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Development of protein biomarkers for disease diagnosis and Thus, the electrophoretic mobility of the proteins can be rationally
treatment requires the determination of multiple proteins that are controlled by modulating the length of the aptam®, {aking into
present at trace levels. The sensitivity of the current assays foraccount the size of the proteiN}, to achieve the desired value of
multiple proteins is often inadequate for detection of low-abundance the nAZ/M* term in eq 3.
proteins. Although affinity polymerase chain reactiorffinity To demonstrate the proof of principle, we first showed the tuning
capillary electrophoresiproximity ligation? and nanotechnolody of mobility for the human immunodeficiency virus reverse tran-
have improved detection for specific proteins, these assays arescriptase (HIV-RT) by binding it with a 49-nt aptamer, an 80-nt
usually applicable to a single protein at a time. aptamer, and two 81-nt aptamers (Figure 1a). The aptamers, having

We describe here a tunable aptamer capillary electrophoresisa similar mass-to-charge ratio, migrate through the capillary at a
assay enabling the ultrasensitive analysis of multiple proteins and similar mobility (—2.81 x 1074 cn? V! s71). Upon binding of
protein isomers. The key concept is tuning the electrophoretic HIV-RT to the aptamers of varying length, the mobilities are shifted
mobility of proteins with DNA aptamers to achieve efficient to—0.58x 1074, —0.83x 104 and—1.45x 104cm?V-1s7?
separation of multiple proteins or protein isomers. We introduce respectively. An excellent linear associatio? € 0.999) between
aptamers of varying nucleotide length as charge modulators to the mobilities of the three HIV-RT aptamer complexes (Figure 1a)
modify the electrophoretic mobility of proteins, tailored for the and the length of aptamers supports the validity of eq 3. Similarly,
separation of the various protein-aptamer complexes in free solution.the mobility of the thrombir-aptamer complexes shifted +€2.22
This systematic approach extends the applications of charge x 104 cnm? V! s 1 when using a full-length (76 nt) aptamer and
modulation in affinity assaysand end-labeled free-solution elec-  further shifted to-1.68x 104 cnm? V-1 s 1when using a truncated
trophoresis of DNA (38 nt) aptamer (Figure 1b). Aptamers of different lengths can be

The principle of modulating the mobility of proteins may be made by maintaining the core sequence responsible for binding and
expressed in the following equations, showing the dependence ofeither extending or truncating the aptamers at the ends. Thus, the
electrophoretic mobility ) on the net chargeZj and the mass  mobilities of both large and small proteins (e.g., HIV-RT, 120 kDa;
(M) of the protein. In free-zone capillary electrophoresis, the thrombin, 36 kDa) can be readily tuned using aptamers of
electrophoretic mobility of a protein is proportional to its net charge, appropriate length to achieve the desired separation.
and inversely proportional to the frictional forces acting upon it in Having achieved tunable mobility of proteins through their

solution? binding to tailored aptamers, we further applied the principle to
the analysis of HIV-RT, thrombin, platelet derived growth factor
~C Z (1) (PDGF-BB), and human immunoglobulin E (IgE). Figure 2a shows
n~Ly o .
M a series of electropherograms from the analyses of these four
proteins in mixture solutions containing varying concentrations of
whereC; is a constant for a given protein, ands a factor (6-1) proteins (£100 nM) and the corresponding aptamers for these

describing the shape of the protein molecule. Upon the binding of proteins. The four protein-aptamer complexes are well resolved from
an aptamer, the electrophoretic mobility of the protein is shifted one another and from the free (unbound) aptamers. Furthermore,

to adsorption of the basic proteins (IgE, $19.0; PDGF-BB, pl=
9.5-10.5) on the negatively charged fused-silica capillary surface
u,~C, _Z+DnAZ 2) would have been a problem, if there were no aptamers binding to
(M + nAM)* these proteins. The binding of the aptamers to the proteins makes
the complex negatively charged, thereby eliminating the adsorption
wheren is the number of nucleotides making up the aptamet, problem and focusing the protein-aptamer complexes into narrow
is the change in charge per nucleotide, @M is the change in  zones. The ability to focus proteins and to tune their electrophoretic
size per nucleotide. Under the pH conditions (pH9J typically mobility using aptamers is the key to the successful analysis of
used for capillary electrophoresis separatidd,is nearly—1 owing multiple proteins using free zone capillary electrophoresis.

to the phosphate group in the nucleotide and the effect of the  Another important benefit of aptamer binding to the proteins is
counterions in solutioh.Because most proteins carry a small net  the incorporation of fluorescent aptamers as probes to enable laser
charge? and the change in magg\l (~320 amu) per nucleotide is  jnduced fluorescence (LIF) detection of proteins that are otherwise
much smaller than the mass of a protei)(the contribution of  not amenable to high sensitivity LIF detection. We labeled the
NAZ to the shift in mobility is often much more significant than  aptamers at the’ ®nd with highly fluorescent 6-carboxyfluorescein

