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ABSTRACT: Selection of protein binders from highly diverse
combinatorial libraries of DNA-encoded small molecules is a
highly promising approach for discovery of small-molecule drug
leads. Methods of kinetic capillary electrophoresis provide the
high efficiency of partitioning required for such selection but re-
quire the knowledge of electrophoretic mobility of the protein—
ligand complex. Here we present a theoretical approach for an
accurate estimate of the electrophoretic mobility of such com-
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plexes. The model is based on a theory of the thin double layer and corresponding expressions used for the mobilities of a rod-
like short oligonucleotide and a sphere-like globular protein. The model uses empirical values of mobilities of free protein, free
ligand, and electroosmotic flow. The model was tested with a streptavidin—dsDNA complex linked through biotin (small
molecule). The deviation of the prediction from the experimental mobility did not exceed 4%, thus confirming that not only is
the model adequate but it is also accurate. This model will facilitate reliable use of KCE methods for selection of drug leads from

libraries of DNA-encoded small molecules.

S election of protein binders from highly diverse combina-

torial libraries (complex mixtures) of molecules is an
efficient and economical alternative to traditional screening
for discovery of affinity probes and drug leads." The molecules
in the most diverse libraries, with only ~1—100 copies of every
molecule present in a sample, include either DNA or RNA for
the purpose of binder identification. The unique property of
DNA is that it can be amplified by PCR and sequenced to
reveal the binder’s identity. RNA, on the other hand, can be
easily converted into DNA, which can then be amplified and
sequenced. The examples of such libraries are (i) ratndom DNA
(or RNA) libraries used for selection of oligonucleotide
aptamers,”® (i) mRNA-display libraries containing chimeras
of mRNAs with peptides that they encode and used to select
protein-binding peptides,* and (iii) DNA-encoded libraries of
small molecules used for selection of small-molecule protein
binders.”> For any specific library, the oligonucleotides have
identical lengths and are the bulkiest parts of the molecules.
They largely define the physical properties of the library
molecules such as size and electrical charge, so that other parts,
even when present, can be neglected if these physical properties
are of major importance. Therefore, for a general considera-
tion considering only the physical properties of molecules, we
can assume that the protein binds DNA and we will use this
simplification unless the details are essential.

In the binder selection procedure, the library is mixed with
the protein target to allow library molecules to bind the target.
The target-bound molecules are partitioned from the target-
unbound ones. The collected bound molecules are dissociated
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from the protein and identified by sequencing their DNA (or
DNA complement of RNA). The partitioning step must be very
efficient to ensure that the binders are not lost while the non-
binders are removed. Typically, partitioning is done by using
surface-based approaches: separation on filters that retain the
protein but let DNA (RNA) through or affinity chromatog-
raphy with the protein immobilized on the stationary phase and
retaining the binders.®

Surface-based techniques suffer from low partitioning
efficiency caused by nonspecific binding of the library molec-
ules to the surface of the filter or the stationary phase. The
fraction of the library that nonspecifically binds to the surface
can be as high as 15%.” Such a high background decreases the
efficiency of the selection procedure. It is especially detrimental
for selection of binders from DNA-encoded libraries of small
molecules. Unlike random DNA libraries and mRNA display
libraries, the libraries of DNA-encoded small molecules cannot
be propagated because small molecules are not amplifiable.
Therefore, enrichment of true binders must be achieved
within a few rounds of selection which, in turn, requires high
partitioning efficiency of separation methods used in the
selection. Failure to successfully select protein binders from the
three types of libraries considered here can be caused by low
partit;oning efficiency of the surface-based separation methods
used.

