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Abstract

In Gram-negative bacterial infection, lipopolysaccharide
(LPS) readily overwhelms the host innate immune system,
which could result in inflammation and sepsis in severe cas-
es. Therefore, developing anti-LPS molecules would confer
an efficient antibacterial strategy. We used SELEX (Systemic
Evolution of Ligands by EXponential enrichment) to isolate
single-stranded DNA (ssDNA) aptamers. By immobilizing
and exposing different orientations of the LPS molecule on
hydrophobic and hydrophilic surfaces, two populations of
aptamers were captured from a library of 10> ssDNA oli-
gonucleotides. Progressive SELEX enriched the aptamers to-
wards thymidine residues. The more hydrophobic aptamers
with T-rich loops showed strong molecular recognition for
the lipid A moiety of LPS, binding at affinity of up to Kp of
107° M, and eliciting 95% neutralization of endotoxicity. The
longer ssDNAs exhibited greater avidity for LPS and con-
ferred more efficacious antagonism against LPS. The nucleo-
tide composition imposes subtle influence on the aptamer
folding and affinity for LPS. Copyright © 2008 S. Karger AG, Basel

Introduction

Sepsis is a clinical syndrome associated with severe
consequences such as multiple organ failure/multiple or-
gan dysfunction syndrome (MOF/MODS) and hence it is
correlated with high mortality rate [1]. Bacterial endo-
toxin or lipopolysaccharide (LPS) is a major component
of the outer membrane of Gram-negative bacteria [2] that
is acutely detected by the host immune system. It is re-
sponsible for 45-60% of sepsis [3]. Once released from the
bacterial cell wall during infection, it interacts with LPS-
binding protein (LBP) in the plasma [4]. LBP binds with
high affinity to LPS at its lipid A domain [5]. LPS, in com-
plex with LBP, is presented to membrane-bound CD14,
which elicits signaling through TLR4 in the macrophages
[6]. Activation of macrophages leads to cytokine release,
expression of adhesion molecules, phagocytosis and free
radical production [7-9]. Overexpression and dysregula-
tion of these potent mediators, particularly tumor necro-
sis factor-a (TNF-a), interleukin (IL) and interferon-y
(IFN-v), contribute to the clinical manifestations of sep-
sis.

Several approaches have been explored to prevent the
cascade of LPS-induced events in humans. To provide a
broad cross-protection against LPS from various bacte-
ria, monoclonal antibodies directed against the con-
served lipid A region have been developed. However,
clinical studies documented a lack of benefit with the
monoclonal antibodies [10, 11]. The ineffectiveness of

KA RG E R © 2008 S. Karger AG, Basel
1662-811X/09/0011-0046$26.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/jin

Prof. Jeak Ling Ding

Department of Biological Sciences, National University of Singapore
14, Science Drive 4, Singapore 117543 (Singapore)

Tel. +65 6516 2776, Fax +65 6779 2486

E-Mail dbsdjl@nus.edu.sg


http://dx.doi.org/10.1159%2F000145542

these antibodies could be attributable to the inaccessibil-
ity of the biologically active lipid A region of LPS to the
antibodies. In the bloodstream, LPS is found either as ag-
gregates or associated with circulating lipoproteins. Oth-
er anti-sepsis strategies include the use of natural inhibi-
tor of cytokine production, such as anti-inflammatory
cytokines, IL-4 and IL-10, and the development of anti-
cytokine antibodies such as anti-TNF-a antibody [12,
13]. However, none of these clinical trials have yielded
satisfactory results, possibly due to the complex and in-
terdependent roles played by cytokines in vivo. Neverthe-
less, complete removal of cytokines like TNF-a and IL-1
during infection is probably disadvantageous, because
the physiological concentration of TNF-a orchestrates
the inflammatory reaction of the infected host. Hence,
there is a need to search for an effective therapy. Develop-
ment of anti-endotoxin is a worthwhile prophylactic ap-
proach to prevent the activation of the downstream in-
flammatory mediators, hence effectively blocking sep-
sis.

Recently, oligoaptamers with exceptionally high affin-
ity for their cognate ligands have been derived from com-
binatorial libraries, by iterative rounds of in vitro selec-
tion and amplification process, called Systematic Evolu-
tion of Ligands by EXponential enrichment (SELEX)
[14-16]. Aptamers can be RNA, modified RNA, single-
stranded DNA (ssDNA) or double-stranded DNA. Hith-
erto, targets of aptamers can be varied from simple ions,
low-molecular-weightligands and proteins to whole cells.
The concept of SELEX relies on the ability of aptamers to
fold into unique three-dimensional structures in the
presence of their respective targets, and bind with high
affinity and specificity, being able to discriminate closely
related targets/ligands. Furthermore, aptamers offer ad-
vantages over protein-based affinity reagents due to their
stability, ease of regeneration and simple modification for
detection and immobilization [17]. Moreover, some ap-
tamers have shown higher affinity and specificity to-
wards target molecules than those of antibodies [18]. Ap-
tamers have the advantage of not triggering an immune
response, which is one of the major limitations of anti-
bodies for in vivo use. These features make aptamers
emerge as a class of molecules that rival antibodies in
both therapeutic and diagnostic applications.

