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Automated microchip electrophoresis was used as a simple and rapid method to measure effective
dissociation constants (K4 ) of aptamers against both large and small molecule targets. Human
thrombin, immunoglobulin E (IgE), and adenosine triphosphate (ATP) were selected as model analytes
to validate the method, with four ligands including two DNA aptamers for thrombin (two distinct
epitopes), an IgE aptamer, and an ATP aptamer. The approach is based on a microchip version of
a DNA mobility shift assay. Non-denaturing microchip gel electrophoresis separations of DNA could
resolve and quantify unbound from target-bound aptamers when using large molecules as targets. To
extend the technique to small molecule targets such as ATP, an aptamer/competitor strategy was used,
in which a DNA competitor complementary to the aptamer could be displaced by ATP and
electrophoretically resolved. Using an automated microchip electrophoresis platform, parallel
separations of 11 titration samples were completed in ~0.5 h. Analytical performance comparisons
show that our approach provides significant advantages in minimized reagent consumption (typically
tens of pmol of aptamer and target), reduced analysis time, and minimized user interaction when
compared to previously reported methods for aptamer Ky measurement. Moreover, the flexibility and
ease of Ky .;r measurement for aptamers against large and small targets make this a unique and valuable
approach that should find widespread use. Finally, the feasibility of using this method during aptamer
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selection processes (e.g. SELEX) was shown by accurate bulk Ky .¢r measurement of a known thrombin
aptamer (THRaptA) spiked into a random-sequence DNA pool at as low as 5.0% (molar %) of the total

pool; only ~825 fmol of total binding sequences were needed for an 11-point titration curve.

Introduction

Aptamers are RNA or single stranded DNA molecules that have
been isolated from random-sequence nucleic acid libraries by
in vitro selection'? and which fold into unique tertiary structures,
allowing them to bind targets with high affinity and specificity.
As such, aptamers have attracted attention for their potential as
pharmaceutical lead compounds or diagnostic agents. To date,
numerous aptamers have been selected against a broad range of
targets, such as small molecules,** proteins,® and even entire
cells.”® Due to their similar affinity and selectivity, aptamers
draw obvious comparisons with antibodies,’® yet aptamers exhibit
a number of advantages over antibodies as molecular recognition
elements, especially for diagnosis. First, the relative ease of
in vitro aptamer isolation eliminates the need for animal hosts,
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chemical modification of nucleic acids is highly flexible and well-
developed, and aptamer binding affinity can be tailored or
manipulated. Furthermore, aptamers can be selected against
virtually any molecule, even those that are toxic or do not
stimulate an immune response. Lastly, aptamers will refold to
regain functionality after exposure to denaturing conditions such
as extreme pH or temperature. Due to these advantages over
antibodies, aptamers have now infiltrated much of analytical
chemistry.*

DNA aptamers against thrombin, human IgE, and ATP were
among the first selected, thus they have been thoroughly char-
acterized.'*"> Commonly used thrombin aptamers include two
G-quartet conformations that selectively bind to o-thrombin:
a 29-nucleotide ligand, 60-18(29) (a modified version is named
‘THRaptA’ herein),” and a 15-nucleotide aptamer, known as
GI15D (“THRaptB’ herein).' For human IgE, often used is a 37-
nucleotide aptamer, D17.4 (‘IgEapt’ herein,),'*> and a commonly
used ATP aptamer is DH25.42 (‘ATPapt’ herein)." In the orig-
inal reports, these aptamers were isolated from pools of random-
sequence, single-stranded DNA molecules by in vitro selection,
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and all have been characterized to bind their targets in solution
with dissociation constants in the nanomolar or micromolar
ranges.

Dissociation constant (K4) measurements of aptamers against
their target molecules have been achieved previously using
techniques such as filter binding,'®'*!*!5 fiber-optic micro-
arrays,'® affinity capillary electrophoresis (ACE),"* capillary
electrophoresis (CE),'”*® nonequilibrium capillary electropho-
resis of equilibrium mixtures (NECEEM)," micro free-flow
electrophoresis (LFFE),? microchip CE,*! optical biosensors
using fluorescence anisotropy,” and affinity chromatog-
raphy.’®?* A common characteristic of many of these approaches
is the requirement of a separation step, namely rinsing or
washing. For example, washing of unbound DNA and elution of
DNA complexes is required during selection cycles in filter
binding, washing of beads is needed during DNA immobilization
in fiber-optic microarrays, and rinsing steps are needed during
aptamer coupling in the optical biosensor method. The
approaches that do not require a washing step prior to
measurement (ACE, CE, NECEEM, pFFE) are advantageous
due to their low reagent consumption, but these methods are not
applicable to measuring dissociation constants of aptamer—small
molecule binding. Measurable binding with these methods
generally requires a large shift in size or charge-to-size ratio.
Thus, there is a need for a method that combines low reagent
consumption, homogeneous measurement (no separation or
washing required), and the ability to measure binding of small
and large molecules.