Received: December 3, 2014
Accepted: January 11, 2015
Published: January 11, 2015

DOI: 10.1021/ac504504c
Anal. Chem. 2015, 87, 2474—2479


pubs.acs.org/ac
http://dx.doi.org/10.1021/ac504504c

Analytical Chemistry

Gelfree capillary electrophoresis (CE) is a solution-based
separation technique and a highly promising alternative to
surface-based techniques for partitioning protein—DNA com-
plexes from the unbound DNA library. The separation in CE is
based on different electrophoretic mobilities of DNA and
protein—DNA complexes; the protein—DNA complex always
has a greater friction coefficient (of the drag force) and a lower
negative charge density than unbound DNA. Moreover, all
DNA molecules of the same length have similar mobilities and
migrate as a single electrophoretic zone. All complexes of the
same-length DNA with the same protein also have similar
mobilities and migrate as a single electrophoretic zone. When a
bare fused silica capillary is used along with a pH-neutral
separation buffer, there is always an appreciable electroosmotic
flow (EOF) from the positive-electrode end to the negative-
electrode end of the capillary. The absolute value of EOF
mobility is greater than those of DNA and protein—DNA
complexes while the direction is opposite. As a result, DNA and
protein—DNA complexes injected at the positive-electrode will
move toward the negative-electrode end (despite their overall
negative charges) with the complexes moving faster (Figure 1A).
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Figure 1. Conceptual depiction of migration patterns of DNA, protein,
and complex. (A) The sample that contains DNA, protein, and
complex is injected into the capillary at t = 0. Under high voltage, all
three components start to migrate toward the outlet yet separate from
each other based on their size to charge ratios. The complete separa-
tion is achieved at t = 1. (B) The graph illustrates the corresponding
migration times of DNA, protein, and complex.

The complexes can be collected at the capillary outlet before
the unbound DNA reaches the end. The greater time window
between the complexes and unbound DNA will result in a
greater partitioning efficiency (Figure 1B). The background can
originate from unbound DNA moving along with the protein—
DNA complex.’ A wide time window between the zones of
the complex and unbound DNA guarantees very low back-
ground which must be much lower than that of surface-based
methods."

The above advantages of gel-free CE led to its practical use
for analytical and preparative separation of protein—DNA
complexes. Methods of kinetic capillary electrophoresis (KCE)
were successfully utilized for measuring rate constants of
complex formation, k,,, and dissociation, kg and equilibrium
dissociation constant, K;.''™'* KCE methods were also used for
selection of protein binders from DNA libraries.'® In particular,
DNA aptamers were selected for a number of proteins.'”
Uniquely, KCE methods allowed selection of aptamers with
desirable ranges of kg and Ky values.'® The library enrichment
is typically completed in 1—4 rounds of partitioning in contrast
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to 10—20 rounds usually required with surface based
methods."” Such high speed of enrichment is explained by an
extremely low level of background of <0.01%.” The use of
KCE methods was also suggested for selection of protein
binders from libraries of DNA-encoded small molecules, and
some performance parameters have been experimentally
evaluated for this application.'*

Selection of protein binders from DNA libraries requires
collection of a fraction of the intact protein—DNA complex
(and/or free DNA that originated from the dissociation of
protein—DNA complex) during electrophoresis. Accurate
fraction collection requires the knowledge of migration time
of protein—DNA complexes. In some instances, adding a great
excess of protein to the library leads to creation of nonspecific
protein—DNA complexes that can be detectable.”! However,
this approach does not work when the protein does not have a
tendency of binding DNA nonspecifically. Blind fraction
collection has high odds that either the complex will not be
collected or a large amount of “background” DNA will be
collected along with the complex. The latter is an indicator of
ineflicient partitioning that can be detrimental for selection,
especially from nonamplifiable libraries of DNA-encoded small
molecules. Therefore, it is of great importance for KCE-based
selection of protein binders to have a method of accurate
prediction of protein—DNA complex mobility. Here we present
such a method for complexes of proteins with DNA-encoded
small molecules. In this case we use a model of a globular
protein with a rigid dsDNA attached to the protein in a single
point (Figure 2). The model is based on a theory of the thin
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Figure 2. Schematic representation of the complex of globular protein
and rod-like dsDNA, linked through a small molecule, capable of
binding the protein. This model mimics the complex between a
protein and a DNA-encoded small molecule with the dsDNA part.
The lower part illustrates relative values of velocities of EOF, protein,
DNA, and protein—DNA complex.