Here, we explored the possibility of selecting for
ssDNA that binds LPS specifically. Dwarakanath et al.
[19] reported a quantum dot-labeled aptamer able to bind
to bacteria and to cause a blue shift in fluorescence emis-
sion. However, specific information was lacking on the
aptamer sequence/structure and their binding affinity to
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LPS, or to which part of the LPS molecule the aptamer
was targeting. Here, we used SELEX to select for oligoap-
tamers from an ssDNA library comprising 10'-'° differ-
ent sequences to specifically target the LPS. This is based
on the premise that selected oligoaptamers are able to
bind to LPS and neutralize the endotoxicity. Each of the
oligoaptamers contains 40 random bases flanked by de-
fined primer binding sites containing 23 bases at the 5’
end and 30 bases at the 3’ end. The 5" and 3’ end primers
contain BamHI and HindIII sites for subsequent cloning.
Thus, each oligoaptamer totals 93 nucleotides in length.
A comparison between two specific SELEX-selected 93-
mer ssDNAs (M7-2 and M7-5) and a synthetic 93-mer
Poly-C sequence, and further analysis of a series of
ssDNAs of increasing lengths from 18 to 93 bases showed
that ssDNAs bound the lipid A moiety of LPS in a length-
dependent manner to neutralize the endotoxicity. The
longer aptamers achieved greater binding affinity for
LPS. The sequence specificity or base composition of the
ssDNA seems to exert a subtle effect on the secondary
structure folding of the ssDNAs and hence their efficacy
in LPS binding and neutralization.

Materials and Methods

Materials

A library containing 101> ssDNAs of 93 nucleotides each
(Millennium Science, Singapore, Pte. Ltd) was employed in
SELEX. Each ssDNA member contained 40 randomized nucleo-
tides flanked by defined primer-binding sites (5’-CC GGA TCC
GTT GAT ATAAAATTC (N40) TTGATT GTGGTG TTG GCT
CCC AAG CTT CGG-3'). The forward and reverse primers con-
taining BamHI and HindIII restriction enzyme sites (underlined),
respectively, were used in PCR for the synthesis of dsDNA and
ssDNA. Different lengths of single-stranded oligonucleotides of
random sequences were synthesized by 1st Base Pte Ltd, Singa-
pore. LPS from Escherichia coli 055:B5 (Sigma) was used as the
ligand for the selection of oligonucleotides while E. coli lipid A
(F583, Rd mutant, Sigma) and ReLPS from Salmonella minnesota
R595 (Re mutant, List Biological Laboratories, Inc., USA) were
used in functional studies of the selected aptamers. A PyroGene
kit for measuring LPS was from Lonza, Inc., USA. Human TNF-«
BD OptEIA was purchased from BD Biosciences Pharmingen
(San Diego, Calif., USA) and CellTiter96 Aqueous One Solution
Cell Proliferation Assay was from Promega (Madison, Wisc.,
USA). Pyrogen-free water for making buffers was from Baxter
(Morton Grove, Ill., USA).

Selection of LPS-Specific Aptamers

The specific activity of the E. coli LPS (Sigma) was calibrated
against a reference standard LPS from Lonza, Inc., USA. Both
PolySorp™ and MaxiSorp™ 96-well plates (Nunc) were first coat-
ed with 4 pg/ml (~1 wM containing 400 EU/ml) of the E. coli LPS
diluted in phosphate-buffered saline (PBS) [20]. The library of
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Aptamer library (‘apt lib’) of 1074-15 ssDNA oligonucleotide members
(each ssDNA member has a central 40-variable bases flanked by
defined primers of 23 and 30 nu at 5" and 3’ ends, respectively)

Add 1 pm of ‘apt lib"to LPS-immobilized ELISA plate, 37°C, 2 h

Summary of SELEX

Heat-denature (95°C x 10 min);
snap-chill

Fig. 1. Schematic summary of SELEX pro-
cedure. The PolySorp™ and MaxiSorp™
96-well plates (Nunc) were coated with
4 pg/ml (~ 1 wM containing 400 EU/ml)
of LPS from E. coli. The ssDNA aptamer
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Cloning of dsDNA aptamers

ssDNAs in PBS, pH 7.4, was heat-denatured at 95°C for 10 min
and cooled immediately on ice. An aliquot of 1 uM of the ssDNA
library, referred to as ‘apt lib’, which contained all the 101
members, was used in the first round of selection. The ssDNAs
were allowed to interact with the immobilized LPS at 37°C for 2
h. The non-specifically bound ssDNAs were washed off with PBS
containing 0.05% Tween-20. Bound aptamers were eluted with
100 mM NaOH and precipitated overnightat -20°C in 3 M NaOAc
and 95% ethanol. The selected ssDNA aptamers were used as tem-
plates in performing pilot PCR with varying number of cycles to
produce dsDNA templates with few aberrant products.