In this paper, we describe two approaches based on automated
microchip electrophoresis for aptamer—target effective dissocia-
tion constant (Kyer) measurement. These approaches, which
allow Ky measurements on aptamers against large or small
molecules, are both based on a microchip version of the DNA
mobility shift assay. The methods offer typical advantages of the
microfluidic platform, including minimized reagent use, reduced
cost, and reduced analysis time. Additionally, there is no need for
labor-intensive, tedious washing steps. The first approach applies
to large molecule (protein) targets, where non-denaturing
microchip gel electrophoresis separations of DNA could be used
to resolve unbound from target-bound aptamers. This approach
is similar to previously reported CE methods,'”'® yet requires
even less starting material for measurement. The second
approach adds a level of flexibility that is novel to this work, in
which an aptamer/competitor strategy was used to extend the
technique to small molecule targets such as ATP. Finally, we
provide evidence that our approach could be used during
aptamer selection (e.g. SELEX) by accurately measuring
aptamer K. in the presence of a large background of
randomized DNA sequences.

Experimental
Reagents and materials

All solutions were prepared with deionized, ultra filtered water
(Fisher Scientific). Human thrombin, IgE, and ATP were
obtained from Sigma Aldrich. All oligonucleotides were
obtained from Integrated DNA Technologies (IDT; Coralville,
Iowa), with purity and yield confirmed by mass spectrometry and

HPLC, respectively. Nucleotide sequences of DNA aptamers
used in experiments are given in Table 1. Buffer reagents were
purchased from VWR. The binding buffer used for THRaptA—
thrombin or THRaptB-thrombin incubations consisted of
50 mM Tris-HCI, 100 mM NacCl, and 1 mM MgCl, at pH 7.5;
the IgE aptamer buffer consisted of 1x PBS (138 mM NaCl,
2.7 mM KCl, 8.1 mM Na,HPO,, 1.1 mM KH,PO,, at pH 7.4)
with 1 mM MgCl,; and the ATP aptamer binding buffer con-
sisted of 10 mM Tris-HCI, 150 mM NacCl, and 5 mM MgCl, at
pH 7.5.

Automated microchip electrophoresis

In order to form the aptamers’ functional secondary and tertiary
structure, solutions of THRaptA, THRaptB, and IgEapt were
heated to 95 °C, then cooled slowly to room temperature (22 °C)
at speed of —3 °C min~' using a Mastercycler-EP gradient
thermal cycler (Eppendorf). Microchip electrophoresis was per-
formed on an Experion automated electrophoresis system (Bio-
Rad). According to the manufacturer’s protocol, the microchip
used in the experiment was an Experion DNA 1K chip, in which
11 sample wells and 1 DNA sizing ladder well are included.
Titration sets (11 points) were carried out in triplicate. Fixed
amounts of THRaptA, THRaptB, or IgEapt strands were
incubated with variable amounts of thrombin or IgE for 2 h at
room temperature, in a total volume of 5 pL, prior to loading
into the chip. 1 pL aliquots of these reaction mixtures (samples),
or standards, or ladder were loaded into each sample well, and
the manufacturer’s protocol was followed for injection, separa-
tion, and fluorescence-based detection using DNA intercalating
dyes. The overall analysis time was ~30 min for separation of all
11 samples and the sizing ladder, inferring that each separation

Table 1 Oligonucleotide sequences used for Kg.r measurements of
aptamer binding to large or small molecules by automated microchip
electrophoresis

Name Sequence”

5-TCG TAC CAG CTG ATG CAC TTC AGT CCG
TGG TAG GGC AGG TTG GGG TGA CTT CGT
GGA ACT ATC TAG CGG TGT ACG TGA GTG
GGC ATG TAG CAA GAC C-3¥

5'-TCA GCC ATT CGA ATC GTA CTG CAA TCG
GGT ATT AGG CTA GTG ACT ACT GGT TGG
TGA GGT TGG GTA GTC ACA AAG TGA CGC
GAC TAG TTA CGG A-3'

5'-TCG TAC CAG CTG ATG CAC TTG GGG CAC
GTT TAT CCG TCC CTC CTA GTG GCG TGC CCC
TCG TGG AAG CGG TGT AGT GGG CAT GTA
GCA AGA CC-3