double layer and corresponding expressions used for the
mobilities of a rod-like short oligonucleotide and a sphere-like
globular protein. It uses empirical data for mobilities of free
DNA and free protein, which can be easily determined experi-
mentally. To test the developed mathematical model, we used
binding of streptavidin to biotin-labeled dsDNA of different
lengths. The results show that the model can predict the
mobility of protein—DNA complex with an error of less than
4% and the travel time of protein—DNA complex to the
detector with error less than 6%. It can thus aid selection of
protein binders from libraries of DNA-encoded small molecules
and advance the use of such libraries in identifying drug leads
and diagnostic probes.

B RESULTS AND DISCUSSION

Mathematical Model. In this work, we concentrate on
libraries of DNA-encoded small molecules in which the DNA
part is dSDNA of ~120 base pairs in length. This case describes
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a class of practical libraries of DNA encoded small molecules
used in the pharmaceutical selection of drug leads.**

Proteins have been used as tags to cause DNA mobility shift
in DNA sequencing.”® The general separation approach dealing
with such molecular chimeras is termed End-Labeled Free-
Solution Electrophoresis (ELFSE) of DNA. To aid processing
data from ELFSE-of-DNA experiments, theoretical models of
ELFSE have been developed.”*™>° Such models usually employ
the blob theory that is applicable to DNA which is sufficiently
long to be considered a semiflexible random coil.*®* The
polymer can be considered a semiflexible random coil if its
contour length L is much larger than the Kuhn length by
characterizing the polymer stiffness.>"** This assumption is not
satisfied for ~120 base pairs long dsDNA for which Lpy,
< 41 nm while by pn4 > 100 nm. Here and below, “DNA” in the
subscript indicates that the corresponding parameter describes
dsDNA. Thus, the usual ELFSE models, which are based on the
blob theory, cannot be used in our case.

Taking into account that Ly, is smaller than by pyy,, we use
a different approach assuming that dsDNA (containing <120
base pairs) behaves like a rigid rod. The dsDNA diameter, dpyy,
can be estimated as 2 nm,”** which is larger than the Debye
length for the buffer, Ay, and the dsDNA length Lpy, is many
times larger than Ap. Thus, we can assume that the dsDNA
mobility, fipn,, is estimated by an expression used in a theory of

the thin double layer:***®
u _ €0€:LpNa ~ —0pnatp g ~ —0pna‘p
DA n " G £t
(1)

Here, ¢, is the vacuum permittivity, €, is the relative permittivity
of the buffer, {y, is the zeta potential of dSDNA, opyy is the
surface density of the electric charge in the diffuse part of the
double layer around dsDNA (i.e., excluding the Stern layer),
and 7 is the dynamic viscosity of the buffer. Expression 1 can be
rewritten as follows:
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where gpya is the charge per unit length of dsDNA. In cal-
culations of qpys, we should take into account the conden-
sation of the counterions on dsDNA.>*"* The condensation
takes place for cylindrical objects with the linear density electric
charge, g, satisfying relations™

mdpna

2
e €

T = zi/lB’ B 4reqe kg T

Iqgl > q .,
9 qe(f (3)
Here, e is the charge of proton, z; is the valence of counterions,
Ag is the Bjerrum length, kg is the Boltzmann constant, and T is
the absolute temperature of the buffer. Usually, dsDNA has two
negative charges per 0.34 nm of its len2g7 h*® and A = 0.7 nm for
water solutions at room temperature.””>” Thus, condition 3 is
always satisfied for dsDNA and condensation of counterions
reduces the density of the DNA charge gpya (excluding the
Stern layer) to the effective value, —q.g determined by the
second relation 3.>° Since we also consider the Stern layer
as a part of the condensed counterion layer, then Igpy,l will be
even less than g.¢ In this case gpys can be considered as an
adjustable parameter. We should note that the dsDNA mobility
has negative values since dsDNA is negatively charged.
Expression 2 for pipya can be also obtained from the balance
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of electric and hydrodynamic forces, Fypna and Fypya, acting
upon dsDNA:

Fgpna + Hypna = 0 4)
if we assume the following effective values for these forces:
mndpnalpna
Fgpna = qDNALDNAEl Eipna = _l—uDNA
D
(5)

Here, E is the electric field strength and wupy, is a relative
velocity of dsDNA with respect to the buffer. Hereafter we use
a coordinate system in which electric and hydrodynamic forces
have only x-components.