48 J Innate Immun 2009;1:46-58

The random dsDNA was used as template in asymmetric PCR
with primer ratio of 1:100 of reverse:forward primers at different
amplification cycle numbers. Large-scale asymmetric PCR was
performed with the desired cycle numbers attained. The PCR prod-
ucts were purified and eluted from 9% polyacrylamide gel using
elution buffer containing 0.5 M NH;Ac, 10 mM Mg(Ac),, 1 mM
EDTA (pH 8.0) and 0.1% SDS. As the aptamers became purer and
more specific for the target, the amount of LPS and the incubation
period between aptamers and LPS were gradually reduced in pro-
gressive rounds of selection to increase the stringency of selection.
The progress of SELEX was evaluated and seven rounds of selection
were accomplished. Figure 1 summarizes the SELEX process.

Ding/Gan/Ho



Cloning and Sequencing of Selected Oligoaptamers

Aptamers obtained from different rounds of selection were
converted to dsDNA before being cloned into pGEM-T Easy Vec-
tor (Promega, USA). Plasmids were purified with Wizard Plus SV
Miniprep DNA purification system (Promega, USA). Sequencing
reaction was carried out with the BigDye™ Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) using SP6 vector primer.
DNA sequencing was performed using ABI Prism 7000 automat-
ed sequencer.

Functional Assay of Aptamers — Competition for LPS in the

Pyrogene rFC Inhibition Assay

In the PyroGene assay, LPS binds the recombinant factor C
(rFC), which is activated to catalyze the hydrolysis of a synthetic
substrate to release a fluorescent product that is quantifiable at
excitation and emission wavelengths of 380 and 440 nm, respec-
tively. To analyze the functionality of the oligoaptamers, their
ability to bind LPS in competition against rFC activity was tested.
The inhibition of the LPS-induced rFC activity by the oligoap-
tamers was assayed by preincubating with 1 EU/ml of E. coli LPS
at 37°C for 30 min in a PolySorp 96-well plate (Fluoronunc™,
Nunc) prior to addition of the rFC and substrate. The fluorescence
of the product was measured immediately and subsequently at
15-min intervals, using a spectrofluorimeter (LS-50B, PerkinEl-
mer).

In a separate assay the inhibition of lipid A and ReLPS by the
selected aptamers and other random oligonucleotides of variable
lengths was studied. Here, 1 EU/ml of E. coli lipid A or ReLPS
from S. minnesota R595 was used in place of the E. coli LPS to ac-
tivate the rFC enzyme activity. The rationale for this modification
in the competition assay was to examine the ability of the apta-
mers at targeting not just the overall LPS molecule, but also (a)
lipid A, the biologically potent moiety of LPS, and (b) ReLPS, which
represents the basic core component that exists in all forms of LPS
from Gram-negative bacteria. Prior to the assay with aptamers,
standard curves were established to calibrate the lipid A and
ReLPS against a reference standard LPS from Lonza, Inc., USA.

Surface Plasmon Resonance Analysis of Real-Time

Biointeraction between Aptamer and Lipid A

The real-time interaction between different concentrations of
the aptamers and lipid A was performed with Biacore 2000 in-
strument. An HPA sensor chip was precoated with 0.25 mg/ml of
E. coli lipid A in PBS. In all experiments, 100 mM pyrogen-free
Hepes, pH 9.0, containing 100 mM NaCl, 10 mM MgCl, and 1.5%
glycerol was used as the running buffer at a flow rate of 30 pl/min.
The HPA chip was regenerated with 100 mM NaOH until the
baseline was achieved. The affinity constant of interaction be-
tween the oligoaptamers and lipid A was calculated using BIA-
evaluation software 3.2.

TNF-a Assay

The inhibitory effect of the aptamers on LPS-induced TNF-a
release was assayed with THP-1 cells. The cells were grown at
37°Cinahumidified environmentin the presence of 5% CO, with
RPMI 1640 medium supplemented with 10% FBS, penicillin (100
U/ml), and streptomycin (0.1 mg/ml). THP-1 monocytes were
transformed into macrophages by the addition of a concentrated
stock solution of phorbol myristic acid (PMA; Sigma; 0.3 mg/ml
in dimethyl sulfoxide) to a final concentration of 30 ng/ml PMA
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and 0.01% dimethyl sulfoxide. PMA-treated cell suspension
was immediately plated into a sterile 96-well microtiter plate
(Nunclon™ surface, Nunc) at a density of 1 X 10° cell/ml and al-
lowed to differentiate for 48 h at 37°C. Immediately before stimu-
lation by 10 ng/ml LPS or LPS preincubated with the aptamers,
the culture medium was removed and the cells were washed twice
with serum-free RPMI 1640. Reaction mixtures of LPS with or
without aptamers were incubated at 37°C for 30 min prior to their
addition into a 96-well plate coated with cells. After 6 h incuba-
tion at 37°C, the culture supernatant was collected and the con-
centration of human TNF-« was assayed by ELISA according to
the manufacturer’s instructions.