5'-ACC TGG GGG AGT ATT GCG GAG GAA GGT-¥

5'-ACC TGG GAA TAC TCC CCC AGG TGA AGA
AGA AAG AGA GAG AAA AGA AGA AA-Y

Cae 5-TTT CTT CTT TTC TCT CTC TTT CTT CT-3¥

5-TCA GCC ATT CGA ATC GTA CTG CAA TCG
GGT ATT AGG CTA-N4;-G TGA CGC GAC TAG
TTA CGG A-3

THRaptA

THRaptB

IgEapt

ATPapt

Competitor

Library

“ Bold text represents aptamer consensus sequences, which were
previously determined during selection. N = random nucleotide
sequence generated by hand-mixing of reagents during synthesis.
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(including heating and transition times) required approximately
2.5 min. The intercalating dye used in the Experion system binds
to both double- and single-stranded DNA, with approximately
5-fold higher sensitivity toward double-stranded DNA. Since
aptamer structure is comprised of both double- and single-
stranded DNA segments, these dyes are appropriate for detec-
tion of folded aptamers in solution. As discussed in detail below,
the presence of intercalating dyes may affect aptamer—target
binding affinities to some extent. Note that the Experion DNA
1K loading buffer is of low ionic strength, but its composition
and the intercalating dye identity remain proprietary.

Dissociation constant determination

The effective dissociation constants (Kg.r) were determined
using nonlinear least-squares fitting to the Hill equation (eqn
(1)), with the Hill coefficients (n) set as variable.

(77"
(Kd,eff)n+[T]’I

where S is the fluorescence signal measured as a function of [7],
the titrant concentration (target is typically used as the titrant); .S;
and Sy are the initial and final signals, respectively; and Kg et
represents the effective dissociation constant of the complex of
interest. Intensities of peaks of interest in microchip electrophe-
rograms were fit to the Hill equation after titration experiments.
This simple model, which has found widespread use in
biochemistry, physiology, and pharmacology to analyze binding
equilibria,*2¢ provides flexibility in measuring systems of
unknown stoichiometry. Without information on stoichiometry,
this approach results in an effective dissociation constant (Kq efr)
measurement rather than a strict dissociation constant (Ky) with
known stoichiometry. Ky or measurement is proper in the current
work, since in most cases little is known about the stoichiometry
of aptamer—target interactions. For large molecule-aptamer
Ky or measurements (Fig. 1A), we chose to measure the decrease
in the free aptamer peak.'™7** In some cases, it should be
possible to simplify the Ky measurements using the ratios of
bound and free aptamers to determine the average Kg o value.?!
However, this methodology would be less flexible than using the
free aptamer peak, since it would only apply to special cases
where the complex peak could be detected. Furthermore, the
response of aptamer—target complexes in our system will vary
greatly depending on the extent to which target displaces DNA
intercalating dyes. For small molecule-aptamer Kj ¢ measure-
ments, an aptamer—competitor scheme (Fig. 1B and C) was used
to extract binding constants, as discussed in detail below.

S =58+ (S-5) (M

Results and discussion

Validation of method by measurement of aptamer—protein
dissociation constants

As depicted by the first scheme in Fig. 1A, aptamer—protein
dissociation constants (Ky cfr) were measured using the microchip
ssDNA mobility shift assay. Upon binding to a protein or large
molecule target (7), the electrophoretic mobility of the bound
fraction of the aptamer was altered, and the decreased height or
area of the free aptamer peak (or increase in the complex peak)

- @ =

Aptamer Target Aptamer-Target
Complex
% ATP
d eff1
ATPapt
competitor ATPapt-competitor
- DR . @
ATP
< d eff2
competltor—C;E ATPapt-ATP ATPa pt—competltor-C;s

Fig. 1 Schematic representations of aptamer-target binding equilibria
during Ky measurements. (A) Protein—aptamer Ky measurements
were straightforward, where the decrease in the amount of free aptamer
could be followed with microchip electrophoresis as the concentration of
target (7) was varied. Small molecule aptamer Ky .;r measurements relied
upon (B) aptamer—competitor equilibria in the absence of target as well as
(C) the complete system in the presence of target.