The average diameter dp of a globular protein with the
molecular weight >10 kDa can be estimated as 3 nm.** Thus, d,
is significantly larger than Ap. In this case, the protein mobility
Hp can be determined by expression similar to expression 1:

—0pdp ( [ _GPAD)
) P
n €0, (6)
Here, () is the zeta potential of the globular protein, and o} is
the average surface density of the electric charge in the diffuse

part of the double layer around the protein (i.e., excluding the
Stern layer). Expression 6 can be also rewritten as follows:

_ —0plp _ Qpp _ Qp
n ﬂndpzl mdy’

_ €0€,lp -

F n

ﬂp Op =

(7)
where Qp is the electric charge of protein (including the Stern
layer charge). We should note that the protein mobility can
have both positive and negative values (for positively and
negatively charged proteins, respectively).

Expression 7 for pp can also be obtained from the balance of
electric and hydrodynamic forces, Fyp and Fyp, acting upon the
protein molecule:

Fgp+ Fyp=0

if we assume the following effective values for these forces:

(8)
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Here, up is the relative velocity of the protein with respect to
the buffer.

The mobility of dsDNA with a globular protein attached to
its end can be found from the balance of all effective forces
acting upon such a complex:

FE,DNA + FE,P + FH,DNA + FH,P =0

Substitution of expressions 5 and 9 into eq 10 gives

]ucomp

(11)
comp and taking into
= HeompE We obtain the complex mobility

(10)

mndpnalpna i 7”7‘11)2
Ap Ap

(qDNALDNA + QP)E = (

Solving this equation with respect to u
account that u

CO]T[P
/’tcomp:
_ qDNALDNA + Qp
ﬂcomp B mdpnaLpna + ”dez
P i (12)
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Figure 3. Migration information on all components. The migration patterns of 40, 80, and 120 dsDNA are shown in parts A, B, and C, respectively.
In each panel, the top two traces represent a control experiment with different detection wavelengths. The control contains 100 nM dsDNA, the
neutral marker (NM), and the internal standard (IS). The bottom two traces represent binding, which has the same composition as control plus
1 uM chromeo-streptavidin protein. The binding complex was highlighted with the red box. All experiments were performed in triplicates.

Taking into account expressions 2 and 7 for the mobilities of
dsDNA and the globular protein, we can rewrite the relation 12
as follows:

2
dpnaLlpnakpna t 9 Hp

2
dDNALDNA + dP

'ucomp =

(13)

Using expression 13 for the complex mobility, we can readily
find the complex travel time to the detector, f o,

L

VEOE F Homp

t

comp ~

(14)

Here, L is the distance from the beginning of the capillary to
the detector, and vgop is the velocity of EOF in the capillary.

It should be noted that the final expression 13 for complex
mobility does not contain charges of dsDNA and protein. We
excluded them using expression 2 and 6 for the mobilities of
dsDNA and protein. Thus, we do not need to know the charges
of dsDNA and protein to calculate complex mobility since we
can experimentally determine the mobilities of dsDNA and
protein. In this case, the charges of dsDNA and protein can be
back calculated from relations 2 and 6 using their experi-
mentally found mobilities and, therefore, can be considered as
adjustable parameters.