Cytotoxicity Assay

To analyze the potential cytotoxicity of the aptamers, 50 .l of
human monocytes, THP-1, at a density of 2 X 10° cells/ml in
RPMI 1640 were incubated with 50 pl of twofold serial dilutions
of aptamers in a 96-well plate for 24 h at 37°C. Then, 20 pl of
CellTiter 96 Aqueous One Solution Reagent was added and fur-
ther incubated for 90 min at 37°C. MTS tetrazolium compound
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] is normally bioreduced by living
cells into a colored formazan product that is soluble in tissue cul-
ture medium. The absorbance at 490 nM was measured using an
ELISA plate reader. But, cells undergoing acute cytotoxicity are
unable to metabolize MTS.

Results

Selection of ssDNA Oligoaptamers That Bind LPS

Several parameters and conditions were considered
with the aim to optimize and establish a SELEX approach
that was suitable for selecting LPS-specific aptamers from
a library of 1 x 10"" oligonucleotide sequences each
containing 93 bases within which 40 are random: (i) the
number of PCR cycles was optimized to avoid overampli-
fication, which would be evidenced by mis-annealed
products; (ii) the incubation time of the oligoaptamers
with LPS was progressively decreased over seven iterative
rounds of selection with a view to increasing the strin-
gency and specificity for LPS; (iii) the method of recovery
of the ssDNA sequences, where efficiency of elution from
PAGE gel and affinity chromatography by streptavidin-
biotin aptamers was compared. The affinity chromatog-
raphy approach incurred drastic loss of aptamers due to
high avidity of the ssDNA to the streptavidin beads, and
inefficiency in regeneration of the resin; (iv) screening
and selection for LPS-binding aptamers via a solid-phase
method whereby LPS was immobilized on 96-well plates,
and (v) whether the orientation of LPS on the 96-well
plates would impose any effect on the selection of LPS-
specific oligoaptamers.

J Innate Immun 2009;1:46-58 49



90 - g:?tlib

80

70 @ P3

60 | W P5
HP7

Percentage inhibition of LPS
by polysorp selected aptamers

10 100
a Concentration (ng/ml)

500

1,000

1007 s

g 80 4 O M5

S W P7

c , 60- EM7

o

E=a 7}

§ g 40

£ a 20

o © 3

23

g 0

gaj -20 — —

100 ng/ml 1,000 ng/ml 100 ng/ml 1,000 ng/ml
40~ «——15min—> <«—30min—>
Time (min)

Fig. 2. a Inhibition of LPS-induced rFC activity by oligoaptamers
selected from different rounds using PolySorp plate. In the pres-
ence of the aptamers which specifically bind LPS/lipid A, the rFC
activity was attenuated. This reduction in rFC activity measured
in fluorescence unit (FU), which is dose-dependent on the apta-
mers, reflects the efficacy of LPS neutralization by the aptamers.
The percentage inhibition of LPS-induced rFC activity was calcu-
lated by subtracting averaged relative fluorescence unit (RFU) of

In consideration of these parameters and the condi-
tions of SELEX, MaxiSorp and PolySorp plates were test-
ed for their suitability as LPS-binding platforms upon
which the oligoaptamers were selected. When immobi-
lized on the hydrophilic surface of the MaxiSorp plate, it
is anticipated that the hydrophilic oligosaccharide chain
of LPS oriented downwards whilst the hydrophobic lipid
A tails would be exposed on the surface for interaction
with the ssDNA. Conversely, on the hydrophobic Poly-
Sorp plate surface, the acyl chains of lipid A were immo-
bilized downwards and the hydrophilic sugar residues of
the LPS would be exposed for interaction with ssDNA.
The round 3 selected oligoaptamers from the PolySorp
plate (referred to as P3 aptamers) were used as the start-
ing point for further selection on the MaxiSorp plate. The
P3 aptamers contained a sufficient degree of heterogene-
ity of oligonucleotide sequences to afford such a transi-
tion of selection. A further four rounds of selection were
also accomplished for LPS-coated on the MaxiSorp
plate.

Selected 93-mer Oligoaptamers Bind and Neutralize

the Endotoxicity of LPS

The LPS neutralization ability of the oligoaptamers
was measured by using the PyroGene rFC-based assay
[21], which is highly sensitive to endotoxin. Oligoapta-
mers selected on the PolySorp plate (P1-P7) were found
to attenuate LPS-induced rFC activity in a dose-depen-
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each sample against an averaged baseline RFU value of LPS alone,
and divided by the average RFU of LPS. The standard errors of at
least three independent experiments are presented. b Different
orientations of LPS impose an effect on the activity of aptamers
selected. rFC assay was performed on the PolySorp- and Maxi-
Sorp-selected aptamers, to compare their anti-LPS activity. P and
M annotate PolySorp and MaxiSorp plate-selected aptamers, re-
spectively.

dent manner. This inhibition was specific and the effi-
ciency apparently increased with progressive rounds of
selection (fig. 2a), where P7 oligoaptamers were found to
inhibit rFC activity by as much as 75%. Moreover, com-
parison of the aptamers obtained between the two selec-
tion platforms (MaxiSorp and PolySorp) showed that the
M5 and M7 aptamers exerted 20% greater inhibition of
LPS-induced rFC activity than the P5 and P7 counter-
parts (fig. 2b). This suggests that different orientations of
the LPS immobilized on the hydrophobic or hydrophilic
plate surface selected dissimilar populations of aptamers,
which elicit different efficacy and functional specificity.
Itis conceivable that exposure of the lipid A moiety of LPS
immobilized on the hydrophilic surface of the MaxiSorp
plate resulted in the selection for oligoaptamers which
exhibited greater LPS-antagonistic potency.