was monitored as a function of target concentration to obtain
a binding curve. Since we utilize automated microchip gel elec-
trophoresis rather than zone electrophoresis as the separation
mechanism, it is necessary to validate that this approach can be
used to obtain aptamer—protein dissociation constants that are
comparable to previous reports. The microchip electrophero-
grams of THRaptA complexed with thrombin at different ratios
are shown in Fig. 2A. The concentration of THRaptA was fixed
at 300 nM while thrombin was varied from 0 to 2.88 uM in
separate 5 uL incubation mixtures. 1 pL aliquots of each mixture
were loaded into the 11 sample wells of the electrophoretic
microchip along with 5 puL of the Experion DNA 1K loading
buffer (Bio-Rad), lowering the concentrations of all components
by 6-fold (THRaptA fixed at 50 nM; thrombin varied from 0 to
480 nM). By monitoring the THRaptA peak at ~50 s (filled grey
peak in Fig. 2A), a consistent trend was observed in which the
peak intensity decreased as the thrombin concentration in the
incubation mixture was increased. This decrease was a result of
the mobility shift of the ssDNA aptamer as it formed a complex
with thrombin.**® The peaks at ~39 s corresponded to a 15-base
pair internal standard for DNA sizing and concentration
measurements. The peak intensities at ~50 s were used to
generate a binding curve as a function of concentration of
thrombin (Fig. 2B; solid line, filled triangles), with error bars
representing standard deviations of triplicate measurements (3
microchips). Using nonlinear least squares fitting of this data to
the Hill equation, we determined the Ky ;s of THRaptA binding
to thrombin to be 25.6 &+ 2.9 nM at 30 °C (running temperature
of the microchip electrophoresis system). This value is higher
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Fig. 2 ssDNA mobility shift assay for protein—aptamer Ky .;r measure-
ments. (A) Example microchip electropherograms of THRaptA during
titration with thrombin. The THRaptA peak around 50 s was observed to
decrease proportionally as thrombin formed complexes with a fraction of
the aptamer pool. (B) Binding curves generated from electropherograms
for aptamer-target binding of THRaptA (solid line, filled triangles),
THRaptB (dashed line, filled gray squares), and IgEapt (dash-dotted line,
open circles) against their respective targets. Nonlinear least squares
analyses revealed K o values of 25.6 + 2.9, 128 &+ 27, and 112 + 7 nM,
respectively.

than previous measurements, likely due to the increased
temperature or other effects such as aptamer sequence differ-
ences (Table 2; discussion below). Essentially the same Kg
value, albeit with larger error, was obtained when using the
presumed aptamer—protein complex peak at 107 s (data not
shown). It is noteworthy that only 28.8 and 16.5 pmol of
thrombin and thrombin aptamer, respectively, were required for
a single-point Ky measurement (one microchip, 11 sample
wells), which represents a major advantage of this microchip
electrophoresis based approach (Table 2). If duplicate or tripli-
cate runs are desired, these amounts must be doubled or tripled.

For further validation, this method was used to measure the
Ky values of THRaptB and IgEapt against their respective
targets. The fixed concentrations of THRaptB and IgEapt in the
final dilution on-chip were 200 and 50 nM in these sets of
experiments, respectively. As shown by the binding curves in
Fig. 2B, the K4 . values of THRaptB binding thrombin (dashed
line, filled gray squares) and IgEapt binding to IgE (dash-dot
line, open circles) were 128 + 27 and 112 £+ 7 nM, respectively
(triplicate incubations, 3 microchips). The THRaptB Kgefr
measurement was in good agreement with previous reports,

which vary by about an order of magnitude depending on the
methodology (Table 2). The IgEapt Ky measurement was
slightly higher than previous reports, again likely due to the
increased temperature of measurement (30 °C; discussed in detail
below). The total amounts of thrombin, THRaptB, IgE, and
IgEapt required for single-point versions of these measurements
were 239, 66.0, 28.8, and 16.5 pmol, respectively.

Measurement of aptamer—small molecule dissociation constants

With small molecule targets such as ATP, the charge-to-size
ratios—and hence the electrophoretic migration times—of
target-bound aptamers are not significantly altered compared to
that of the unbound aptamers, thus the peaks cannot be distin-
guished. This problem limits the flexibility of our approach or
any other electrophoretic approach, as well as for fluorescence
anisotropy-based methods. To remedy the issue, an aptamer/
competitor strategy was utilized,?” in which a DNA competitor
complementary to the aptamer could be displaced by ATP
(Fig. 1B and C). The equilibrium between ATPapt (thick bold
line) and competitor (thinner line) is depicted in Fig. 1B, where
a competitor sequence with a designed 7-base-pair hairpin loop
possesses a 15-base region that is complementary to ATPapt.
This equilibrium between ATPapt and competitor is defined by
the dissociation constant, K4TH,. In Fig. 1C, this aptamer—
competitor equilibrium is combined with the ATPapt binding to
its target, ATP. As small molecules of ATP displace the
competitor from ATPapt, the competitor hairpin reanneals,
promoting an equilibrium shift to the left where ATP is then
bound to its aptamer, ATPapt. This equilibrium is defined by
dissociation constant, K4I%. Note also that an additional region
was added in Fig. 1C, namely a 26-nucleotide region comple-
mentary to the competitor, C,6 (gray bold line) for the purpose of
enhancing separation. For measurement of K3ty (Fig. 1B),
solutions of competitor only were heated to 95 °C, then cooled
slowly to room temperature (22 °C) at —3 °C min~' using
a thermal cycler. Fixed amounts of competitor were incubated
with variable amounts of ATPapt for 2 h at room temperature
prior to loading into the chip. To measure K3%f, (Fig. 1C),
ATPapt—competitor—-C,4 complex was heated to 95 °C, then
cooled slowly to room temperature (22 °C) at —3 °C min~'. The
ratio of ATPapt : competitor : C,s was maintained at 1:1: 1.
Fixed amounts of ATPapt-competitor-C,s complex (0.5 uM)
were incubated with variable amounts of ATP for 2 h at room
temperature prior to loading into the chip.