that of nAM. Therefore, eq 2 can be approximated to and excited it with an argon ion laser (488 nm). The binding of
fluorescent aptamers to nonfluorescent proteins makes proteins
TS Cp(i ”AZ) (3) amenable to highly sensitive LIF detection at 515 nm. Detection
M* M® limits were 250 pM for IgE, 100 pM for HIV-RT and thrombin,
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Figure 1. Electropherograms showing modulation of mobility of HIV-RT
(a) and thrombin (b) by aptamers of variable lengths. (a) HIV-RT (10 nM)
was incubated at 37C for 10 min with 100 nM of a 49-nt aptamer (green

trace), an 80-nt aptamer (blue trace), and an 81-nt aptamer (red trace). Peal

1 corresponds to the complex of HIV-RT with the 49-nt aptamer, peak 2 is
the complex of HIV-RT with the 80-nt aptamer, peak 3 is the complex of
HIV-RT with two 81-nt aptamers, and peak 4 is the unbound (free)
fluorescent aptamers. (b) Thrombin (25 nM) was incubated 4C3f6r 10

min with 100 nM of either a full-length aptamer (76 nt, blue trace) or a
truncated aptamer (38 nt, red trace). Peak 1 is the complex of thrombin
with the 38-nt aptamer, peak 2 is the complex of thrombin with the 76-nt
aptamer, and peak 3 corresponds to the unbound fluorescent aptamers.

15 — 4 —

3
a b
4 5

= =
E 3 5 ! 2
£ 10 — g
z =
% \ E 7

a
£ 5+ 1 8
3 =]
T £

0 I I | 0 I I I 1
2 3 4 3.0 35 4.0 4.5 5.0

Migration Time (min) Migration Time (min)

Figure 2. (a) Electropherograms showing the analysis of four proteins.
Aptamer complexes of IgE (peak 1), HIV-RT (peak 2), thrombin (peak 3),
and PDGF-BB (peak 4) are well resolved from the mixture of fluorescent

aptamers (peak 5). The concentrations of proteins are 1, 5, 25, 50, 80, 100 Supporting Information Available:

nM from the bottom traces to the top, respectively. (b) Electropherograms
showing the analysis of PDGF-AB and PDGF-BB isomers; 25 nM PDGF-
AB and PDGF-BB were incubated at 3T for 10 min with 200 nM of a
truncated 33-nt aptamer. Peak 1 is the complex of PDGF-AB with a single
33-nt aptamer, peak 2 is the complex of PDGF-BB with two 33-nt aptamers,
and peak 3 is due to the unbound fluorescent aptamer.

and 50 pM for PDGF-BB. These are the best detection limits ever
reported for the simultaneous determination of multiple proteins
by capillary electrophoresis, recognizing that Dovichi and co-
workers have demonstrated the detection of a single alkaline

phosphatase enzyme molecule using a capillary electrophoresis

enzyme assa3f Calibrations were linear for the determination of
IgE (r? = 0.991), HIV-RT {2 = 0.985), thrombin 1? = 0.984),

and PDGF-BB (2 = 0.988). A linear dynamic range of 2 orders of
magnitude (+100 nM in the low concentration region) was
obtained for all four proteins, and this dynamic range could be
extended to higher concentrations of proteins by using proportion-
ally higher concentrations of aptamers.

To demonstrate the applicability of this assay to sample analysis,
we spiked four proteins to 10-fold diluted human serum samples
and determined the concentrations of the proteins in the spiked
samples. Recoveries ranged from 92% to 113%. The analysis of
the four proteins was complete in 5 min. Initial analysis of the serum
samples showed matrix interference on the quantification of HIV-
RT. We subsequently found that the addition of a nonspecific and
nonfluorescent 49-mer oligonucleotide (sequence in Supporting
Information, Table 1) could eliminate the interference, probably

by reducing any nonspecific binding of the serum proteins to the
fluorescent aptamers.

Building on the success of separation and detection of the four
proteins, we also applied the tunable aptamer capillary electro-
phoresis technique to the analysis of PDGF isomers, (Figure 2b).
The sequences of PDGF A and B chains a69% identical, and
the molecular weights of PDGF-AB (27 kDa) and PDGF-BB (25
kDa) are similar, making their separation difficult. However, using
a 33-nt aptamer that binds to the B chain but not to the A chain of
PDGF, we were able to tweak the electrophoretic mobilities of the
PDGF isomers for their separation. As a result, PDGF-AB bound
to a single aptamer is well resolved from PDGF-BB that is bound
to two aptamer molecules (Figure 2b). To our knowledge, this is
the first demonstration of the differentiation and detection of PDGF-

B and PDGF-BB isomers in a mixture by using an aptamer as a
fluorescent probe.

In conclusion, we have developed a tunable aptamer capillary
electrophoresis technique and demonstrated its application to the
simultaneous determination of pM levels of four proteins in a single
analysis. The principle was also applied to the separation and
detection of two PDGF isomers. The multiplex capability and high
sensitivity were accomplished by introducing tunable aptamers both
as charge modulators for electrophoretic separation and as fluo-
rescent affinity probes for ultrasensitive fluorescence detection. The
assay is not limited to the four proteins shown here, and the principle
can be extended to the simultaneous analysis of other species to
which aptamers can bind, including proteins, peptides, carbohy-
drates, and whole cells. The throughput of the assay can be further
enhanced by using electrophoresis systems with multiple capiflaries
or microfluidic devices with multiple channels. The assays for
multiple proteins are potentially useful for biomarker development,
clinical testing, and medical diagnostics.
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