Primary Sequence Analysis and Secondary Structure

Prediction of Selected Oligoaptamers

In order to assess the enrichment of the DNA sequence
through progressive rounds of SELEX, the LPS-specific
oligoaptamers from rounds 1, 3, 5, and 7 obtained from
both the PolySorp-LPS and MaxiSorp-LPS selection
methods were cloned and sequenced. The DNA sequenc-
es showed progressive enrichment towards thymidine
(T) residues in both situations (fig. 3a, b). Figure 3¢ shows
that the MaxiSorp-LPS selection yielded T-rich aptamers
(M5) at two rounds earlier than those selected from the
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od at each iterative round of SELEX. d Pre-
dicted secondary structure of M7 oligoap-
tamers from SELEX, which contain T-rich
ring. In contrast, M7-5 shows a secondary
stem-loop which contains more A,T resi-
dues. The variable regions of the aptamers
are highlighted in blue while the T residues
in the variable region that are exposed are
marked red.

PolySorp-LPS platform (P7). Interestingly, 70% of M7 ap-
tamers contained identical bases (represented by M7-2)
while another 26% of the population displayed only slight
differences in the 40-base variable region (table 1). All the

LPS Binding ssDNA Aptamers

primary sequences of M7 aptamers were subjected to sec-
ondary structure prediction using the Vienna Secondary
Structure Prediction Program (http://rna.tbi.univie.ac.
at/). The highly homogeneous sequences of M7 aptamers

J Innate Immun 2009;1:46-58 51



Table 1. Primary sequence of the 40 variable bases (40Ns) of the M7 oligoaptamers

apt lib

CCGGATCCGTTGATATAAAATTC(40Ns) TTGATTGTGGTGTTGGCTCCCAAGCTTCGG

M7-2 (70%)

TCTGGCTAGGATAGGCAGGAGTTTCATTACTTGTATGTTT

M7-1 TCTGGCTAGGATAGGCAGGAGTTTCATTACTTATATGTTT
M7-3/M7-6 TCCGGCTAGGATAGGCAGGAGTTTCATTACTTGTATGTTT
M7-13 TCTGGCTAGGATAGGCAGGTGTTTCATTACTTGTATGTTT
M7-14 TCTGGCTAGGATAGGCAGGAGCTTCATTATTTGTATGTTT
M7-22 TCTGGCTAAGATAAACAAGGAGTTTCATTACTTGTATGTTT
M?7-5 TAGTCAGGTGAAGTCCGCGGCTAACAATTCAGTAGGTTA

The ‘apt lib’ is the complete aptamer library of 10'47'> members, each containing 40 variable bases (40Ns) flanked by the forward

and reverse primers on the left and right.

Nucleotides that deviate from the sequences of the identical clones are in bold.
M?7-22 and M7-5 harbor 41 and 39 variable residues (Ns), respectively at their centers.
70% of the M7 clones share similar base sequence, as represented by the M7-2 clone.

Table 2. Primary sequence of nine oligoaptamers of variable lengths tested

ssDNA Sequences

18-mer 5'-ccgaagcttgggagcecaa-3’

23-mer 5'-ccggatccgttgatataaaattc-3’

30-mer 5'-ccgaagcttgggagccaacaccacaatcaa-3’

39-mer 5'-cgccatggcgagtaaaagttattctaaattaattcagge-3’

57-mer 5'-ggtaccatggagcagaagctcatctcagaggaagatctggcaacctacgcacaatgt-3’

80-mer 5'-gatccctgtgtcaaagttcaagtgaaagttgocageggtgtgaaagttcaggtgaaggtctgegacceccgggtcttcta-3’

92-mer (M7-5)
93-mer (M7-2)
93-mer (Poly-C)

5'-ccggatcegttgatataaaattctagtcaggtgaagtccgeggetaacaattcagtaggttattgattgtggtettgectcccaagettcgg-3’
5'-ccggatccgttgatataaaattctctggetaggataggcaggagtttcattacttgtatgtttttgattgtggtgttggcetcccaagettegg-3’
5/-€CeeeCeeceeeeceeceececeeceecccCeCCeCcCCcCCeCeCecceceecceccccecceccccccceccecccceccecccceceee-3’

showed a propensity to fold into a T-rich ring where the
thymine side chains were exposed and clustered at one
locus in the ring (fig. 3d). In contrast, the M7-5 oligoap-
tamer folded into a secondary structure which is totally
distinct from the rest of M7 members.