From Fig. 1B, we define the effective dissociation constant of
aptamer—competitor complex as:

KATP [competitor]|[ATPapt|

_ 2
defll ~ TATPapt — competitor] @

Now, we define the effective dissociation constant of the
competitive equilibrium shown in Fig. 1C, which is a unitless
constant:

[competitor — Cy|[ATPapt — ATP]

3
[ATPapt — competitor — Ca|[ATP] ®)

ATP __
Kd,effz =

K3TE, can also be defined as below, since the C,q strand is
stably complexed with competitor and does not participate
significantly in this equilibrium:
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Table2 Method comparisons for Ky ;s measurements of the four aptamers analyzed in this work. The microchip electrophoresis approach is the only
one listed that can interrogate aptamer—small molecule binding without requiring a washing step; the amount of consumed DNA reagent is also small for

this approach

Dissociation constant, K4y/nM Small DNA
molecule Washing Analysis used”/ Temp./
Method THRaptA THRaptB IgEapt ATPapt binding? step time“/h pmol °C
Nitrocellulose 0.5-1 100-200 10 Yes Required >2 ~0.6 RT
filter binding
Fiber optic 300 Yes Required >3 ~100 000 NR
microarray
Affinity capillary 450 8, 64 No None >1 ~1700 RT
electrophoresis
NECEEM 240 No None ~2 NR RT
Micro free-flow 48 No None ~0.25 ~2P RT
electrophoresis
Optical biosensor 50 No Required >1 ~17 000 20
Affinity <50 000 Yes Required >1 ~6000 RT
chromatography
Automated 25.6 128 112 70 900 Yes None ~0.5 17-170 30
microchip
electrophoresis

“ For equal comparison, time and amount estimates were generated by assuming an equal number of points of titration (11 points here). ? Value was
estimated using flow rate and time, since syringe volumes were reported. NR = not reported; RT = room temperature; NECEEM = nonequilibrium

capillary electrophoresis of equilibrium mixtures.

KATP _ [competitor][ATPapt — ATP] )
deff2 7" [ATPapt — competitor]|[ATP)

It is from these two measurable equilibria that we can extract
the effective dissociation constant of interest, Ky Atpapt:
[ATPapy[ATP] _ KIF “
[ATPapt — ATP] ~ KpIP

Kd,ATPapt =

Thus, we can separately measure K3Th, and K3if, using
microchip DNA mobility shift assays (Fig. 3A and B) with the
systems depicted in Fig. 1B and C, then we can extract Kq aTpapt
from this data using eqn (5). In this way, from binding curves
(Fig. 3C), we determined K3Th, and K37, to be 16.1 + 1.9 nM
and 2.27 4+ 0.05 x 107*, respectively. Using eqn (5), Kq aTpapt Was
then determined to be 70.9 £ 8.5 uM at 30 °C. This extracted
value also agrees well with the published value of ~50 uM,33
especially considering the increased temperature (Table 2).

It is feasible that Ky oy measurements can be made in this way
for aptamers against any small molecule target, greatly
enhancing the flexibility of our automated microchip electro-
phoresis approach for aptamer—target Kq . measurements. In
doing so, one must first develop a similar aptamer—competitor
strategy for each aptamer to be assayed, inferring an increased
experimental commitment. As long as the aptamer sequences are
known, it should be relatively straightforward to design similar
hairpin-forming competitors®” for other small-molecule binding
aptamers, but the energetics of competitor-aptamer binding will
need to be optimized empirically.

Method and dissociation constant comparisons

The measured Kq ¢¢r values of THRaptA, THRaptB, IgEapt, and
ATPapt were 25.6 + 2.9 nM, 128 + 27.0 nM, 112 + 7 nM, and

