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DNA aptamers have significant potential as diagnostic and thera-
peutic agents, but the paucity of DNA aptamer-target struc-
tures limits understanding of their molecular binding mechanisms.
Here, we report a distorted hairpin structure of a DNA aptamer
in complex with an important diagnostic target for malaria: Plas-
modium falciparum lactate dehydrogenase (PfLDH). Aptamers se-
lected from a DNA library were highly specific and discriminatory
for Plasmodium as opposed to human lactate dehydrogenase be-
cause of a counterselection strategy used during selection. Isother-
mal titration calorimetry revealed aptamer binding to PfLDH with
a dissociation constant of 42 nM and 2:1 protein:aptamer molar
stoichiometry. Dissociation constants derived from electrophoretic
mobility shift assays and surface plasmon resonance experiments
were consistent. The aptamer:protein complex crystal structure
was solved at 2.1-Å resolution, revealing two aptamers bind per
PfLDH tetramer. The aptamers showed a unique distorted hairpin
structure in complex with PfLDH, displaying a Watson–Crick base-
paired stem together with two distinct loops each with one base
flipped out by specific interactions with PfLDH. Aptamer binding
specificity is dictated by extensive interactions of one of the
aptamer loops with a PfLDH loop that is absent in human lactate
dehydrogenase. We conjugated the aptamer to gold nanoparticles
and demonstrated specificity of colorimetric detection of PfLDH
over human lactate dehydrogenase. This unique distorted hairpin
aptamer complex provides a perspective on aptamer-mediated
molecular recognition and may guide rational design of better
aptamers for malaria diagnostics.
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Aptamers are artificially selected oligonucleotides that bind to
molecular targets, typically proteins, with high specificity

and avidity (1–3). DNA aptamers have been selected against
dozens of targets for biomedical applications both as therapeu-
tics (4, 5) and diagnostics (6, 7). Despite their widespread ap-
plication, few DNA aptamer-target complex structures have
been solved (8)–the best studied of which is the G-quadruplex
aptamer that binds to thrombin (9–12). A DNA aptamer that
binds to von Willebrand factor showed a three-stem structure of
mainly B-form DNA with some noncanonical base pairing (13).
Most recently, the structure of an innovative Slow Off-rate
Modified Aptamer (SOMAmer) bound to platelet-derived growth
factor B was solved, revealing binding via a hydrophobic surface
that mimics how the factor binds to its receptor (14). Generally,
the lack of DNA aptamer-target structures has limited our un-
derstanding of the mechanisms by which DNA aptamers attain
their specificity (15), resulting in a bias in aptasensor develop-
ment (16).
Better point-of-care tests are critically needed for malaria,

a disease which continues to claim more than 1 million lives
globally every year (17). Antimalarial drugs have been adminis-
tered presumptively to patients with fever for decades, leading to
drug resistance and poor management of other febrile illness.
The cost of newer, more effective treatments has led to a situa-
tion whereby improved diagnostics has become a major factor
that could reduce the burden of malaria in the developing world

(17). Antibody-based rapid diagnostic tests have greatly bene-
fitted malaria management, but significant issues with cost (17)
and stability in tropical climates (18) remain that are intrinsically
associated with the use of protein antibodies. DNA aptamers
compare favorably to antibodies for diagnostic applications (19)
with particular advantages that could be critical for diagnostic
tests of the developing world: thermal stability, convenient chem-
ical synthesis, and potentially lower costs of production (16). Here,
we report the crystal structure and application of a unique DNA
aptamer against an established malaria pan-species diagnostic
target, Plasmodium falciparum lactate dehydrogenase (PfLDH)
(20), and a mechanism of molecular recognition by a distorted
hairpin DNA aptamer.