Endotoxin-Antagonistic Activity Is Dependent on the

Length and Secondary Structure of Oligoaptamers

We further investigated the anti-LPS activity of 33 nMm
of the single clones, M7-2 (93 bases) and M7-5 (92 bases)
in comparison to synthetic oligonucleotides of: (i) 93'-
mer Poly-C; (ii) 23-mer forward primer and the 30-mer
reverse primer which flank each of the 40 random bases
of the original oligoaptamer library. Interestingly, the
forward and reverse primers exhibited only 10% anti-LPS
activity, while the three 92-93 bases long oligos (M7-2,
M?7-5 and Poly-C) exerted up to 95% anti-LPS activity,
regardless of their nucleotide sequence (fig. 4a). This pro-

52 J Innate Immun 2009;1:46-58

vided us with the first clue that the high LPS inhibition
activity of the 93-mer oligoaptamers is mainly attribut-
able to the length. In order to confirm the length depen-
dency of the oligonucleotides in recognizing and neutral-
izing the endotoxicity of LPS, we tested a series of random
ssDNAs of increasing lengths, ranging from 18 to 80 bas-
es in comparison with the 93-mers (table 2). Indeed, we
demonstrated that the LPS inhibition ability correlates
well with the length of the oligoaptamers (fig. 4b).

Since lipid A is the endotoxic principle conserved in
LPS molecules from different strains of Gram-negative
bacteria [27], the ability of the 92-93 base oligoaptamers
to exert strong molecular recognition of the lipid A moi-
ety, and to effectively neutralize the endotoxicity, demon-
strate the potential of developing these aptamers into a
powerful LPS antagonist. At the same time, we noticed
that compared to the 30- and 39-mer oligoaptamers, the
23-mer (previously used as the forward primer for PCR
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of the SELEX library) seems to exhibit a substantially
higher inhibition of ReLPS and lipid A, indicating that
the 23-mer may contain certain bases or propensity to
fold and fit better into the lipid A domain. To ascertain
this, we tabulated the nucleotide composition of the ss-
DNA oligoaptamers (table 3), which showed that the 23-
mer is A, T-rich, being partially similar to the T-rich M7-2
and M7-5 aptamers, but different from the rest of the se-
quences that are either A- or G-rich and not T-rich. Sec-
ondary structure prediction (fig. 5) shows that the 23-
and 93-mer Poly-C both folded into rings. Furthermore,
the 23-mer has more T residues exposed, compared to
only one T residue in the ring of the 30-mer. Taken to-
gether with the secondary structure predictions of M7-2
and M7-5 (fig. 3d), the T residues seem to play an impor-
tant role in the oligoaptamer-LPS interaction. However,
it appears that the influence from the T residues is less
pronounced than that of the length of the oligoaptamers.
This is corroborated by the anti-endotoxic potency of the
93-mer Poly-C, which exerted a similar efficacy of inhibi-
tion of lipid A and ReLPS as did the M7-2 and M7-5.

Comparison of the Binding Affinity (Kp) of Different

Length Oligoaptamers to LPS

Using surface plasmon resonance analysis, the bind-
ing affinity of the nine oligonucleotides to lipid A was
measured and compared. Figure 6a shows a series of sen-
sorgrams obtained by injecting 0.4 uM of each oligoap-
tamer into an HPA flow cell immobilized with lipid A.
The corresponding binding affinities are presented in
figure 6b. The kinetic constant (Kp) was calculated from
the sensorgrams by fitting with a 1:1 Langmuir binding
model. This real-time biointeraction analysis revealed in-
creasing affinity with increasing length of the oligoap-
tamers ranging from 1076 to 10~ M, except for the 23-mer,

Fig. 4. a Comparison of LPS inhibition ability of long oligoapta-
mers (92-, 93-mer) and short oligos (23-, 30-mer). The oligoap-
tamers were compared in equimolar (33 nM) and equal amounts
(33 nM = 1 pg/ml). M7-2, M7-5, which are single clones of 93- and
92-mer from the M7 population; the synthetic 93-mer Poly-C,
and the forward and reverse primers (23- and 30-mer, respective-
ly) were compared for their ability to inhibit LPS-induced rFC
activity. b Relationship between oligonucleotide length and their
LPS-, ReLPS- and lipid A binding and neutralization efficacy.
Functional comparison of different length of oligoaptamers (18-
93-mer) was performed using rFC assay. Endotoxin at 1 EU/ml
derived from E. coli LPS, ReLPS of S. minnesota and E. coli lipid
A were used to activate rFC activity, and 33 nM of each of the oli-
goaptamers were used to determine their ability to compete
against rFC for LPS/ReLPS/lipid A.
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18-mer

39-mer

Fig. 5. Predicted secondary structure of
the synthetic non-SELEX oligoaptamers.
T residues in 23- and 30-mer that are ex-
posed are marked red.

