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Protein concentrations can vary over several orders of magnitude
in many physiological and pathological processes.1 Studies of these
processes require affinity analysis of proteins with a very wide
dynamic range of accurately measured concentrations. Such an
analysis can be realized with multiple affinity probes that bind the
target with significantly different equilibrium constants (Kd).2 Every
probe in a multi-probe affinity analysis is responsible for detection
of the target in the range of concentrations around itsKd value. A
multi-probe affinity analysis of proteins was out of practical reach
due to the lack of high-selectivity affinity probes with a wide range
of Kd values.3 Kinetic capillary electrophoresis (KCE) has been
recently proven to generate “smart” DNA aptamers with high
selectivity and a wide range of predefinedKd values.4 Here, we
demonstrate that such aptamers can facilitate multi-probe affinity
analysis of a protein with an ultra-wide dynamic range of measured
concentrations. In this proof-of-principle work, we used smart
aptamers for MutS protein withKd values of 7.6, 46, and 810 nM.
MutS protein is an important and intensively studied player of the
DNA repair machinery. Our results showed that the three-aptamer
analysis of MutS had a concentration dynamic range of more than
4 orders of magnitude with an accuracy of 11%. To the best of our
knowledge, this is the widest dynamic range ever reported for
affinity analyses of proteins. This work proves that the wide range
of predefined binding parameters of smart aptamers can bring new
capabilities to quantitative affinity analyses. The same feature of
smart aptamers makes them potentially indispensable molecular
tools in studies of intracellular processes.

In a generic affinity analysis, a spectroscopically visible affinity
probe P of known concentration [P]0 is reacted with a spectroscopi-
cally invisible target T of unknown concentration [T]0, which is to
be determined. P binds T and forms a detectable target-probe
complex T‚P at equilibrium

where [T], [P], and [T‚P] are equilibrium concentrations of T, P,
and T‚P, respectively. The free probe is separated from the target-
probe complex physically or spectrally to find fractionf of the bound
probe in the equilibrium mixture:f ) [T‚P]/[P]0. Finally, the
unknown concentration of target is calculated

In a general case, when a mixture ofn (n g 1) probes is used, eq
2 converts into the following (see Supporting Information):

whereKdi and [P]0i are the parameters of probei (i ) 1, ...,n).
Binding curvesf versus [T]0, which are obtained from eq 3,

visualize the dynamic range of the analysis (Figure 1). The
concentration dynamic range is the region of [T]0 where the binding
curve has a slope sufficiently steep to find [T]0 with a required
accuracy. When a single probe is used in an affinity analysis, the
dynamic range lies around itsKd value and typically covers only
1-2 orders of magnitude. The dynamic range can be greatly
extended if more than one probe with significantly differentKd

values is used (Figure 1). The probes can be used individually in
separate analyses to achieve the greatest extension (Figure 1A).
Alternatively, they can be used as a mixture in a single analysis
with still a very wide dynamic range and an advantage of simplicity
(Figure 1B). To have a dynamic range of 4 orders of magnitude,
the multi-probe analysis has to employ affinity probes withKd

values in a range of at least 2 orders of magnitude (the difference
in Kd between “adjacent” probes should not significantly exceed 1
order of magnitude to avoid blind areas on the binding curve; see
Supporting Information). Obtaining antibodies with aKd range of
2 orders of magnitude is virtually impossible without compromising
their selectivity. We have recently proven that DNA aptamers
provide a vital alternative.4

Aptamers are selected in a process termed SELEX.5 The
conventional SELEX typically requires more than 10 rounds of
selection and leads to very few unique aptamers with binding
parameters in a narrow and hardly predictable range. Selection of
smart aptamers by methods of KCE overcomes the limitations of
conventional SELEX: the number of required rounds is typically
below five, and a large number of unique aptamers can be selected
with binding parameters predefined in a wide range.4

In our recent work, we used KCE to select smart DNA aptamers
for MutS protein with predefinedKd values in a range of over 2
orders of magnitude.4b,cHere we employed three of those aptamers
with Kd values of 7.6, 46, and 810 nM to develop the first aptamer-
based multi-probe affinity analysis. The generic procedure for an
affinity analysis described above was used with the following
specifics. The aptamers were fluorescently labeled for sensitive
detection. The individual aptamers or an equimolar mixture of them
was reacted with MutS to reach equilibrium. The aptamer-protein
complexes were separated from free aptamers by a KCE method
known as nonequilibrium capillary electrophoresis of equilibrium
mixtures (NECEEM).6 The fraction of the bound aptamer was
calculated from the areas of peaks in a NECEEM electropherogram
as explained in Figure 2.