Results
Selected DNA Aptamers Show High Affinity and Specificity for PfLDH.
PfLDH and two related human homologs human lactate de-
hydrogenase (hLDH) A1 and hLDHB were cloned, expressed in
Escherichia coli, and purified (Fig. S1). DNA aptamers were
selected from a library where each aptamer had a 35-base ran-
dom region flanked by two constant primer-binding regions.
Aptamers were selected by affinity chromatography to the target
PfLDH immobilized on magnetic beads. To exclude nonspecific
aptamers, selected aptamers were counterselected against the
closely related human homologs hLDHA1 and hLDHB (Fig.
S2). After 20 rounds of selection, 51 sequences were obtained
and aligned, revealing the presence of conserved sequence sig-
natures and motifs (Fig. S3).
Several selected aptamers were observed to specifically bind to

PfLDH (the most promising with KD in the range 20–50 nM)
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without observable binding to hLDHA1 and hLDHB by iso-
thermal titration calorimetry (ITC) (Fig. 1C and Table S1),
electrophoretic mobility shift assay (EMSA) (Fig. S4), and sur-
face plasmon resonance (SPR) spectroscopy (Fig. S5). A single
DNA aptamer that showed significant promise (2008s) in the
three binding assays (with sequence shown in Fig. 1B) was taken
forward for structural analysis. This aptamer showed a KD for

PfLDH of 42 nM by ITC for the interaction in solution and
a stoichiometry that would imply 2:1 protein:aptamer molar ratio
of binding if considering protomer molar concentration of
PfLDH (Fig. 1C). Surface plasmon resonance was performed by
immobilizing the PfLDH to a Ni-NTA sensor chip surface and
injecting different concentrations of 2008s aptamer over the
surface. A heterogeneous ligand model fitted the sensorgrams

Fig. 1. The tetrameric PfLDH binds two DNA aptamers. (A) Crystal structure of tetrameric PfLDH in complex with two 2008s DNA aptamers. The A, B, C, and D
subunits of PfLDH are colored in white, yellow, red, and pink, respectively. One 2008s aptamer (designated aptamer A) spans subunits A and B, whereas the
other 2008s aptamer (designated aptamer B) spans subunits C and D. (B) Structure and sequence of the 2008s DNA aptamer alone in the complexed state. The
2008s aptamer shows a distorted hairpin comprising a B-helical stem, an asymmetric internal loop containing flipped base T9, and an apical loop containing
flipped base A16. Clear electron density was observed in the crystal structure for the first 27 bases of each aptamer (colored in black in sequence), and no
electron density was observed for the last eight bases at the 3′ of each aptamer (colored in gray in sequence). (C) Isothermal titration calorimetry titrations for
2008s aptamer binding to PfLDH (Left) and human LDHA1 and LDHB (Right). Data were fitted to a single-site model revealing KD = 42 nM and approximate
2:1 protein subunit:aptamer molar stoichiometry (Lower Left).
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(Fig. S5) revealing a tight binding site (apparent KD
1 = 59 nM)

consistent with the ITC data, and association rates and dissoci-
ation rates typical of DNA–protein interactions (ka

1 = 2.8 × 106

M−1·s−1 and kd
1 = 0.16 s−1) (Table S2). A further apparent weaker

site (apparent KD
2 = 968 nM) was observed, which we discuss

below in light of the structural data obtained. Data from EMSAs
performed to visualize the interaction between 2008s and
PfLDH yielded a KD of 56 ± 18 nM (Fig. S4) and indicated
a complete absence of observable binding of 2008s to either
human lactate dehydrogenase (LDH) protein at concentrations
up to at least 5.7 μM (Fig. S4). Thus, results from three in-
dependent biophysical techniques were in good agreement that
PfLDH bound the 2008s aptamer tightly and specifically with
a dissociation constant in the range 42–59 nM.