23-mer 30-mer

57-mer

93-mer (Poly-C)

Table 3. Nucleotide profile of oligoaptamers of different lengths

Oligos A, % T, % C % G, %
18-mer 27.8 11.1 27.8 33.3
23-mer 304 304 21.7 17.4
30-mer 36.7 10 33.3 20
39-mer 33.3 28.5 17.9 20.5
57-mer 31.6 17.5 24.6 26.3
80-mer 22.5 25 21.3 31.3
92-mer (M7,-5) 22.8 30.4 19.6 27.2
93-mer (M7,-2) 19.4 36.6 17.2 26.9
93-mer (Poly-C) 100

The composition of each nucleotide is tabulated in percentage
and the highest percentages are in bold.
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which exerted higher than expected affinity (10 m)
compared to its 30- and 39-mer counterparts. Consistent
with earlier finding that the 23-mer has a higher endo-
toxin neutralization effect (PyroGene rFC assay) against
lipid A and ReLPS, the real-time biointeraction analysis
here shows that the 23-mer has a lower Kp value (higher
affinity) for lipid A than those of the 30- and 39-mers.
Nevertheless, it must be noted that on one hand, the
SELEX procedure has apparently resulted in the selection
of the M7-2 and M7-5 with gain-of-affinity for LPS when
compared to the mixed pool of ssDNAs in the original
aptamer library (‘apt lib’, fig. 6), thus indicating that in-
deed the T-rich loop of the selected aptamers contributes
to the LPS binding. Yet, a dichotomy is observed with the
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Fig. 6. a Sensorgrams depicting the real-time interaction between
oligoaptamers of different lengths towards lipid A immobilized
on a Biacore HPA chip. 60 pl aliquots of each of the nine oligoap-
tamers as well as aptamer library (‘apt lib’) at a series of different
concentrations, ranging from 1, 0.4, 0.16 to 0.064 M, were in-
jected into the HPA chip at a flow rate of 30 pl/min with 100 mm
Hepes, pH 9.0, containing 100 mM NaCl, 10 mM MgCl, and 1.5%

93-mer Poly-C sequence which shares equally high anti-
LPS efficacy even though without T residue, suggesting
that on balance, the length rather than the sequence com-
position of the oligoaptamer is the predominant determi-
nant of LPS binding and neutralization.

Aptamers Exhibit Minimal Cytotoxicity and Inhibit

LPS-Induced TNF-« Secretion Regardless of Their

Lengths

The 18-mer, 23-mer and both 93-mers (M7-2 and Poly-
C) were tested for their ability to inhibit LPS-induced
TNF-a release from THP-1 cells. Irrespective of their
lengths, all four oligoaptamers elicited up to ~40% in-
hibition of LPS-induced TNF-a production, probably
through the binding and neutralization of the LPS. All
the aptamers tested over the wide range of concentrations
showed negligible cytotoxicity and have no effect on the
cell viability (fig. 7).

Discussion
LPS has been strongly linked to the pathophysiology

of sepsis [22], where it is associated with mortality rate of
60-70% [3] and remains the main cause of death in inten-

LPS Binding ssDNA Aptamers

glycerol as the running buffer. During the dissociation phase, the
running buffer was introduced for 120 s. For clarity, only sensor-
grams of 0.4 wM of oligoaptamers are shown here. b The kinetic
constant (Kp values) of the oligoaptamers indicate the affinity of
interaction between the oligoaptamers (of 18-93-mer) and lipid
A, which was calculated using BIAevaluation software with a 1:1
Langmuir binding model.

sive care units [23]. Thus, abrogation of the inflamma-
tory response with therapy early in infection may render
the patient less susceptible to sepsis. Many therapeutic
strategies have been attempted for several decades, but
have resulted in limited success. The use of oligonucle-
otide aptamers offers advantages over that of antibodies
in anti-endotoxin strategies because these aptamers can
easily be produced with a high degree of accuracy, repro-
ducibility, and purity. They are not temperature-sensitive
and do not undergo reversible denaturation, thus having
a much longer shelf life [17, 24]. We have procured oli-
goaptamers that block LPS. The LPS neutralization abil-
ity of the aptamers seemed to increase progressively with
rounds of SELEX, and function in a dose-dependent
manner. A similar functional enrichment was observed
in the selection of tubulin-specific DNA aptamers [25]
and selection of aptamers that bind differentiated but not
parental cells [26]. In our case, the M7 aptamers which
probably target the core of LPS and the lipid A moiety,
achieved ~95% efficacy in attenuating endotoxicity
(fig. 2, 4). In contrast, the P7 aptamers which probably
target the sugar residues of LPS appeared slightly less ef-
ficient in neutralizing endotoxicity. By molecular weight,
lipid A constitutes around 40% of the whole LPS struc-
ture [27]. It is conceivable that when LPS was immobi-
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lized on the hydrophobic PolySorp surface where the lip-
id A moiety faced downwards, the bulk of the exposed
polysaccharide chains of LPS could possibly hinder the
accessibility of the aptamers to the lipid A moiety. Since
lipid A is the endotoxic principle of LPS [28], an oligoap-
tamer that targets this moiety is expected to be highly ef-
ficacious in neutralizing the endotoxicity. This explains
why M7 aptamers were more antagonistic of LPS than the
P7 aptamers. Furthermore, solution assay with LPS or
ReLPS or lipid A in the liquid phase also showed that the
M7 aptamers were more efficacious.