70.9 + 8.5 uM, respectively (Table 2). These values agreed
reasonably well with previously published numbers, especially
considering the differences in temperature and solution condi-
tions. The measured Ky ¢ values for THRaptB (128 & 27.0 nM)
and ATPapt (70.9 + 8.5 uM) were in agreement with the pub-
lished values of 50-450 nM0:11:14-16.19 and ~50 uM,'>3 respec-
tively. The measured dissociation constants for both THRaptA
(25.6 + 2.9 nM) and IgEapt (112 + 7 nM) were higher than the
published values of 0.5-1 nM'® and 848 nM.'*!72%2! There are
several possibilities that could cause this discrepancy. Most
importantly, the running temperature in our experimental setup
is fixed at 30 °C, which is higher than that used in the other
methods. A temperature increase can cause a significant increase
in measured Ky value, with the magnitude of the shift dependent
on the thermodynamics of binding for each system. Second, the
salt concentrations and buffer constituents are different among
measurements, which can also significantly affect the binding
constants. Third, the nucleotide sequences of THRaptA and
IgEapt (as well as THRaptB) used in this paper were slightly
different than those used in other measurements. Our sequences
(Table 1) include the consensus sequences from selection (bold
text), but also include additional sections at the 5" and 3’ ends for
use in proximity ligation assays.?®*® With the nitrocellulose filter
binding method,'*!*'*!* the authors used only the consensus
sequences of THRaptA and IgEapt, shown in bold in Table 1.
German et al used different versions of the IgE aptamer,
namely the unlabeled aptamer (bold sequences in Table 1) and
a labeled aptamer, with a fluorescent label at the 5’-end using an
ethylene glycol linker. Their dissociation constants were deter-
mined to be 64 nM for labeled aptamer and 8 nM for unlabeled
aptamer. It is obvious that the added fluorescent label caused
a significant decrease in binding affinity. Likewise, our extended
sequences at the 3’ and 5’ ends of aptamers may have affected the

This journal is © The Royal Society of Chemistry 2011
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Fig. 3 ssDNA mobility shift assay for protein—small molecule K s
measurements. (A) Microchip electropherograms of the system shown in
Fig. 1B, as competitor is titrated with ATPapt. The competitor peak (~43
s, filled gray peaks) was observed to decrease in height as it hybridized
with ATPapt, shifting the equilibrium shown in Fig. 1B to the right. (B)
Electropherograms of the system in Fig. 1C during titration with ATP.
The ATPapt-competitor-C, peak (~45 s, filled gray peaks) decreased in
height as ATP complexed with ATPapt, shifting the equilibrium in
Fig. 1C to the left. (C) Binding curves generated from decreases in the
competitor peak (filled circles) and the ATPapt-competitor-C,¢ peak
(filled triangles) gave K4th; = 16.1 & 1.88 nM and K3, = 2.27 + 0.05 x
10~*, respectively. By eqn (5), Kg aAtpapt = 70.9 + 8.5 uM at 30 °C.

binding with target molecules. Finally, since DNA intercalating
dyes were used to label the free aptamer in this work, these dyes
may have competed to some extent with target binding, increasing
the measured K. It is noteworthy that order of magnitude
differences are often observed when comparing Ky measurements
reported in the literature (e.g. “THRaptB’ column in Table 2), due
to the lack of consistency in buffer conditions, temperature,
labeling, ezc. Nonetheless, our aptamer affinity measurements
were in reasonably good agreement with previous reports, and our
approach is greatly simplified compared to others.

Perhaps equally important is the fact that the microchip elec-
trophoresis-based approach requires much less time and reagent
consumption than other methods (Table 2). As shown in Table 2,
our approach provides a 2- to 6-fold reduction in analysis time
compared to all other methods except the uFFE method,?® which
provides ~2-fold faster analysis than our approach. In this
comparison, ‘analysis time’ refers to the time required for
completion of washing and measurement steps, but excluding
preparation and incubation times for titrations, which should be
essentially equal among the methods. The automated micro-
fluidic system also requires only 1 pL. sample volumes in each of
11 sample wells, allowing 5 pL incubation volumes for our
experiments. In order to provide equal comparisons, the time
and amount estimates shown in Table 2 were generated by
assuming an equal number of points of titration (11 used here)
and scaling the values reported for individual incubations. By
comparison to all but the filter binding and pFFE methods, our
approach provides a 10- to 6000-fold reduction in DNA
consumption, with only 17-170 pmol of DNA used for 11 of the
5 pL incubations. Although less DNA was required, the filter-
binding approach requires washing steps and specialized equip-
ment for dealing with radioactive reagents. Specialized equip-
ment and training will also be required for the uFFE method,*
since the method is still in the development stage. On the other
hand, this method is promising and would likely find much
success if made widely available. A significant advantage of our
approach is the commercial availability and ease of use of the
automated instrumentation. Furthermore, the automated and
homogeneous nature of our method reduces instances of human
error and avoids repetitive washing steps.