X-Ray Complex Crystal Structure Reveals Two Aptamers Bind per
Tetrameric PfLDH with a Unique Distorted Hairpin Structure. We
determined the crystal structure of the PfLDH–aptamer complex
by X-ray crystallography at 2.1 Å resolution (Fig. 1A, Fig. S6, and
Table S3). The four subunits of PfLDH in the asymmetric unit
are organized into a tetramer with characteristic 222 symmetry,
similar to previously determined PfLDH X-ray crystallographic
structures (21, 22). Each of the two single-stranded DNA
aptamers were seen bound to the Q-axis dimers formed by
subunits A and B (or subunits C and D), spanning the large
cofactor domains of the two juxtaposed monomers.
The aptamers showed a distorted hairpin structure in complex

with PfLDH (Fig. 1B). Clear electron density was observed for
the first 27 bases of both aptamers in the asymmetric unit; no
electron density was observed beyond the hairpin structure for
the last eight bases at the 3′ end of the aptamer, probably be-
cause the aptamer tail is disordered. The global fold of the
aptamer adopted a distorted hairpin structure with a C15A16T17A18

apical tetraloop, an asymmetric internal loop with six bases in
one strand (C6G7G8T9A10G11) and one base in the other (A22),
and a terminal B-form helix. The aptamer contains sevenWatson–
Crick type base pairs, five of which form the terminal B-form
helical stem DNA duplex. The remaining two Watson–Crick type
base pairs, together with noncanonical base pairing between A12

and G21, form the DNA duplex flanking between the internal
loop and apical loop. Similar to the terminal B-helical stem, this
short duplex assumes B-helical geometry. The two B-helices are
oriented in a ∼140° angle, resulting in an overall bent shape for
the DNA aptamer. C6 of the internal loop is involved in
a stacking interaction with its neighbor, G5 of the stem B helix.
As a result, C6, G7, and G8 of the internal loop remain within the
stem B helix as they continuously stack. G7 and A10 form
a noncanonical base pair in the internal loop. T9 is flipped out of
the internal loop and is engaged in aptamer–PfLDH interactions
as described below. In the apical tetraloop, both T17 and A18 are
involved in stacking interactions and remain in the helical axis of
the short duplex flanking the apical loop and internal loop. C15

and A16 are flipped out of the apical loop; the position of C15 is
stabilized by interaction of N4 with the backbone phosphate of
C14, whereas A16 is involved in indirect interactions with PfLDH
via water molecules.

Nature of Aptamer Binding to PfLDH. Each aptamer interacts
through extensive salt bridges with the cofactor binding sites
of two PfLDH subunits of the Q-axis dimer, composed of sub-
units A and B or C and D (Fig. 2A). The interface between the
aptamer and PfLDH buries a solvent-accessible surface of
1,276 Å2 on each aptamer and 895 Å2 and 394 Å2 for subunits A/
C and B/D of PfLDH, respectively. The aptamer interacts with
the substrate specificity loop at the tip of the cofactor binding
sites of the two adjacent PfLDH subunits via distinct regions.
Subunit A/C interacts with the internal loop, whereas subunit B/D
interacts with the apical tetraloop. Such asymmetry may explain
the apparent strong and weak binding sites observed by the SPR
biosensor experiments in Fig. S5. Such SPR responses may be

explained by distinct encounter (with subunit A/C) and docking
(with subunit B/D) two-phase association and dissociation
events (23).
The bases C6, G7, G8, G11, and A22 of the internal loop of the

DNA aptamer, which interacts with subunits A/C of PfLDH,
form extensive base interactions with residues 102A-108A of the
PfLDH extended substrate specificity loop. Backbone interactions
are also seen with Lys102A and Lys106A forming contacts
with the phosphates of A10 and A22, respectively. The flipped base
T9 extends away from the bent hairpin structure into the adenine
end of the NADH binding cleft and is stabilized by hydrogen
bonds between N3 of the T9 base and the side chain of Asp53A,
and O4 of the T9 base with the amino nitrogen of Ile54A.
Compared with the interaction of the internal loop and sub-

unit A/C of PfLDH, the interaction of the apical tetraloop with
subunit B/D of PfLDH is less extensive and involves indirect
contacts via water molecules. Direct backbone contacts are ob-
served with phosphate groups of A18 and G19 of the tetraloop
interacting with the side chains of Lys62B and His250B of the
NADH binding cleft. Similar to T9 in the internal loop, the
flipped base A16 extends into the adenine end of the NADH
binding cleft of subunit B/D. However, instead of forming direct
interactions with the protein, the position of A16 of the apical
loop is stabilized via indirect interactions with the protein via
water molecules (Fig. 2A).