Experimental Validation of Mathematical Model. To
validate our mathematical model expressed by eqs 13 and 14,
we needed a protein that binds dsDNA at its end and
we needed to determine mobilities of free protein and free
dsDNA as well as the EOF velocity. We chose streptavidin and
biotinylated dsDNA as a binding pair. Streptavidin can bind to
biotin with exceptionally high affinity. Three lengths of dsDNA
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were used (Npya = 40, 80, and 120 base pairs) to test theory
applicability for different DNA lengths. All experiments were
performed in triplicates. Figure 3 shows representative
electropherograms for the neutral marker (bodipy), free
protein, internal standard (fluorescein), free biotinylated
dsDNA, and protein—dsDNA mixture. The velocity of EOF
was measured and found to be vgop = 0.1247 + 0.0002, 0.1249
+ 0.0002, and 0.1193 + 0.0017 cm/s for experiments with
Npna = 40, 80, and 120 base pairs, respectively. Mobilities of
both dsDNA (in the absence of the protein) and the protein (in
the absence of dsDNA) were found to be negative, which
means that both dsDNA and protein are negatively charged. As
a result the complex turned out to be negatively charged and its
experimentally measured mobility is negative. Measurements of
the dsDNA mobility resulted in the following absolute mobility
values: [upysl = 0.2678 + 0.0005, 0.2747 + 0.0014, and 0.2784
+ 0.0002 cm?/kV s for Npy, = 40, 80, and 120 base pairs,
respectively. Measurements of the protein mobility revealed
|,Ltp| = 0.0401 + 0.0006, 0.0403 + 0.0012, and 0.0384 =+
0.0006 cm*/kV s for experiments with Ny, = 40, 80, and 120
base pairs, respectively. Thus, the absolute value of protein
mobility is significantly less than that of dsDNA. The mobilities
of the complexes were found to be Iyl = 0.1643 + 0.0006,
0.2007 + 0.0022, and 0.2195 + 0.0006 cm*/kV s for Npy, =
40, 80, and 120 base pairs, respectively. Thus, a complete set of
experimental data required for model validation needs to be
obtained.

In addition to the described experimental values of mobilities
and velocities, we needed to know the hydrodynamic sizes of
the streptavidin (dp) and dsDNA (dpya and Ly, ). We used a
value of dpys = 2.6 nm, which includes the hydration shell
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around dsDNA,*" and a value for the streptavidine molecule
diameter, d, = 53 nm, determined from crystallographic
studies.”” The dsDNA length was calculated as Lpy, =
bonalNpna, Where bpya = 0.34 nm is the dsDNA monomer
length.*®

We used the described parameters in eqs 13 and 14 to
calculate predicated mobilities and travel times to the detector
for protein—dsDNA complexes at different lengths of dsDNA.
Figure 4 shows absolute values of the experimental and
theoretical mobilities of the protein—DNA complexes.
According to the results in Figure 4, the developed model
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Figure 4. Dependences of the protein-dsDNA complex mobility (top)
and travel time to the detector (bottom) on the number of base pairs
in dsDNA. Mobilities and migration times of dsDNA and protein are
also shown. Experimental results are shown by lines with open markers
while theoretical results are shown by lines with solid markers.
Theoretical values were obtained from expressions 13 and 14

can predict the mobility of the protein—DNA complex with an
error of less than 4% and the travel time of the protein—DNA
complex to the detector with error less than 6%. It should be
noted that different models were proposed for the mobility of
rigid composite objects formed by a rod and a sphere.””* In
these models, only one part (the rod or the sphere) is charged
whereas in our case both parts (the rod-like dsDNA and the
globular protein) can be charged. Extension of these models to
our case results in the following expression for the complex

mobility
U _ éDNA/’lDNA + é:PHP
omp Sona + & (15)

Here &pna and &p are the friction coefficients of a rod and a

sphere defined by relations:*”**
27nLnna
$ona = o Zoa _ 1 & = 3and,
t dpna 2 (16)
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Relation 15 differs from expression 13 that we obtained and is
used to predict the complex mobility. In particular, relation
15 depends on dpy, only logarithmically (very weakly).
Calculation based on egs 15 and 16 give luco,,l = 0.1496,
0.1748, and 0.1909 cm?/kV s for Npy, = 40, 80, and 120 base
pairs, respectively. Comparing these theoretical values of
complex mobility to ones experimentally determined above
we can conclude that expression 15 results in 13% relative error
in prediction of complex mobility whereas our expression 13
leads to only 4% error.