As a final point of comparison, our approach provides an
added level of flexibility in comparison to other homogeneous
methods based on electrophoresis'**'”? or fluorescence anisot-
ropy.?? The scheme developed for measurement of aptamer—
small molecule dissociation constants (Fig. 1B and C and 3) is
a novel extension of electrophoretic affinity measurements which
allows the flexibility of our method to rival filter binding and
affinity chromatography. In fact, our approach is the only one
listed in Table 2 that can interrogate aptamer—small molecule
binding without requiring a washing step. By exploiting the
inherent nature of DNA aptamers to coexist in their target-
binding form (with tertiary structure) and in their duplex form
with complementary sequences (e.g. antidotes for aptamer-based
drugs), a competitive equilibrium was developed (Fig. 1B and C).
This system imparts large, measurable electrophoretic mobility
shifts that are triggered by aptamers binding to small molecules
(Fig. 3). The approach combines the power of DNA-based
computing or structure-switching with aptamer—target interac-
tions to significantly improve the flexibility of our mobility shift
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assays. Moreover, the use of DNA-based competitors could also
be applied to the other homogeneous methods shown in Table 2,
such as uFFE, ACE, NECEEM, or to optical biosensors to
improve their flexibility of application.

Feasibility for K; monitoring during aptamer selection

To provide proof-of-principle that the microchip DNA mobility
shift assays could be useful for monitoring dissociation constants
during aptamer selection processes (e.g. SELEX'?), a mock-
SELEX process was carried out. A known DNA aptamer was
spiked into a random sequence DNA library at increasing ratios
to mimic enrichment within the library, and our approach was
used to measure the bulk dissociation constant of these mixtures.
Solutions of increasing percentages of THRaptA in a random
DNA library were prepared (0, 1, 5, 10, 25, 75, 90, and 100%).
Fixed total DNA concentrations of each THRaptA/library
mixture were then incubated in 5 uL volumes (300 nM total
DNA, or 1.5 pmol) with variable amounts of thrombin (11
thrombin concentrations and 1 microchip for each mixture) for
2 h at room temperature prior to loading into the microchip,
injection, and separation. Since the DNA library and THRaptA
were of approximately equal length (100 and 97 bp, Table 1),
only one peak in the electropherogram was monitored. The
THRaptA/library peak was observed to decrease with the addi-
tion of thrombin for all samples except the 0% THRaptA control
(Fig. 4A). Data shown in this figure are peak heights of free
THRaptA/library pool, normalized to the peak height with no
thrombin added. The shape of the binding curve became more
pronounced with increasing percentage of THRaptA in the pool.
As shown in Fig. 4B, nonlinear least squares analysis revealed
that the known Ky ¢¢r of THRaptA could be extracted from this
data at concentrations as low as 5% of the pool (75 fmol
THRaptA + 1425 fmol library in each incubation tube). Error
bars in this data represent fitting errors in the least squares
analysis. The Ky ¢ of the 1% mixture was determined to be 24.6
£ 70.2 nM. Although this value was coincidentally near the true
value of 25.6 nM, with such large error, a one-parameter z-test
showed that it was significantly different from the true value of
25.6 nM (p < 0.05). In the same way, mixtures with 5% THRaptA
or more were shown to be statistically equal to the true value (p >
0.2). In essence, the measured Ky ¢ of the pools converged on the
true value of the THRaptA Ky s as the fraction of THRaptA in
the library pool increased (Fig. 4B). In a true SELEX process, the
bulk Kjy.¢r should decrease with each round as higher affinity
ligands succeed in the evolutionary competition, rather than
continuously converging toward a single value. Nonetheless,
these results suggest that our approach could be used as an
automated, homogeneous route for monitoring Ky values
during each round of the SELEX process, requiring only ~825
fmol (11 incubation tubes with 75 fmol each) of binding
sequences (THRaptA) in a background of random DNA.

Conclusions

In this work, we have demonstrated that automated microchip
electrophoresis is a useful method for measurement of aptamer—
target Kgr measurements. The approach is homogeneous,
requires minimal time and reagent consumption, and can be
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Fig. 4 Mock-SELEX process in which THRaptA was spiked into
a random sequence DNA pool at different concentrations. (A) Microchip
electrophoresis binding curves for pools from 5 to 90% THRaptA. (B)
Measured Ky values of the pool converged to the true value with
increasing THRaptA fraction, and our system was able to detect
aptamers spiked into a random sequence pool at as low as 5% population
(75 fmol THRaptA). A one sample 7-test showed no difference from the
previously measured value of 25.6 nM (p > 0.2) for all samples other than
the 1% sample (p < 0.05).

applied to aptamer—protein or aptamer—small molecule binding.
To achieve this flexibility, an aptamer—competitor strategy, akin
to DNA-based logic operations, was used to extract Ky ¢ values
for aptamer—small molecule interactions. This aspect should be
applicable to any electrophoretic affinity assays''”?° or fluo-
rescence anisotropy assays* developed to date, which should
greatly improve the flexibility of the assays.

The approach was also proven feasible for K4 ¢ monitoring of
DNA pools during SELEX processes. For a typical SELEX
process, only one microchip electrophoresis run can be carried
out between selection rounds to preserve precious material and
time. This would still provide 11 points on the titration curve to
extract binding constants, while only consuming ~825 fmol of
DNA between rounds. In this respect, the advantage provided by
the microfluidic platform in reducing reagent consumption
should be particularly useful.