Superposition of Human LDHB Structure Reveals an Extended
Substrate Specificity Loop That Dictates Aptamer Specificity. The
extensive interaction of the aptamer to the unique extended sub-
strate specificity loop of PfLDH (amino acids 102–108) contributes
to the high specificity of aptamer binding to PfLDH versus human
LDH. Indeed, superposition of human LDHB (PDB ID code:
1T2F; ref. 24) with our PfLDH–aptamer structure revealed that
human LDH lacks the extension at the substrate specificity loop,
resulting in an inability to reach the aptamer (Fig. 2B). Thus,
binding of the aptamer to human LDH would not occur, which
both proves that the counter selection strategy was successful and
provides a structural explanation for the specificities determined in
our binding assays.

Relation of Aptamer Binding to Substrate and Cofactor Binding. The
2008s aptamer did not inhibit the enzymatic activity of PfLDH
nor of human LDH controls (Fig. S7). To understand this ab-
sence of inhibitory activity, we superimposed our structure of the
aptamer–PfLDH complex with the previously solved PfLDH

Fig. 2. The substrate specificity loop at the protein:aptamer binding in-
terface determines the discrimination of the aptamer for PfLDH over human
LDH. (A) Direct interactions of the 2008s DNA aptamer with PfLDH. Extensive
interactions are observed between bases 6–11 and base 22 of the 2008s
aptamer with the substrate specificity loop in subunit A/C (colored in white),
and less extensive interactions are observed between bases 17 and 19 and
subunit B/D (colored in yellow). Each aptamer buries 895 Å on subunit A/C
and buries 394 Å on subunit B/D. (B) Discrimination of aptamer specificity in
binding to PfLDH over hLDH is explained by differences in the substrate
specificity loop. The substrate specificity loops of PfLDH and hLDHB are
colored red and blue, respectively.
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structure in complex with substrate analogs, NAD+ and oxamate
(PDB ID code: 1LDG; ref. 21) (Fig. 3A). We observed at the
global level that the aptamer binds at a site distinct from the
substrate binding sites, but close to the cofactor binding sites
(Fig. 3A). In the substrate-complexed structure, the substrate
specificity loop closes on top of the substrates holding them in
place (Fig. 3B). In the previous section, we mentioned how the
binding of the aptamer to PfLDH may block the binding of
the adenine end of the cofactor NADH. However, by holding the
substrate specificity loop in an open conformation, NADH may
still enter the active site in a different conformation, thereby
explaining the absence of inhibitory activity of the aptamer de-
spite tight binding to the enzyme (Fig. 3C).

Conjugation of Aptamers to Gold Nanoparticles Provides a Color-
imetric Assay for PfLDH and Further Demonstrates Specificity of
Binding. The PfLDH aptamer was conjugated to gold nanopar-
ticles (AuNPs) to develop a colorimetric assay for PfLDH (Fig.
4A) (25). Transmission electron microscopy revealed that the
AuNP aggregated specifically in the presence of PfLDH (Fig.
4B). The red color (absorbance peak of 520 nm; Fig. S8) was
specifically lost in the presence of 25 ng/μL PfLDH but not in the
presence of hLDHA1, hLDHB, or other controls (Fig. 4 C and
D). The limit of detection was determined by using the statisti-
cally estimated limit of the blank to be 57 pg/μL PfLDH (Fig.
S9). This limit of detection is a promising starting point with

regards to future clinical diagnostic applications because patients
infected with PfLDH typically show PfLDH plasma levels around
3–15 pg/μL plasma (26), which can easily be concentrated to a
range within the limit of detection against a typical background
human LDH level of 100–400 pg/μL. Therefore, discrimination
by the 2008s aptamer would be sufficient, and the sensitivity
should be attainable with further development. Overall, our
experiments establish that the DNA aptamer identified can
specifically recognize PfLDH because of its unique loop that is
not present in human LDH and demonstrate a proof of principle
for downstream malaria diagnostic development.

