′-
CAG GCT TCT T-3′; c3ss10, 5′-TCG ATT TGG G-3′. Alexa
is the fluorophore used to label DNA; bioTEG indicates biotin
linked to triethyleneglycol; and 80, 60, 40, and 20 indicate the
number of nucleotides in each DNA sequence. The DNA
sequences are annealed together to make different ds-ssDNA
chimeras, detailed structures of which are shown in Figure S1 in
Supporting Information. Annealing was achieved by incubating
corresponding sequences of DNA at 90 °C for 10 min and then
gradually cooling them down to the room temperature. Bodipy
(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) was purchased
from Life Technologies Inc. (Burlington, ON, Canada).
SA and CAII were labeled with a fluorogenic dye, chromeo

P503 (Active Motif, Carlsbad, CA); the chromeo-labeled
proteins will be referred to as chromeo-SA and chromeo-
CAII. Briefly, 10 μL of protein solution (100 μM in 100 mM
sodium bicarbonate, pH 8.3) was mixed with 6.6 μL of
chromeo solution (1 mM in 100 mM sodium bicarbonate, pH
8.3), and then incubated at 4 °C overnight in the dark.
Biotin and Gly-(L)Leu-4-carboxybenzene sulfonamide

(GLCBS-L-leucine) were used as small-molecule heads for
binding to SA and CAII, respectively. The DNA-tagged small
molecules will be referred to as biotin ligand and GLCBS-L-
leucine ligand. Detailed synthetic procedures for these ligands
were previously described with a modification of the closing
primer ligation method.9 Klenow polymerization was elimi-
nated and the longer oligo strand was changed to the top,
leaving a 31-nucleotide 3′ overhang to provide a non-
competitive priming site for more efficient PCR amplification.
The purification procedures for intermediates (produced
during biotin ligand synthesis) are described in Supporting
Information. All other reagents were purchased from Sigma−
Aldrich (Oakville, ON, Canada). All solutions were made in
deionized water filtered through a 0.22 μm filter (Millipore,
Nepan, ON, Canada).
Instrumentation and Capillary Electrophoresis Con-

ditions. All CE experiments were carried out on a MDQ-
PACE instrument (Sciex, Concord, ON, Canada) equipped
with a laser-induced fluorescence (LIF) detector. LIF signal was
recorded at 520 nm for fluorescein, alexa, and bodipy detection
and at 610 nm for detection of chromeo-SA and chromeo-
CAII. Signal acquisition rate was 4 Hz. Inner diameter of the
capillary was 75 μm. Total capillary length was 84.3 cm, with
74.2 cm from the injection end to the detection window. The
capillary was flushed prior to each CE run with 20% bleach, 0.1
M HCl, 0.1 M NaOH, deionized H2O, and run buffer. Sample

was injected into the capillary at 0.5 psi for 10 s. The ends of
the capillary were inserted into inlet and outlet reservoirs, and
an electric field of 297 V/cm with a positive electrode at the
injection end was applied to carry out electrophoresis.
Temperature of the capillary was maintained at 15 °C. All
experiments were performed in triplicate.

Migration Study of Protein−Ligand Complexes for
Mock Ligands. For each binding mixture, 100 nM
biotinylated DNA (either dsDNA or ds-ssDNA) was incubated
with 1 μM chromeo-SA, 10 nM fluorescein (internal standard),
and 5 μM bodipy (neutral marker) at room temperature for 30
min. For the control mixture, 100 nM ds-ssDNA was incubated
with 10 nM fluorescein (internal standard) and 5 μM bodipy
(neutral marker), at room temperature for 30 min.

Peak Identification of Biotin Ligand. The following
synthetic intermediates were individually tested: biotin ligand
head piece (native), biotin ligand head piece (denatured), splint
with oligo alexa, and oligo alexa. The injected sample in each
experiment contained 100 nM analyte with 10 nM fluorescein
(internal standard).

Migration Studies of Protein−Ligand Complexes for
GSK Ligands. Two binding systems were tested in this study:
SA with biotin ligand and CAII with GLCBS-L-leucine ligand.
Both ligands contain the same DNA structure, shown in Figure
S2 in Supporting Information, a combination of two dsDNA
(total of 94 bp) and two ssDNA (total of 23 nt) regions. For
SA experiments, the binding mixture was made by incubating 1
μM chromeo-SA, 100 nM biotin ligand, 10 nM fluorescein
(internal standard), and 5 μM bodipy (neutral marker), at 20
°C for 30 min; control mixture was the same as the binding
mixture but without protein. For CAII experiments, the binding
mixture was made by incubating 5 μM chromeo-CAII, 1 μM
GLCBS-L-leucine ligand, 10 nM fluorescein (internal standard),
and 5 μM bodipy (neutral marker) at 20 °C for 30 min; control
mixture was the same as the binding mixture but without
protein.