To summarize, we developed an approach for accurate
estimate of the mobility of the protein—dsDNA complex. The
approach uses an approximation of a globular protein and a
rod-like dsDNA. It will aid in selection and characterization of
protein binders from libraries of DNA-encoded small molecules
by methods of KCE. The general approach developed here can
be utilized to develop similar models for other types of DNA
libraries.

B MATERIALS AND METHODS

Chemicals and Materials. Fused-silica capillary was
purchased from Polymicro (Phoenix, AZ). All reagents were
dissolved in 50 mM Tris-HCI, pH 8.0. The 40, 80, and 120
dsDNA were synthesized by PCR, and a pETMutS plasmid was
used as a template (Addgene plasmid 13245, Cambridge, MA).
All DNA primers were purchased from IDT DNA Technology
Inc. (Coravile, IA). DNA primer sequences were

Forward FAM §'-CCGACTACCTCCTCCTCTTC-3’
primer:

Reverse Biotin §-TCGTAGAAGTCCCCCACCTG-3’
primer 40:

Reverse Biotin 5'-CAGGGCGCGGGCCA-3’
primer 80:

Reverse Biotin S-TGGTGAAGTCCTTGCTGGTC-3’
primer 120:

All PCR products were subjected onto a 2% agarose gel, and
the bands that contained dsDNA were excised and purified by
using a QIAquick Gel Extraction Kit (Toronto, ON, Canada).
The purified dsDNA were quantified by using fluorescence
detection at 520 nm. The FAM:-labeled forward primer was
used as a concentration standard. The streptavidin (Sigma-
Aldrich, Oakville, ON, Canada) was labeled with a fluorogenic
dye, Chromeo 488 (Active Motif, Carlsbad, CA) overnight at
4 °C. Bodipy was purchased from Life Technologies Inc.
(Burlington, ON, Canada). All other regents were purchased
from Sigma-Aldrich (Oakville, ON, Canada). All solutions were
made using deionized water filtered through a 0.22 pm filter
(Millipore, Nepan, ON, Canada).

Instrumentation. The ABI7300 real time PCR (BioRad,
Mississauga, ON, Canada) was used to synthesis dsDNA. The
Owl D2 Wide-Gel Electrophoresis System (Thermo Scientific,
Wilmington, DE) was used to purify the PCR products.
NanoDrop 3300 fluorospectrometer (Thermo Scientific,
Wilmington, DE) was used for dsDNA quantification. All CE
experiments were carried out with MDQ-PACE instrument
(Beckman-Coulter, ON, Canada) equipped with a laser-
induced fluorescence (LIF) detector. LIF signal was recorded
at 520 nm (for fluorescein, FAM, and bodipy detection) and
60S nm (for chromeo-streptavidin detection) with 4 Hz acquisi-
tion rate. The inner diameter of the capillary was 75 pm. The
total capillary length was 81.2 cm with 712 cm from the
injection end to the detection window.
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Migration Analysis by CE—LIF. The S0 mM Tris-HCl, pH
8.0 buffer was used for both incubation and separation. The
binding mixture was made by incubating 100 nM dsDNA,
1 uM chromeo-labeled streptavidin, 10 nM fluorescein
(internal standard), and S uM bodipy (neutral marker), at
20 °C for 30 min. The control mixture was the same as binding
mixture yet without streptavidin. The capillary was flushed prior
to each CE run with 0.1 M HCI, 0.1 M NaOH, ddH,0O, and
buffer. The sample was injected into the capillary at 0.5 psi for
10 s. The ends of the capillary were inserted into the inlet and
outlet reservoirs, and an electric field of 308 V/cm was applied
to carry out electrophoresis. The temperature of the capillary
was maintained at 15 °C. All experiments were performed in
triplicates.
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