Discussion
The challenges surrounding the solution of crystal structures of
aptamer–protein complexes were reviewed (8). Although a number
of RNA aptamer/protein complex structures have been solved,
only the thrombin–aptamer (9–12) and Von Willebrand Factor–
aptamer complexes (13) have been solved for a DNA aptamer.
Furthermore, a SOMAmer incorporating synthetic nucleotide
modifications complex structure was solved with its target platelet-
derived growth factor B (14). The distorted hairpin structure
reported herein is quite distinct from the G-quadruplex aptamer
that binds to thrombin (9–12), the B-DNA aptamer that binds
to von Willebrand factor (13), and the SOMAmer that exhibits
a hydrophobic binding interface (14). The SOMAmers showed
very low dissociation constants in the picomolar range, princi-
pally due to their far slower dissociation rates (14). As a coun-
terpoint to these three other structures, this study broadens our
understanding of how DNA aptamers specifically recognize and
bind to their targets.
A group recently published a pair of papers identifying aptamers

against PfLDH (27) and against Plasmodium vivax LDH (28).
Their aptamers were distinct from those presented here, yet se-
quence homology shows they may share some structural similari-
ties with a likely stem loop, although they did not investigate the
structure of their aptamers (27). Dissociation constants for the
interaction with PfLDH were in a similar range (16.8–49.6 nM) to
those we observe here. Using an aptasensor linked to an electro-
chemical impedance spectroscopy assay they could demonstrate
a detection limit of 1 pM (27), and detected both P. vivax and
Plasmodium falciparum at less than 100 parasites per microliter.
The combination of their results, together with the structural
insight we provide herein, provides a strong argument that
aptamer-mediated molecular recognition could have potential
for the diagnosis of malaria.
In particular, the structure provides a guide for possible

modifications to the aptamer by rational design. For example,
the final eight bases of the aptamer which were observed to be
disordered may be unnecessary in a potential diagnostic. The
base pair loop that is critical to aptamer folding but is not in-
volved directly at the binding interface also provides a clear
mechanism by which to link the aptamer to a solid support or
within more elaborate diagnostic modalities. Stabilization, ex-
tension, or inclusion of modified bases within the stem loop
could decrease the dissociation constants or dissociation rates of
the 2008s aptamer. The innovative SOMAmer technology has
demonstrated the importance of slow dissociation rates (off
rates) for aptamers (14) and, thus, specific tailoring to slow
dissociation rate could be one promising approach. Aptamers
could be incorporated into a variety of visualizable assays in-
cluding aptamer-based lateral flow dipstick tests (29), cross-linked
hydrogels (30), aptamer-based origami paper (31), or other
emerging technologies (7, 32).
In conclusion, we present the identification, structural char-

acterization, and application of a distorted hairpin DNA aptamer
against PfLDH. Notably, we demonstrate that specificity of the
DNA aptamer is achieved by discriminatory binding to a loop
that is present only in the Plasmodium but not in the human
lactate dehydrogenase, visualizing the evolutionary outcome of
a Systematic Evolution of Ligands by Exponential Enrichment

