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The ease and advantages of allele-
specific PCR (AS-PCR) for SNP geno-
typing, along with the difficulty of as-
say specificity with certain mismatched
DNA primers, have been described in
prior studies (1–3). More recently, the
use of real-time PCR detection formats
has been described for one or both alle-
les of AS-PCR (4–6). These detection
enhancement methods do not overcome
the inherent difficulties with mismatch
specificity and may also be limited by
the choice of dyes or instrumentation
for larger multiplex AS-PCR protocols.
Researchers have attempted to utilize
multiplex PCR in allele-specific appli-
cations (7,8). These approaches add a
level of complexity to the design and
optimization of DNA primers, negating
some of the ease and speed of the origi-
nal AS-PCR technique.

Several molecular applications of
locked nucleic acid (LNA) (9,10) have
been described in review articles
(11,12). These LNA applications in-
clude antisense and therapeutic tech-
niques (13,14), SNP genotyping by
fluorescence polarization (15), and hy-
bridization-based probe detection (16).
Our prior work showed improved AS-
PCR specificity with 3′ LNA primers
at the polymorphic position in SNP
genotyping with human and plasmid
DNA targets with all possible mis-
matches (17). LNA is believed to exert
its effects of increased hybrid stability
(higher Tm) and improved specificity
in AS-PCR through the interaction of
its rigid conformational structure with
complementary strands or enzymes,
resulting in slower rates of dissociation
(18). In this report, SNPs within the
human cystic fibrosis gene (CFTR)
were analyzed in individual PCRs with
3′ LNA and DNA primers under vari-
ous reaction conditions. Once opti-
mization was completed, multiplex
PCR amplification reactions were in-
vestigated with individual and pooled
templates and detected by gel analysis.

LNA primers demonstrated higher
specificity than DNA primers in multi-
plex AS-PCR with human SNP targets.
This strong allelic discrimination with
LNA primers was evident over a broad
range of parameters, demonstrating a
simplified approach to highly specific
multiplex AS-PCR.

All heterozygous human DNA sam-
ples containing mutant CFTR alleles
were purchased from the Coriell Cell
Repository (Camden, NJ, USA). Wild-
type human genomic DNA was pur-
chased from Promega (Madison, WI,
USA) and verified for each lot. All PCR
primers were produced by Proligo
(Boulder, CO, USA) and are listed in
Table 1 with either 3′ LNA or native
DNA residues. PCR variables for Fig-
ures 1 and 2 are listed in Table 2. These
include concentrations of MgCl2,
primer, AmpliTaq Gold® DNA poly-
merase (Applied Biosystems, Foster
City, CA, USA), and template DNA.
Constant PCR parameters were 1× Gold
reaction buffer (Applied Biosystems),

dNTP concentration (200 µM), reaction
volume (25 µL), and thermal cycling
using a DNA Engine (MJ Research,
Waltham, MA, USA): 95°C for 7 min,
followed by 30 cycles of 94°C for 30 s,
61°C for 30 s, and 72°C for 30 s.

AS-PCR optimization was done with
3′ LNA and DNA primers in more than
20 target SNPs in three human genes
(CFTR, adenosine deaminase, and T
cell receptor Vβ). LNA-containing
primers required no difference in prepa-
ration or significant changes in reaction
and thermal cycling parameters com-
pared with DNA primers. Figure 1 is a
comparison of LNA primers with DNA
primers for detection of a cystic fibrosis
G551D mutation (G→A) in wild-type
and heterozygous human genomic
DNA samples under five PCR condi-
tions (labeled A–E) listed in Table 2.

Wild-type DNA template was used
to assess whether mutant AS-PCR
primers produced false-positive prod-
ucts in the absence of a mutant allele.
In each panel, LNA mutant primers

AS-PCR primer sequences (with LNA bases in capital letters) are listed along
with companions for each pair. The expected PCR product sizes from each
primer pair are shown. For the G551D polymorphism, the antisense strand was
targeted in Figure 1 and the sense strand in Figure 2. WT, wild-type; MT, mutant.