■ RESULTS AND DISCUSSION
Mathematical Model. In this work, we consider mobility

of a protein−DNA complex in which the DNA is linear and is
either pure dsDNA or a combination of dsDNA and ssDNA.
The dsDNA regions are shorter than 72 base pairs, and the
ssDNA regions are shorter than 50 nucleotides. This case
describes a class of actual DELSMs used by pharmaceutical
companies in selection of drug leads.15 We assume that the
protein is attached to one end of the dsDNA region as shown
in Figure 3. This assumption excludes from consideration the
“internal architecture” DELSMs (see Figure 1).

Figure 3. Schematic representation of one example of a complex
between a globular protein and a ligand from DELSM. Binding is
achieved via protein−small molecule interaction. The DNA tag in this
example is composed of one dsDNA and one ssDNA region. The
lower part illustrates relative values of velocities of EOF, protein,
ligand, and protein−ligand complex.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.6b00980
Anal. Chem. 2016, 88, 5498−5506

5500

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b00980/suppl_file/ac6b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b00980/suppl_file/ac6b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b00980/suppl_file/ac6b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b00980/suppl_file/ac6b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b00980/suppl_file/ac6b00980_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.6b00980


Proteins have been earlier suggested as tags in DNA
sequencing based on electrophoretic mobility shift of DNA;
the approach is called end-labeled free-solution electrophoresis
(ELFSE) of DNA. Although ELFSE-based DNA sequencing
has never been advanced beyond proof of principle, the
development of ELFSE helped to make significant progress in
mobility theory for protein−DNA complexes.16−22 Such
models typically use the blob theory, which is applicable to
DNA that is sufficiently long to be considered a semiflexible
random coil and has a length significantly greater than the
diameter of the protein.20,22 The polymer can be considered as
a semiflexible random coil if its contour length L is much
greater (one or more orders of magnitude) than the Kuhn
length bK characterizing the polymer stiffness.23,24 This
assumption is not satisfied for dsDNA of fewer than 72 base
pairs, for which LdsDNA < 24 nm while bK,dsDNA > 100 nm. Here
and below, dsDNA and ssDNA in the subscript indicate that
the corresponding parameters describe dsDNA or ssDNA.
Thus, the complex of a protein linked to dsDNA can be
considered as a rigid object with a diameter of more than 10 nm
(for dsDNA at least 20 base pairs long and protein diameter ∼4
nm). For the contour length of ssDNA of fewer than 50 nt, we
have LssDNA < 21 nm. Thus, LssDNA is of the same order of
magnitude as the diameter of the protein−dsDNA complex
(>10 nm). In this case, blob theory is not applicable. Moreover,
ssDNA itself cannot be considered as a semiflexible random coil
since its length is only three times larger than its Kuhn length,
bK,ssDNA ∼6 nm.20 Thus, for DNA of the lengths considered
here, the protein−dsDNA complex is a rigid object and ssDNA
cannot be treated as semiflexible random coil.
We will study the electrophoretic mobility of a complex

formed by a globular protein attached to the end of a stretch of
DNA that contains at least one dsDNA and one ssDNA regions
(see Figure 3). This model does not describe the case of DTS
internal architecture DELSM (see Figure 1). We consider
globular proteins with a molecular weight of ≥30 kDa. Their
average diameter can be estimated as dP ≥ 4 nm.25 Thus, dP is
larger than the Debye length for the buffer, λD ∼ 1 nm. In this
case, the electrophoretic mobility μp of the protein can be
estimated by an expression used in thin double layer
theory:16,20

μ
ε ε ζ
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σ λ
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σ λ
ε ε
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0 r P P D
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Here ε0 is vacuum permittivity, εr is relative permittivity of the
buffer, ζP is ζ potential of the globular protein, σP is average
surface density of electric charge in the diffuse part of the
double layer around the protein (i.e., excluding the Stern layer),
and η is dynamic viscosity of the buffer. Equation 1 can be
rewritten as follows:
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where QP is electric charge of the protein (including the Stern
layer charge). Note that protein mobility can have both positive
and negative values (for positively and negatively charged
proteins, respectively).
Equation 2 for μP can be also obtained from the balance of

electric and hydrodynamic forces, FE,P and FH,P, acting upon the
protein molecule:

+ =F F 0E,P H,P (3)

if the following effective values for these forces are assumed:
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Here, E is electric field strength, uP is relative velocity of the
protein with respect to buffer, and μP = uP/E. Hereafter, we use
a coordinate system in which both electric and hydrodynamic
forces have only x-components. We will use eq 4 in the
equation of balance of all forces acting upon the complex (see
eq 14) to find the complex mobility.
Taking into account that LdsDNA is smaller than bK,dsDNA, we

assume that dsDNA (shorter than 72 bp) behaves like a rigid
rod. The dsDNA diameter, ddsDNA, can be estimated as 2
nm,26,27 which is larger than λD, while LdsDNA is many times
larger than λD. Thus, we can assume that the electrophoretic
mobility of dsDNA, μdsDNA, is determined by an expression
used in thin double layer theory:16,20
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Here, ζdsDNA is ζ potential of dsDNA and σdsDNA is surface
density of the electric charge in the diffuse part of the double
layer around dsDNA (i.e., excluding the Stern layer). Equation
5 can be rewritten as follows:
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where qdsDNA is charge per unit length of dsDNA. In
calculations of qdsDNA, we should take into account the
condensation of counterions on dsDNA.28−32 The condensa-
tion takes place for cylindrical objects with linear density
electric charge, q, satisfying the following relationship:28

λ
λ

πε ε
| | ≥ = =q q q

z k T
e e

4eff eff
i B

B

2

0 r B (7)

Here e is proton charge, zi is the valence of counterions, λB is
Bjerrum length, kB is the Boltzmann constant, and T is absolute
temperature of the buffer. Usually, dsDNA has two negative
charges per 0.34 nm of its length20 and λB = 0.7 nm for water
solutions at room temperature.19,30 Thus, eq 7 is always
satisfied for dsDNA, and condensation of counterions reduces
the density of DNA charge qDNA (excluding the Stern layer) to
the effective value −qeff, determined by the second relationship
in eq 7.28 Since we consider the Stern layer as a part of the
condensed counterion layer, |qDNA| will be even less than qeff. In
this case, qDNA can be considered as an adjustable parameter.
We should note that dsDNA mobility has negative values since
dsDNA is negatively charged.
Equation 6 for μdsDNA can be also obtained from the balance

of electric and hydrodynamic forces, FE,dsDNA and FH,dsDNA,
acting upon dsDNA:

+ =F F 0E,dsDNA H,dsDNA (8)

if we assume the following effective values for these forces:
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Here udsDNA is relative velocity of dsDNA with respect to buffer.
We will use eq 9 (and similar expressions obtained for ssDNA)
in the equation of balance of all forces acting upon the complex
to find the complex mobility.
Similarly to eq 5, we can determine the electrophoretic

mobility of ssDNA using an expression from thin double layer
theory:
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Here, ζssDNA is ζ potential of ssDNA and σssDNA is surface
density of electric charge in the diffuse part of the double layer
around ssDNA. Equation 10 can be rewritten as follows:
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where dssDNA is ssDNA diameter and qssDNA is charge per unit
length of ssDNA. To find qssDNA, we also have to take into
account condensation of counterions on ssDNA and the Stern
layer charge.28−32

Equation 11 can be obtained from the balance of all effective
forces acting upon ssDNA:

+ =F F 0E,ssDNA H,ssDNA (12)

where FE,ssDNA and FH,ssDNA are effective electric and hydro-
dynamic forces acting upon ssDNA. They are determined by
the following relationships similar to eq 9:

πη
λ

=

= −

F q L E

F
d L

u

E,ssDNA ssDNA ssDNA

H,ssDNA
ssDNA dsDNA

D
ssDNA

(13)

Here ussDNA is relative velocity of ssDNA with respect to buffer.
Equation 13 will be used in eq 14.
The electrophoretic mobility of a globular protein attached

to the end of dsDNA, the other end of which is linked to
ssDNA, can be found from the balance of all effective forces
acting upon such a complex:
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(14)

Substitution of eq 4, eq 9, and eq 13 into eq 14 gives
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By solving this equation with respect to ucomp and taking into
account that ucomp = μcompE, we obtain the electrophoretic
mobility of the complex, μcomp:
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Taking into account eq 2, eq 6, and eq 11 for electrophoretic
mobilities of globular protein, dsDNA, and ssDNA, we rewrite
eq 16 as follows:
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In the absence of protein, eq 17 reduces to the expression for
electrophoretic mobility of ds-ssDNA chimera, μds‑ssDNA:
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Given eq 18, we can express the electrophoretic mobility of
complex in terms of the electrophoretic mobilities of protein
and ds-ssDNA chimera:
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By using eq 19 for the electrophoretic mobility of complex, we
can readily find the complex migration time to the detector,
tcomp:

μ
=

+
t

L

v Ecomp
capillary

EOF comp (20)

Here, Lcapillary is distance from beginning of the capillary to the
detector and vEOF is velocity of EOF in the capillary.
Derivation of eq 19 for the electrophoretic mobility of

complex can be readily generalized for the case of ds-ssDNA
molecules containing more than one dsDNA region and more
than one ssDNA section (see Supporting Information). In this
case, eq 19 will be still valid if we define LdsDNA as total contour
length of all dsDNA sections and LssDNA as total contour length
of all ssDNA sections.
It is important to emphasize that eq 19 does not contain any

empirical parameters except for the diameter of protein, which
can typically be found from independent studies or from the
literature, and the diameter and length of DNA, which are
known. Therefore, no “training set” is required for making eq
19 eligible, and its general validity can be tested with a limited
set of experimental data. If experimental systems that are poorly
described by this expression are ever found, this would mean
that at least one of the following assumptions is not fulfilled:
(1) the protein is globular, (2) the protein diameter is greater
than Debye length (which requires that its molecular weight be
≥30 kDa), or (3) the DNA tag is rodlike. However, since the
utility of the model is to predict an approximate complex
mobility for selection of binders, even if the prediction has a
systematic error, it can still be useful.

Experimental Validation of Mathematical Model. We
used the interaction between SA and biotinylated ds-ssDNA to
test our model expressed by eq 19 and eq 20. Biotin played the
role of small molecule. The interaction between SA and biotin
is renowned for its exceptionally high affinity (Kd ≈ 10−14 M).
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We have tested 14 different constructs of ds-ssDNA together
with four dsDNA to ensure the ruggedness of our model.
Detailed structural information for DNA tags used is shown in
Figure S1 in Supporting Information.
As can be seen in eq 19 and eq 20, finding the mobility and

migration time of the protein−DNA complex requires
knowledge of the hydrodynamic sizes of protein (dP), which
is SA in this specific example, and DNA (ddsDNA, dssDNA, LdsDNA,
and LssDNA). We used values of ddsDNA = 2.6 nm and dssDNA =
1.6 nm, which include the hydration shells around dsDNA and
ssDNA,33 and a value for SA molecule diameter of dP = 5.3 nm
determined from crystallographic studies.34 The dsDNA and
ssDNA contour lengths were calculated as LdsDNA =
bdsDNANdsDNA and LssDNA = bssDNANssDNA, where bdsDNA = 0.34
nm and bssDNA = 0.43 nm, the lengths of dsDNA and ssDNA
monomers.20 It is worth recalling that the mathematical model
was developed with no assumptions on protein or DNA sizes
except for the assumption that a protein diameter is larger than
a Debye length, which is satisfied for proteins larger than 30
kDa. Accordingly, the model is applicable to a wide range of
molecular sizes provided that the preceding assumption and
assumptions of a globular protein and a rodlike DNA are
satisfied. In general, shorter DNA tags are beneficial, as they
would allow small proteins to introduce great mobility shifts for
the ligands
In addition to the sizes of protein and DNA, we need to

experimentally find electrophoretic mobilities and velocities for
the protein and DNA tag. Finding these mobilities requires, in
turn, the knowledge of vEOF. To facilitate finding vEOF, a neutral
marker (NM) was added to the protein−DNA mixture in each
experiment. An internal standard (IS) was added for correcting
migration time variation between trials. Neither NM nor IS
interacted with the ligand or the protein.
SA was labeled with chromeo, a fluorogenic dye that does

not change the mobility of protein;35 we also confirmed that
the labeling did not significantly affect protein binding to
biotinylated DNA. The protein could, thus, be detected with
laser-induced fluorescence (LIF) at 610 nm. The biotinylated
DNAs were end-labeled with the alexa dye for LIF detection at
520 nm. Protein−ligand complexes exhibited fluorescence at
both wavelengths. Examples of migration patterns of protein,
ds-ssDNA, and their complex are shown in Figure 4. SA is a
homotetramer that can bind up to four molecules of biotin,
depending on the SA/biotin concentration ratio. The peak next
to IS at the right corresponds to a complex of one tetrameric
SA with two molecules of biotin-containing ligand. However, in
the present study we focus only on the complex with 1:1
stoichiometry.
Electrophoretic mobilities of both free DNA (in the absence

of protein) and free protein (in the absence of DNA) were
found to be negative, which indicated that they were both
negatively charged. As a result, the complex was also negatively
charged and its experimentally measured electrophoretic
mobility was negative. The absolute value of protein’s
electrophoretic mobility was found to be significantly less
than that of dsDNA. Using the current model, we calculated
electrophoretic mobilities (Table 1) and migration times
(Table S1 in Supporting Information) of complexes for all
DNA tags. The presence of two markers was essential to ensure
the precision of measured migration times and calculated
mobilities. In our case, RSD was 1% for both mobility and
migration times.