Fig. 3. Visualization of aptamer and substrate binding sites on PfLDH. (A)
Substrate-bound PfLDH (PDB ID code: 1LDG; ref. 21) was superposed onto
subunits A and B of aptamer-bound PfLDH tetramer. For clarity, only the
superposed oxamate (in dark pink and magenta) and NAD+ (in slate and
dark blue) from substrate-bound PfLDH were shown as space-filled models.
(B) As seen from the structure of the substrate-bound PfLDH, when substrate
and cofactor are bound, the substrate-specificity loop of PfLDH (shown in
pale green) closes over the active site covering the bound substrate and
cofactor. (C) When 2008s DNA aptamer is bound to PfLDH, the substrate-
specificity loop (shown in pink) is held by the aptamer in an open confor-
mation, exposing the active site. Only the superposed oxamate and NAD+

from the substrate-bound PfLDH are shown as ball-and-stick models for
clarity.
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(SELEX) process that includes negative counterselection steps.
The widely investigated anticoagulant thrombin aptamer (9, 10)
acted as a foundation for dozens of investigations where the
innovation lay in the detection method rather than the aptamer
and its clinically relevant target—the aptly named “thrombin
problem” (16). This insight into how an aptamer specifically
recognizes and discriminates PfLDH broadens our understanding
of aptamer-mediated molecular recognition and may be important
in the development of innovative approaches critically needed for
point-of-care malaria diagnosis.

Materials and Methods
Cloning, Expression, and Purification of PfLDH and Human Lactate Dehydro-
genases hLDHA1 and hLDHB. The PfLDH ORF was amplified by PfLDH-S,
ATTATTGCTAGCATGGCACCAAAAGCAAAAATCGTTTTAGTTG and PfLDH-AS,
ATTATTCTCGAGTTAAGCTAATGCCTTCATTCTCTTAGTTTCA, using a P. falciparum
3D7 cDNA library as a template, followed by ligation into the NcoI/XhoI-digested
pET-28a (Novagen) vector (underline indicates start codon). The hLDHA1ORF
was amplified by hLDHA1-S ATTATTGAATTCATGGCAACTCTAAAGGATCAGC-
TGA, and hLDHA1-AS, ATTATTAAGCTTTTAAAATTGCAGCTCCTTTTGGATC, using
cDNA extracted from human liver tissue as a template, followed by ligation into
the NheI/HindIII-digested pET-28a (Novagen) vector. ORF of hLDHB was am-
plified by hLDHB-S, ATTATTGCTAGCATGGCAACTCTTAAGGAAAAACTCATTG-
CACC and hLDHB-AS, ATTATTGCGGCCGCTCACAGGTCTTTTAGGTCCTTCTGG,
using cDNA extracted from human liver tissue as a template, followed by
ligation into the NheI/NotI-digested pET-28a (Novagen) vector. The plas-
mids were transformed into E. coli BL21 (DE3) pLysS for isopropyl β-D-1-
thiogalactopyranoside (IPTG)-induced expression. Bacterial culture was
incubated at 37 °C until OD600 = 0.5, then 0.5 mM IPTG was added fol-
lowed by 4-h expression at 25 °C. Pellets were collected, sonicated, and
expressed proteins were purified by using HisTrap chromatography (GE
Healthcare).

In Vitro Selection of DNA Aptamers. A single-stranded DNA (ssDNA) library
containing a 35-mer random region flanked by two 18-mer priming regions
(5′–CGTACGGTCGACGCTAGC-[N35]-CACGTGGAGCTCGGATCC–3′) was used
as starting material for in vitro selection. Two namomoles of ssDNA library
was incubated with 1 nmol of target protein that was conjugated with Ni-
NTA magnetic beads. The unbound species were removed, and the ssDNA-
protein-magnetic beads complexes were suspended in 10 μL of water for
PCR amplification of PfLDH-bound species by using forward primer (5′–
CGTACGGTCGACGCTAGC–3′) and reverse primer with biotinylated 5′ end
(5′–biotin–GGATCCGAGCTCCACGTG–3′) using Pwo SuperYield DNA poly-
merase (Roche). PCR conditions were as follows: denaturation at 95 °C for
15 s, annealing at 50 °C for 30 s and elongation at 72 °C for 15 s for 10 cycles.
Enriched DNA aptamer pool was purified by streptavidin magnetic beads
followed by a wash of 100 mM NaOH to remove the nonbiotinylated com-
plementary strand. The resultant ssDNA pool was used for the next round of
selection. Counterselections by using Ni-NTA magnetic agarose beads (after