Table 1. CFTR Allele-Specific LNA and Companion Primer Pairs

Product 
Mutation WT or MT Primer Sequence (5′′→→3′′) Size (bp)



discriminated better than DNA mutant
primers by not producing a false band
in lane 4 (versus lane 3) with wild-type
genomic DNA samples. This same
LNA mutant primer functioned well
when given the correct mutant target

(lane 8 of each set).
The difference in band
intensities between
mismatched LNA and
DNA primers was
greatest in conditions
C–E (with greater than
2 mM MgCl2) in Fig-
ure 1. These titration
experiments showed
that LNA primers ex-
hibited allelic speci-
ficity over a broad
range of conditions
[e.g., 2–6 mM MgCl2,
0.1–0.5 µM primer,
and 35–200 µM

dNTPs (data not shown)], while DNA
primers often failed to discriminate
over these same ranges.

It was observed that 3′ LNA primers
successfully identified all transition
and transversion SNPs queried. The

fact that LNA primers maintained
proper allelic discrimination over a
broad range of PCR parameters indicat-
ed that this LNA effect was not condi-
tion-sensitive. This can effectively re-
duce single and multiplex AS-PCR
primer design and optimization time. In
experiments testing many parameters
with LNA and DNA primers for sever-
al SNPs, the best AS-PCR product
yields occurred with condition E (6
mM MgCl2, 20 ng genomic DNA, and
0.5 µM primers).

Multiplex AS-PCR results in Figure
2 used a primer pool consisting of eight
CFTR mutant primers plus their coun-
terpart primers listed in Table 1. Hu-
man multiplex AS-PCR with DNA and
LNA primer pools targeted the sense
strands of eight mutant CFTR alleles
and included 16 allele-specific and
companion primers. We then chal-
lenged these primer pools to correctly

identify the presence or ab-
sence of SNP mutant alleles
in individual and pooled tem-
plate DNA samples, as shown
in Figure 2. The individual
template samples produced
the correct number and size of
products with LNA primers
(lanes 2 and 4) under the mul-
tiplex conditions used, where-
as DNA primers generated
additional nondiscriminatory
products through mispriming
(lanes 1 and 3). These mis-
primed DNA products can
clearly be seen as wild-type
CFTR alleles by visual match
with the pooled mutant allele
controls (lanes 6 and 7) de-
scribed below.

As a control for the pooled
mutant primers, two pooled
template samples were inter-
rogated. One template pool
contained all eight mutant al-
leles (lanes 6 and 7), demon-
strating that all LNA and
DNA mutant primers amplify
with comparable efficiency
when their correctly matched
alleles are present. The other
template pool contained no
mutations, showing a differ-
ence between LNA and DNA
primers when their cognate
alleles are not present (lanes 8
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MgCl2 Primer Taq gDNA 
Condition (mM) (µµM) (U) (ng)

A 2 0.10 1.0 10

B 2 0.25 1.0 10

C 4 0.10 1.0 10

D 4 0.25 1.0 10

E 6 0.50 1.0 20

Figure 2 8 0.10 1.5 20

Differences in reaction conditions for conditions A–E in
Figure 1 and the single condition in Figure 2 are listed.

Table 2. PCR Conditions for Experiments Shown in Figures 1 and 2

Figure 1. AS-PCR optimization of human CFTR polymorphism G551D with DNA and 3′′ LNA matched and mis-
matched primers. Four AS-PCR primers, all paired with a common companion, were tested under five different PCR
conditions (A–E) with both wild-type and heterozygous mutant templates. Primers denoted DNA or 3′ LNA wild-type
(DW, LW) or mutant (DM, LM) are arranged in the same pattern in lanes 1–8 in each gel image. Genomic DNA samples
were wild-type (WT) in lanes 1–4 and heterozygous mutant (MT) in lanes 5–8, as specified by the Coriell Institute.



and 9). Only the LNA primer pool ex-
hibited proper PCR specificity by gen-
erating no products from the wild-type
template pool (lane 9). The analogous
DNA primer pool (lane 8) exhibited
three false-positive bands, which corre-
late to mismatched products for G542X
(T:C), R334W (T:G), G551D (A:C),
and/or R1162W (T:G). The three false-
positive bands in lane 8 may represent
three or four products, since two prod-
ucts nearly overlap for polymorphisms
R1162X and G551D (274 and 277 bp).
The limits of sensitivity and specificity
of LNA and DNA primers were not ex-
amined beyond the 8-plex level in these
experiments, so an upper limit has not
been established.