Electrophoretic mobility of complex increased with the
overall contour length, which is reasonable, as both DNA and
protein are negatively charged; also, as the major contributor to
the charge, DNA has the major influence on complex mobility.
The dsDNA, however, has higher electrophoretic mobility than
ds-ssDNA with similar contour lengths, which is also
anticipated as dsDNA has a more rigid rodlike shape and
hence experiences less friction. On the other hand, ds-ssDNA
has patches of more flexible ssDNA, which can form random-
coil-like structure and hence experiences greater friction. This is
the likely explanation of systematic overestimation for
theoretical complex mobility with ds-ssDNA (Table 1) as the
model was based on the assumption of DNA with rigid rod
shape; thus, the presence of ssDNA patches introduces
flexibility and decreases experimental mobility. By comparing
the predicted and experimental values of complex mobility and
migration time, we found the accuracy of prediction. For all
tested DNA tags, deviation of predicted from experimental
values did not exceed 11%. The same data have also been tested
by using the previously developed model, where DNA is
considered as a rigid rod shape with constant diameter. The old
model resulted in approximately doubled errors for ds-ssDNA.
Finally, we tested two ligands, biotin and GLCBS-L-leucine,

which were synthesized with DNA tags identical to those used
in DELSMs by GlaxoSmithKline. Both ligands had the same
DNA structure: a combination of two dsDNA (total of 94 bp)
and two ssDNA (total of 23 nt) regions. DNA tags were labeled
with alexa to facilitate LIF detection at 520 nm. SA and CAII
were both labeled with chromeo for their LIF detection at 610

Figure 4. Migration analysis of complex between chromeo-SA and ds-
ssDNA chimera. The top two traces represent control experiment with
different detection wavelengths. The control contains 100 nM ds-
ssDNA (60-1), neutral marker (NM), and internal standard (IS). The
bottom two traces represent binding, which has the same composition
as control plus 1 μM chromeo-SA. Experimental and theoretical
positions of the complex are highlighted with red and blue lines,
respectively. Traces are offset vertically for clarity. All experiments
were performed in triplicate, and representative traces are shown. A
schematic illustration of complex used in these experiments is shown
in the top panel.
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nm. Protein−ligand complexes, thus, contained both fluoro-
phores and could be detected at both 520 and 610 nm.
When sampled in CE without proteins, the unbound ligands

revealed several peaks, suggesting that, in addition to the
ligands, the samples contained impurities. The impurities were
identified as the starting material and the intermediates from
each step of synthesis used for manufacturing of DELSMs
(Figure S2 in Supporting Information). The full-length ligand
contains the most negative charge and bears the highest

electrophoretic mobility. Accordingly, it was identified as the
rightmost peak in the electropherogram. In this study, we
focused on migration patterns of full-length ligand and the
corresponding protein−ligand complex.
Electropherograms for protein−ligand binding experiments

are shown in Figure 5. In each panel, the top two traces are the
no-protein control and the bottom two traces correspond to
sampling the protein−ligand mixture. SA is built of four
subunits and can bind up to four biotin molecules. Accordingly,

Table 1. Electrophoretic Mobilities of Complexes between SA and ds-ssDNA Chimeras of Different Structuresa

aSee Figure S1 in Supporting Information for detailed sequences and structures of the chimeras. Precision of experimental and theoretical complex
mobility is presented as one standard deviation of results from the mean value, based on three experiments.

Figure 5. Migration study for protein−ligand complex between (A) 1 μM chromeo-SA and 100 nM biotin ligand and (B) 5 μM chromeo-CAII and
1 μM GLCBS-L-leucine ligand. In each panel, the top two traces represent the no-protein control, which contained 100 nM ligand, neutral marker
(NM), and internal standard (IS). The bottom two traces correspond to the protein−ligand binding experiment, which had the same composition as
the control plus 1 μM protein. Experimental and theoretical positions of the complexes are highlighted with red and blue lines, respectively. Traces
are offset vertically for clarity. All experiments were performed in triplicate, and representative traces are shown.
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complexes with different binding stoichiometries are seen in
panel A. In this study, we considered only 1:1 binding; the
corresponding complex is indicated by the red line in panel A.
By using our mathematical model, we found electrophoretic
mobilities of protein−ligand complexes of 21.97 ± 0.09
mm2(kV·s)−1 for biotin ligand and 23.35 ± 0.04 mm2(kV·
s)−1 for GLCBS-L-leucine ligand. Deviations between exper-
imentally and theoretically determined complex mobilities were
found to be 3% for biotin ligand and 5% for GLCBS-L-leucine
ligand. Such accurate prediction will guarantee accurate
collection of protein−ligand fraction in selection experiments.
In conclusion, we have developed a versatile approach for