rounds 4 and 7), hLDHA1-immobilized Ni-NTA magnetic agarose beads (af-
ter rounds 6 and 10), and hLDHB-immobilized Ni-NTA magnetic agarose
beads (after rounds 5 and 9) were incorporated in between the SELEX cycles.

Crystallization and Structure Solution. The complex between PfLDH and the
DNA aptamer was formed by mixing protein and DNA in a 1:1 molar ratio for
crystallization. Screening of crystallization conditionswas performed by using
Mosquito liquid handler (TTP Labtech) at 291 K using the sitting-drop vapor
diffusion method by mixing 100 nL of protein:DNA complex with an equal
volume of crystallization solution. Of the 576 conditions screened, several hits
for protein:DNA complex were observed. The best crystals were obtained
under condition 26 of the Hampton Research Matrix Screen (0.2 M KCl, 0.1 M
magnesium acetate, 0.05 M sodium cacodylate at pH 6.5, and 10% (wt/vol)
PEG 8000).

The crystal of PfLDH–aptamer complex was cryoprotected in a solution of
30% (vol/vol) glycerol mixed with the reservoir solution. Data were collected
at beamline 13B1, National Synchrotron Radiation Research Center, Taiwan.
Data were indexed and integrated with HKL2000 (33). The structure was
solved by molecular replacement using the program PHASER (34) with the
structure of LDH (PDB ID code: 1LDG) (21). The structure of the DNA aptamer
was built manually with COOT (35), and the complex structure was refined
in REFMAC (36).

ITC. For ITC, PfLDH aptamers and PfLDHwere dialyzed in 25mM Tris·HCl at pH
7.5 containing 0.1 M NaCl and 20 mM imidazole. All of the buffers, protein,
and aptamers were degassed for 10 min at 25 °C before ITC experiments. All
of the experiments were performed in 25 mM Tris·HCl at pH 7.5 containing
0.1 M NaCl and 20 mM imidazole at 25 °C by using iTC200 microcalorimeter
(MicroCal). ITC experiments were carried out by injecting PfLDH aptamer
(typically 20 μM) into buffered PfLDH (typically 7.69 μM) solutions. The ITC
data were analyzed by using Origin v7.0 software (MicroCal) to integrate
the titration curves for extracting the thermodynamic parameters, stoi-
chiometry (N ), equilibrium association constant [KA = (KD)

−1)], and the
binding enthalpy (ΔH).

EMSAs. EMSAs were carried out by incubating 25 nM PfLDH aptamer 2008s
with different proteins at concentrations ranging from 0 to 5.7 μM (con-
centration of tetramer) in 25 mM Tris·HCl at pH 7.5 containing 0.1 M NaCl
and 20 mM imidazole at room temperature for 1 h. Reactions were loaded
on 12% native polyacrylamide gels and visualized by SYBR gold nucleic acid
gel staining (Invitrogen). Data were fit to a logistic equation.

SPR. SPR measurements were performed by using a Biacore X100 instrument
(GE Healthcare). PfLDH was immobilized on the surface of a NTA sensor
chip (GE Healthcare). A running buffer containing 25 mM Tris·HCl at pH 7.5,
100 mM NaCl, 20 mM imidazole, and 0.005% (vol/vol) P20 was used for ligand
capture. Flow cell 2 was charged by using 500 μM NiSO4, then purified PfLDH
was immobilized on the surface to a density of ∼2,000 response units by
a 60-s injection followed by 300-s stabilization. Flow cell 1 was unmodified as
control reference. Different concentrations of 2008s aptamer (12.5, 25, 50,