Cloning and sequencing of the selected oligonucle-
otides showed that within each of the 93-mer ssDNAs,
the central domain of 40 variable bases actually ranged
in length from 39 to 41 nucleotides compared to the des-
ignated 40 nucleotides in the randomized library (ta-
ble 1). Such differences in the lengths of the variable re-
gion have been reported for many SELEX experiments
[29-31] and are presumably caused by random insertions
and deletions during multiple rounds of PCR amplifica-
tion [32] or limitation of nucleotide coupling efficiency
during the chemical synthesis of the randomized library.
An examination of the primary sequence of the oligoap-
tamers selected from the two different platforms (Maxi-
Sorp/PolySorp) revealed a strong tendency to enrich from
G- to T-rich residues amongst the majority of round 7
oligoaptamers, which contained more than 35% T resi-
dues in their sequences. Sequence enrichment towards a
specific nucleotide after iterative rounds of selection has
been also reported [25, 33-35]. Notably, MaxiSorp-LPS
selection achieved T-enrichment two rounds earlier than
PolySorp-LPS selection, suggesting that the former plat-
form offered more stringent selection. The observed con-
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vergence of nucleotide enrichment towards T residue is
not outlandish as work of Schneider et al. [36] on E. coli
rho factor has shown that the final aptamers are not af-
fected by the stringency of selection. It was noted that
even though high stringency can enhance the selection of
aptamers, those with similar sequences can be obtained
from both high and low stringency selections, suggesting
a degree of convergence. In our case, the convergence of
T-rich aptamers at round 7 of both selection platforms
suggests that this nucleotide plays an important role in
the recognition and binding of LPS or lipid A.

Although there was a lack of identical or consensus
sequence amongst the oligoaptamers derived from Poly-
Sorp-LPS and MaxiSorp-LPS selections, the highly ho-
mogeneous sequences of M7 as well as the majority of P7
(data not shown) displayed a tendency to form a T-rich
ring structure where T residues in the variable region
were clustered on one side of theringand exposed (fig. 3d).
This suggests that T-rich ring structures contribute to the
recognition and binding of LPS. As a pyrimidine member
that is hydrophobic due to the additional methyl group at
the 5" carbon of its ribose ring, we postulate that exposed
T-rich region could recognize LPS specifically through
hydrophobic interaction between its methyl group and
the lipid A acyl chains. Studies have shown that various
endotoxin-binding proteins and peptides recognize and
bind the lipid A region of LPS to exert their LPS-activat-
ing or -neutralizing effects. LBP (LPS-binding protein),
BPI (bactericidal permeability-increasing factor) and
LALF (Limulus anti-LPS factor) are LPS-binding pro-
teins [5, 38]. The LBP holoprotein is known to enhance
the presentation of LPS to TLR4 [4-6]. On the other hand,
synthetic peptides derived from these LPS-binding pro-
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teins bind LPS at the lipid A domain [37, 38] and block its
bioactivity. Hence, it is conceivable that 93-mer T-rich
oligoaptamers bind to the lipid A domain of LPS, and the
binding affinity was remarkably high, at Kp in the nano-
molar range (fig. 6).

Notwithstanding the multiple rounds of SELEX on
both the hydrophobic and hydrophilic surfaces of the im-
mobilized LPS, the lack of distinctive sequence identity
amongst the M7 oligonucleotides and the lack of LPS-
binding ability by the short oligonucleotides (18-39 mer)
prompted us to examine the relationship between the
lengths of various ssDNAs and their LPS-binding effi-
cacy. Interestingly, we noted that with LPS or lipid A as a
target ligand, there was no apparent sequence specificity
but only a length dependency of LPS antagonism by the
ssDNAs. Furthermore, we demonstrate that oligonucle-
otides of at least ~93 bases appeared optimal and essen-
tial for anti-LPS activity to achieve ~95% endotoxin neu-
tralization (fig. 4b). Compared to the parental 93-mer li-
brary with random bases in the 40-base variable region,
the M7-2 and M7-5 showed improved LPS neutralization
ability which suggests that sequence specificity does con-
tribute somewhat to LPS inhibition, although to a lesser
extent than the exertion from the length of the oligoap-
tamers. This deduction is also supported by the result
from the 23-mer that has higher affinity and LPS antago-
nism activity than the slightly longer counterparts of 30-
and 39-mers. Notably, the 23-mer oligoaptamer is A, T-
rich and also fold into a large ring-like structure exposing
all its T residues (fig. 5). Similar to the T-rich ring struc-
ture of M7-2 and M7-5, the T residues of the 23-mer prob-
ably recognize the lipid A domain and neutralize the en-
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