accurate prediction of electrophoretic mobility and migration
time of protein−ligand complexes for selection of protein
binders from DELSMs. We consider a globular protein attached
to a DNA tag at a single point and use the thin double layer
model to find mobilities of protein, dsDNA, and ssDNA. We
then determine effective electric and hydrodynamic forces
acting upon protein, dsDNA, and ssDNA and express the
complex mobility in terms of experimentally measurable
mobilities of protein and DNA-tagged ligand. The model for
complex mobility was tested through studying the mobilities of
protein−ligand complexes for ligands with varying structures of
DNA tags: 4 dsDNAs and 14 ds-ssDNAs. It was also validated
by use of two small molecules with DNA tags identical to those
used by GlaxoSmithKline in their DELSMs. The accuracy and
ruggedness of our model were confirmed by comparing
predicted complex mobility and migration time with exper-
imentally measured values. The model is feasible for analyzing
DELSMs with various lengths and composition of DNA tags. In
addition, the model is generic and expected to be applicable to
all proteins with near-globular shapes and molecular weights of
30 kDa or more and any DELSMs with a rodlike DNA part and
a ligand attached to the end of DNA. We foresee that this
approach will help to advance kinetic capillary electrophoresis
methods to their practical use in selection of drug leads from
DELSMs.
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1. Supporting Materials and Methods 
1.1. Synthetic of biotin ligand and GLCBS-L-Leucine ligand 

The following are the reaction steps: 

 
Detailed synthetic procedures for DNA headpiece and on-DNA chemistry have been previously 
reported [1].  

Intermediate 2. DNA headpiece (1 mM DNA headpiece solution; 100 µL, 100 nmol) in pH 
9.4 sodium borate buffer (250 mM) was treated with a solution of Fmoc-Gly-OH/HATU-active 
ester (see below for preparation) in DMF (60 eq). The mixture was vortexed, kept at room 
temperature for 12 h, and subjected to ethanol precipitation. The resultant DNA pellet was 
collected, dissolved in water (100 µL), and treated with piperidine (50 µL). The mixture was 
vortexed, kept at room temperature for 30 min, and subjected to ethanol precipitation. The 
resultant DNA pellet 2 was collected and dried under vacuum. 

Intermediate 3. DNA pellet 2 was dissolved in 100 µL 250 mM sodium borate buffer at pH 
9.4 and treated with a solution of Fmoc-Leu-OH/HATU-active ester (see below for preparation) 
in DMF (60 eq). The mixture was vortexed, kept at room temperature for 12 h, and subjected to 
ethanol precipitation. The resultant DNA pellet was collected, dissolved in 100 µL of water, and 
treated with piperidine (50 µL). The mixture was vortexed, kept at room temperature for 30 min, 
and subjected to ethanol precipitation. The resultant DNA pellet 3 was collected and dried under 
vacuum. 

Product 4. DNA pellet 3 was dissolved in 250 mM pH 9.4 sodium borate buffer (100 µL) and 
treated with a solution of benzoic acid 4-sulfonamide/HATU-active ester (see below for 
preparation) in DMF (60 eq). The mixture was vortexed, kept at room temperature for 12 h, and 
subjected to ethanol precipitation. The resultant DNA pellet 4 was collected, dried under 
vacuum, and dissolved in water (100 µL) to afford a 1 mM solution of product 4 that was used 
without further purification. 

Preparation of HATU active esters. Carboxylic acid (200 mM in DMF, 30 µL, 6000 nmol) 
was combined with DIEA (200 mM in DMF, 30 µL, 6000 nmol), and HATU (200 mM in DMF, 
30 µL, 6000 nmol) at 4C. The mixture was vortexed, kept at 4C for 20 min, and transferred 
into the tube containing the DNA starting material. 
 