Fig. 4. Aptamers conjugated to gold nanoparticles
to demonstrate potential for application. (A) Princi-
ple of approach. (B) Transmission electron micros-
copy images of nonconjugated gold nanoparticles
(Left), aptamer-conjugated gold nanoparticles (Cen-
ter), and aptamer-conjugated gold nanoparticles in
presence of PfLDH (Right). (C) Qualitative observa-
tion using gold nanoparticles to detect PfLDH spe-
cifically at 25 ng/μL. (D) Quantitative absorbance of
data in C.
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100, 200, and 350 nM) were prepared in identical buffer and injected for 60 s
at 30 μL/min followed by a 120-s stabilization. Every injection was performed
in triplicate with full regeneration of surface between runs. Initial fitting
was by the Biacore X100 Plus Package software before export to Origin v8.5
(OriginLab). As a single-site model did not appropriately describe the in-
teraction, data were fit to a heterogeneous ligand model. Dissociation was
fitted to the following equation:

Rt =R0e−k
1
d · t +R0e−k

2
d · t

where Rt is the measured response at time t after start of dissociation, R0 is
the measured response at start of dissociation, t is the time in seconds after
start of dissociation, and kd

1 and kd
2 are the dissociation rate constants for

the first and second interactions.
Association was fitted to the following equation:

Rt =
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acR

1
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where Rt is the measured response at time t after start of association,
Rmax
1 and Rmax

2 are the maximal responses for the first and second inter-
actions, t is the time in seconds after start of association, c is the concen-
tration of aptamer, and ka

1, kd
1, ka

2, and kd
2 are the respective association

and dissociation rate constants for the first and second interactions.

Assay for LDH Enzyme Activity. A previously described assay (37) for re-
duction of pyruvate to L-lactate catalyzed by LDH was performed under
multiple concentrations of 2008s aptamer. LDH activity was assayed in 25
mM Tris·HCl at pH 7.5, 5 mM pyruvate, 1 mM NADH, and change in ab-
sorbance was measured at 340 nm at 25 °C to reflect oxidation of NADH
to NAD+.

Preparation of Aptamer-Immobilized Gold Nanoparticles. The PfLDH aptamer,
2008s, was conjugated to 10-nm gold colloid (gold nanoparticles, AuNP)
(Sigma) via a 5′ thiol group according to the protocol described by Taton (38)
with modifications. All of the incubations were carried at room temperature
in the dark. Disulfide-functionalized aptamer was reduced by 0.1 M DTT for
30 min at room temperature before use. The reduced aptamers were puri-
fied by using Sephadex G-25 (Pharmacia Biotech). Reduced aptamers (2.5
nmol) were then added to 500 μL of AuNP. After 24 h of incubation, 1 M
NaCl and 0.1 M sodium phosphate buffer were added to reach final con-
centrations of 0.1 M NaCl and 10 mM phosphate buffer, respectively. The
aptamer/gold nanoparticle mixture was aged at room temperature for an-
other 24 h. 2008s–AuNP was separated from the solution by centrifugation
followed by washing in 0.1 M NaCl/10 mM sodium phosphate buffer at pH 7.
A 37-mer of polythymine (polyT) was conjugated to AuNP by the above
procedures for use in control experiments. The aptamer–AuNP conjugates
were stored in 0.3 M NaCl/0.01% sodium azide/10 mM sodium phosphate
buffer at pH 7.0.

Characterization of 2008s–AuNP. UV-Vis spectrometry. The spectrometry anal-
yses were carried out by using a Varioskan Flash Multimode Reader (Thermo
Scientific). The spectrum was derived from at least three experiments.
Transmission electron microscopy. Oligonucleotides (aptamers) immobilized on
AuNPs were characterized by using a Philips CM100 transmission electron
microscopy. Approximately 10 μL of aptamer–AuNP conjugates were coated
on a 200 mesh copper grid by adding sample to the grid and dried at
room temperature.
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