In summary, the use of 3′ LNA-con-
taining primers is a rapid and reliable
method for obtaining highly accurate
genotyping results using AS-PCR. The
multiplex result highlights the speci-
ficity of LNA primers in genotype
analysis of eight mutant CFTR alleles.
The LNA primers yielded no false-pos-
itive products with individual or pooled
template samples in this example,
while DNA primers failed to correctly
discriminate mismatches in each case.
The three false-positive bands for DNA
pooled mutant primers (lane 8) versus
none for 3′ LNA primers (lane 9) is a
striking example of enhanced LNA al-
lelic specificity and its potential in mul-
tiplex AS-PCR applications. Along

with the simplified design, the wide
window of effective conditions, and the
baseline protocol established for multi-
plex AS-PCR with LNA primers, this
technique offers strong potential in im-
portant applications such as haplotype
analysis by long-range PCR.
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Figure 2. Multiplex AS-PCR detection of eight CFTR mutations with 3′′ LNA and DNA primers.
Image of a 2% agarose gel stained with ethidium bromide, showing DNA or 3′ LNA mutant type primers
(D or L) with sequences listed in Table 1. The CFTR mutations (A455E, ∆F508, and G551D) present in
the individual templates are indicated. Individual template samples are shown in lanes 1–4, while pooled
genomic DNA samples both with (lanes 6 and 7) and without (lanes 8 and 9) SNP mutations are shown.
A 100-bp marker ladder (M, Bio-Rad Laboratories, Hercules, CA, USA) is shown between the two sets.
The expected number of PCR products/lane is indicated at the bottom.
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Encapsulation of 
Acetylcholinesterase in
Preformed Liposomes
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Acetylcholinesterase (AChE) is
highly sensitive to pesticides and has
been engineered to become a real tool
for their detection (1). However, its uti-
lization in biosensors faces a major
problem. The enzyme is not stable
enough to be useful for pesticide detec-
tion in the field. One way to increase an
enzyme’s stability is to encapsulate it in
liposomes or nanocapsules (2,3). This
encapsulation stabilizes the enzyme
against dilution effects and protects it
against proteolytic agents. In the fol-
lowing experiments, we encapsulated
AChE in liposomes. For encapsulation,
we tried different established tech-
niques. The first one forms the capsule
from lipids in the presence of protein.
The technique consists of mixing a pro-
tein-containing aqueous solution with a
lipid solution solubilized either by a de-
tergent or by an organic solvent. By re-
moving either the detergent by dialysis
(4) or the organic solvent by evapora-
tion [the reverse-phase evaporation
method (5)], the lipids organize in bi-
layers around aqueous droplets of en-
zyme solution and form liposomes.
However, these techniques are highly
damaging for fragile proteins that are
denatured by detergents, solubilized
lipids, or organic solvents. When we
tested the detergent dialysis technique,
we noticed that 50% of AChE involved
in this process was denatured; 70% was
denatured by the reverse-phase evapo-
ration method (data not shown). An al-
ternative technique consists of adding
the protein to a preformed dry lipid
film. The dispersion of the dry lipid
film with a protein-containing aqueous
solution leads to the formation of mul-
tilamellar vesicles. They are converted
to monolamellar vesicles by repeated
freeze-thaw cycles or by sonication
(6,7). During sonication, however, the
intact membrane is lysed. These mem-
brane fragments seem to behave like a
detergent and denature the AChE up to
90% after 1 min of sonication (data not
shown). Therefore, the most suitable
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