1.2. Purification of intermediates 

Possible components that could contribute to signal were gel purified. Gel reagents and 
SYBR Gold were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Constructs 
containing the non-covalently attached splint were run on a 6% DNA retardation gel according to 
the protocol recommended by the manufacturer. Removal of the splint was attained by subjecting 
samples to electrophoresis on 10% TBE-urea gels according to the protocol recommended by the 
manufacturer. Gels were stained with SYBR Gold diluted 1:1000 in 30 mL TBE buffer (89 mM 
Tris base, 89 mM Boric acid, 2 mM EDTA, pH 8.0) for 20 min and visualized by 254 nm 
transillumination. Corresponding bands were excised by razor and placed in 1.5 mL tubes. Gel 
slices were crushed and eluted in 0.5 mL passive elution buffer (300 mM NaOAc, 20 mM 
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EDTA) overnight with shaking at room temperature. Liquid was separated from gel slices using 
Ultafree-MC 0.22 µm pore size spin filers (Millapore, Billerica, MA, USA) by centrifugation for 

1 min at 13,000 rpm. The eluate was mixed with 1 mL isopropanol (20°C) and centrifuged for 
30 min at 4°C and the supernatant was removed from the final product. 
 
1.3. Structural details of dsDNA and chimeric-DNA 

 

Supporting Figure 1. Structural details of dsDNA and chimeric-DNA. 
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2. Supporting Results 
2.1. Migration studies of biotin-DEL  

 

Supporting Figure 2. Peak identification of biotin-DEL. The schematic structures of 
components are illustrated on the left panel; the corresponding electropherograms are on the 
right panel. Each sample contained 100 nM analyzed component with 10 nM internal standard 
(IS). All experiments were done in triplicates. 
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Supporting Table 1. Migration times of complexes of streptavidin with ds-ssDNA chimeras of 
different structures. See Supporting Figure 1 for detailed sequences and structures of the chimeras. 

Chimeric 
DNA Name 

Structure 
Experimental 

complex migration 
time, s 

Theoretical 
complex 

migration time, s 

Deviation of  
theoretical migration 

time from experimental 
20ds  999.8 ± 3.7 970.6 ± 6.1 6% 
40ds  961.0 ± 0.4 971.6 ± 2.2 2% 
80ds  1128.7 ± 10.1 1170.3 ± 3.6 4% 
120ds 1377.7 ± 42.9 1453.1 ± 52.3 4% 
40-0  1100.6 ± 18.4 1049.7 ± 41.0 7% 
60-0  1176.3 ± 33.9 1218.2 ± 32.6 4% 
80-0  1305.9 ± 15.9 1364.7 ± 17.9 5% 
40-1  1169.3 ± 7.1 1200.1 ± 3.7 3% 
60-1  1291.2 ± 3.7 1386.4 ± 7.0 8% 
60-2  1283.0 ± 1.3 1394.5 ± 1.6 9% 
80-1  1323.2 ± 1.6 1448.6 ± 7.1 9% 
80-2  1332.3 ± 3.9 1453.8 ± 4.5 9% 
80-3  1340.3 ± 12.4 1471.2 ± 7.6 9% 

60-1-2  1276.5 ± 1.6 1397.5 ± 9.2 10% 
80-1-2  1324.1 ± 2.2 1446.6 ± 10.0 9% 
80-2-3  1336.8 ± 1.9 1470.4 ± 3.4 10% 
80-1-3  1314.1 ± 5.6 1450.6 ± 14.1 10% 

80-1-2-3  1315.2 ± 3.7 1460.4 ± 8.2 11% 

Precisions of experimental complex migration time and theoretical complex migration time are 
represented by one standard deviation of results from the mean of three repeated experiments. 

2.2. Migration times of complexes of streptavidin with different ds-ssDNA chimeras 
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3. Supporting Mathematics 

Mathematical model for chimeras with multiple dsDNA-ssDNA sections 

Let us consider the mobility of protein-DNA complex in the case of chimeric DNA that has 
the following structure dsDNA-ssDNA-…-dsDNA-ssDNA. The mobility of each dsDNA section 
can be determined by expressions (5) from the main text: 

0 r dsDNA, dsDNA, D dsDNA, D
dsDNA, dsDNA,

0 r

,i i i
i i

      
 

   
 

    (S1) 

where subscript i = 1, …,N is the number of the dsDNA section under consideration. Equation 
(S1) can be rewritten similarly to relation (6): 

dsDNA, D dsDNA, D dsDNA,
dsDNA, dsDNA,

dsDNA dsDNA

,i i i
i i

q q

d d

  
 

  


     (S2) 

Expression (S2) for μdsDNA,i can be also obtained from the balance of electric and hydrodynamic 
forces, FE,dsDNA,i and FH,dsDNA,i, acting upon the i-th dsDNA section: 

E,dsDNA, H,dsDNA, 0i iF F   (S3) 

if we assume the following effective values for these forces: 

dsDNA dsDNA,
E,dsDNA, dsDNA, dsDNA, H,dsDNA, dsDNA,

D

, i
i i i i i

d L
F q L E F u




    (S4) 

Here, LdsDNA,i is the contour length of the i-th dsDNA section, udsDNA,i is a relative velocity of this 
dsDNA section with respect to the buffer. 