Using this approach, we built binding curvesf versus [T]0 for
the three individual aptamers (Figure 3A) and for their equimolar
mixture (Figure 3B). All experiments were done in triplicate, and
their results are shown as points. Theoretical binding curves were
calculated using eq 3; they are shown as solid lines. Importantly,
the theoretical curves fit perfectly the experimental data. This
suggests that aptamers bind MutS with 1:1 stoichiometry, and no
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interference occurs between the aptamers in the mixture. It also
suggests that building the calibration curves for the affinity analysis
is not necessary; eq 3 can be directly utilized for finding unknown
[T]0 using knownKd, f, and [P]0. The concentration dynamic ranges
for affinity analyses were defined for 11% accuracy of protein
concentration determination. The dynamic range for a single-probe
analysis was approximately 2 orders of magnitude. The three
individual probes covered the overall dynamic range of 5 orders
of magnitude. The analysis based on a mixture of the three probes
had a dynamic range of more than 4 orders of magnitude with a
limit of detection of 0.1 nM of [MutS]0. These results prove that
smart aptamers can facilitate multi-probe affinity analysis of proteins
with an ultra-wide dynamic range. Moreover, the three-aptamer
analysis of MutS developed here can be directly used in studying
cellular DNA repair machinery.

We then tested the selectivity of the aptamer-based multi-probe
affinity analysis of MutS. Different concentrations of MutS (0.18
µg to 0.18 mg in mL) were detected in the presence of 2.5% fetal
bovine serum (FBS), which contained 1.1 mg/mL of total protein.
MutS in the presence of FBS was measured using the mixture of
the three aptamers. The results of such analyses (Figure 3B, black
squares) showed no significant difference from those of the analyses
of MutS in a bare buffer. The tolerance of the analysis to the
presence of other proteins suggests its potential utility in applications
ranging from basic research to clinical analyses.

Finally, we outline the major features of the multi-aptamer
affinity analysis of protein. The use of multiple aptamers extends
the concentration dynamic range to more than 2 orders of magnitude
plus the range ofKd values of the aptamers used. Advantageously,
the concentration of the target can be found with a simple
calibration-free approach. When the target is present in a complex
biological matrix, protecting aptamers from nucleases can be
required. If the sample matrix contains DNA-binding proteins, their
nonspecific binding to aptamers can be suppressed by adding the
excess of nonlabeled scrambled DNA.

To conclude, this work proves that unique features of smart
ligands can significantly extend capabilities of quantitative affinity
analyses. The particular analysis developed here is being produc-
tively used in studies of MutS protein, an important player in the
DNA repair machinery. We foresee new enabling applications of
smart ligands in analyses and therapies that require well-defined
dynamics of target-ligand interaction.
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Figure 1. Schematic representation of the dynamic range extension for
affinity analysis using three individual affinity probes withKd values of 1,
33, and 1000 au and a concentration of 1 au (A) and a mixture of these
probes at concentrations of 1 au each (B). The binding curves were
calculated using eq 3 withn ) 1 (panel A) andn ) 3 (panel B).

Figure 2. Determination of the fractionf of bound aptamer in aptamer-
based affinity analysis of MutS protein using the NECEEM method. The
blue and red areas in the electropherogram represent the amounts of bound
and unbound aptamer, respectively, in the equilibrium mixture. The fraction
of bound aptamer is calculated as a ratio between the blue and the sum of
the blue and red areas corrected for migration times of corresponding species
(see Supporting Information).

Figure 3. Concentration dynamic range for the affinity analysis of MutS
protein using 1 nM of three individual aptamers withKd values of 7.6, 46,
and 810 nM (A), and a mixture of 1 nM of these aptamers (B). Solid lines
were calculated with eq 3 using the above values ofKd and concentrations.
Gray points correspond to analyses of MutS in the bare buffer (50 mM
Tris-acetate, pH 8.2), while black squares correspond to analyses of MutS
in the presence of 2.5% FBS in the buffer.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 23, 2007 7261