Acknowledgements

Support for this work was provided by the Auburn University
Department of Chemistry and Biochemistry and the College of

This journal is © The Royal Society of Chemistry 2011

Analyst


http://dx.doi.org/10.1039/C0AN00842G

Downloaded by Istituto Superiore di Sanitaon 07 February 2011
Published on 03 February 2011 on http://pubs.rsc.org | doi:10.1039/COAN00842G

View Online

Science and Mathematics. The authors would like to thank
Dr Joonyul Kim for helpful discussions and for reviewing the
manuscript.

References

1 A. D. Ellington and J. W. Szostak, Nature, 1990, 346, 818-822.

2 C. Tuerk and L. Gold, Science, 1990, 249, 505-510.

3 M. Famulok, Curr. Opin. Struct. Biol., 1999, 9, 324-329.

4 H. Fickert, , I. G. Fransson and and U. Hahn, in Aptamer Handb.,
ed. S. Klussmann, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, , 2006, pp. 95-115.

5 S. E. Osborne and A. D. Ellington, Chem. Rev., 1997, 97, 349-370.

6 S. M. Nimjee, , C. P. Rusconi and and B. A. Sullenger, in Aptamer
Handb., Aptamer Handb., ed. S. Klussmann, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, , 2006, pp. 131-166.

7 J. K. Herr, J. E. Smith, C. D. Medley, D. Shangguan and W. Tan,
Anal. Chem., 2006, 78, 2918-2924.

8 D. Shangguan, Y. Li, Z. Tang, Z. C. Cao, H. W. Chen,
P. Mallikaratchy, K. Sefah, C. J. Yang and W. Tan, Proc. Natl
Acad. Sci. U. S. A., 2006, 103, 11838-11843.

9 S. D. Jayasena, Clin. Chem., 1999, 45, 1628-1650.

10 D. M. Tasset, M. F. Kubik and W. Steiner, J. Mol. Biol., 1997, 272,
688-698.

11 I. German, D. D. Buchanan and R. T. Kennedy, Anal. Chem., 1998,
79, 4540-4545.

12 T. W. Wiegand, P. B. Williams, S. C. Dreskin, M.-H. Jouvin,
J.-P. Kinet and D. Tasset, Immunology, 1996, 157, 221-230.

13 D. E. Huizenga and J. W. Szostak, Biochemistry, 1995, 34, 656—
665.

14 L. C. Bock, L. C. Griffin, J. A. Latham, E. H. Vermaas and
J. J. Toole, Nature, 1992, 355, 564-566.

15 R. F. Macaya, J. A. Waldron, B. A. Beutel, H. Gao, M. E. Joesten,
M. Yang, R. Patel, A. H. Bertelsen and A. F. Cook, Biochemistry,
1995, 34, 4478-4492.

16 M. Lee and D. R. Walt, Anal. Biochem., 2000, 282, 142-146.

17 S. D. Mendonsa and M. T. Bowser, Anal. Chem., 2004, 76, 5387—
5392.

18 R. K. Mosing and M. T. Bowser, J. Sep. Sci, 2007, 30, 1420-
1426.

19 M. Berezovski, R. Nutiu, Y. Li and S. N. Krylov, Anal. Chem., 2003,
75, 1382-1386.

20 R. T. Turgeon, B. R. Fonslow, M. Jing and M. T. Bowser, Anal.
Chem., 2010, 82, 3636-3641.

21 M. Gong, K. R. Wehmeyer, P. A. Limbach and W. R. Heineman,
Electrophoresis, 2007, 28, 837-842.

22 R. A. Potyrailo, R. C. Conrad, A. D. ellington and G. M. Hieftje,
Anal. Chem., 1998, 70, 3407-3412.

23 M. Sassanfar and J. W. Szostak, Nature, 1993, 364, 550-553.

24 A. V. Hill, Physiology, 1910, 40, 190-224.

25 J. N. Weiss, FASEB J., 1997, 11, 835-841.

26 J. Kim, J. Hu, R. S. Sollie and C. J. Easley, Anal. Chem., 2010, 82,
6976-6982.

27 Na Li and C.-M. Ho, J. Am. Chem. Soc., 2008, 130, 2380-2381.

28 S. Fredriksson, M. Gullberg, J. Jarvius, C. Olsson, K. Pietras,
S. M. Gustafsdéttir, A. Ostman and U. Landegren, Nat.
Biotechnol., 2002, 20, 473-477.

Analyst

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/C0AN00842G

	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.

	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.

	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.
	A simple and rapid approach for measurement of dissociation constants of DNA aptamers against proteins and small molecules via automated microchip electrophoresisThis article is part of a themed issue on Emerging Investigators.