The mobility of each ssDNA section can be determined from expressions (10) in the main 
text: 

0 r ssDNA, ssDNA, D ssDNA, D
ssDNA, ssDNA,

0 r

,i i i
i i

      
 

   
 

    (S5) 

where subscript i = 1, …,N is the number of ssDNA section. Equation (S5) can be rewritten 
similarly to relation (11): 

ssDNA, D ssDNA, D ssDNA,
ssDNA, ssDNA,

ssDNA ssDNA

,i i i
i i

q q

d d

  
 

  


     (S6) 

Expression (S6) for μssDNA,i can be also obtained from the balance of electric and hydrodynamic 
forces, FE,ssDNA,i and FH,ssDNA,i, acting upon the i-th ssDNA section: 

E,ssDNA, H,ssDNA, 0i iF F   (S7) 

if we assume the following effective values for these forces: 

ssDNA ssDNA,
E,ssDNA, ssDNA, ssDNA, H,ssDNA, ssDNA,

D

, i
i i i i i

d L
F q L E F u




    (S8) 

Here, LssDNA,i is the contour length of the i-th ssDNA section, ussDNA,i is a relative velocity of this 
ssDNA section with respect to the buffer. 
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The electrophoretic mobility of a globular protein attached to the end of the dsDNA-ssDNA 
chimera can be found from a balance of all effective forces acting upon such a complex: 

E,P E,dsDNA, E,ssDNA, H,P H,dsDNA, H,ssDNA,
1 1 1 1

0
N N N N

i i i i
i i i i

F F F F F F
   

          (S9) 

Substitution of expressions (4), (S4), and (S8) into equation (S9) gives: 

P dsDNA, dsDNA, ssDNA, ssDNA,
1 1

2
dsDNA dsDNA, ssDNA ssDNA,P

comp
1 1D D D

N N

i i i i
i i

N N
i i

i i

Q q L q L E

d L d Ld
u

 
  

 

 

    
 
 

  
 

 

 
 (S10) 

Here, we assume that: 

P comp dsDNA, comp ssDNA, comp, ,i iu u u u u u    (S11) 

Solving equation (S10) with respect to ucomp and taking into account that ucomp = μcompE we 
obtain the electrophoretic mobility of the complex μcomp: 

P dsDNA, dsDNA, ssDNA, ssDNA,
1 1

comp 2
dsDNA dsDNA, ssDNA ssDNA,P

1 1D D D

N N

i i i i
i i

N N
i i

i i

Q q L q L

d L d Ld


 
  

 

 

 


 

 

 
 (S12) 

Taking into account expressions (2), (S2), and (S6) for the electrophoretic mobilities of the 
globular protein, the i-th dsDNA section, and i-th ssDNA section we can rewrite relation (S12) 
as follows: 

2
P P dsDNA dsDNA, dsDNA, ssDNA ssDNA, ssDNA,

1 1
comp

2
P dsDNA dsDNA, ssDNA ssDNA,

1 1

N N

i i i i
i i

N N

i i
i i

d d L d L

d d L d L
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In the absence of the protein, relation (S13) reduces to expression for the electrophoretic 
mobility of the dsDNA-ssDNA chimera, μchim: 

dsDNA dsDNA, dsDNA, ssDNA ssDNA, ssDNA,
1 1

chim

dsDNA dsDNA, ssDNA ssDNA,
1 1

N N

i i i i
i i

N N

i i
i i

d L d L

d L d L
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Given expression (18), we can express the electrophoretic mobility of complex in terms of the 
electrophoretic mobilities of the protein and the DNA chimera: 

 2
P P dsDNA dsDNA ssDNA ssDNA chim

comp 2
P dsDNA dsDNA ssDNA ssDNA

d d L d L

d d L d L

 


 


   (S15) 
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where LdsDNA is the total contour length of all dsDNA sections and LssDNA is the total contour 
length of all ssDNA sections. They are determined by expressions: 

dsDNA dsDNA, ssDNA ssDNA,
1 1

,
N N

i i
i i

L L L L
 

    (S16) 
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