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ABSTRACT

Using microparticles as the capture surface and fluo-
rescence resonance energy transfer as the detection
technology, we have demonstrated the feasibility of
performing the invasive cleavage reaction on a solid
phase. An effective tool for many genomic applica-
tions, the solution phase invasive cleavage assay is
a signal amplification method capable of distin-
guishing nucleic acids that differ by only a single
base mutation. The method positions two overlapping
oligonucleotides, the probe and upstream oligo-
nucleotides, on the target nucleic acid to create a
complex recognized and cleaved by a structure-
specific 5′-nuclease. For microarray and other
multiplex applications, however, the method must be
adapted to a solid phase platform. Effective cleavage
of the probe oligonucleotide occurred when either of
the two required overlapping oligonucleotides was
configured as the particle-bound reagent and also
when both oligonucleotides were attached to the
solid phase. Positioning probe oligonucleotides
away from the particle surface via long tethers
improved both the signal and the reaction rates. The
particle-based invasive cleavage reaction was
capable of distinguishing the ApoE Cys158 and
Arg158 alleles at target concentrations as low as
100 amol/assay (0.5 pM).

INTRODUCTION

Currently there is a great deal of interest in solid phase assays
for nucleic acids analysis. DNA chips (1), microarrays (2),
fiber optic arrays (3) and particle-based assays (4) are all
gaining prominence for nucleic acid applications. They offer
the multiplexing capabilities required for high throughput analysis
since a large number of different assays can be conducted

simultaneously on a single sample. Many solid phase tech-
niques are based solely on hybridization, although single base
differences are often difficult to uncover with hybridization-
only approaches (5–7). Other techniques, such as the oligo-
nucleotide ligation assay, for example, incorporate the specificity
of an enzyme to enhance discrimination of sequences that
differ at only a single position (8,9). In this paper we describe
adapting an alternative enzymatic approach, the invasive
cleavage reaction, to a solid phase platform.

The invasive cleavage assay (10) is a probe cycling, signal
amplification reaction used for detection of single nucleotide
polymorphisms (SNPs) (11) and quantitative determination of
gene expression and viral load. The reaction requires two
synthetic oligonucleotides, called the ‘upstream oligonucleotide’
and ‘probe’, that anneal to the target sequence with an overlap
of 1 nt. This creates a bifurcated overlapping complex that
resembles a structure generated during strand displacement
DNA synthesis, as shown in Figure 1. Structure-specific
5′-nucleases, whose primary cell function is believed to be
processing of Okazaki fragments (12,13), cleave the bifurcated
substrate at the site of the overlap, releasing the 5′-arm and one
base paired nucleotide of the probe (14,15). The cleaved
5′-arm serves as a signal indicating the presence of target in an
analyzed sample. By performing the invasive reaction at the
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Figure 1. Substrate for invasive cleavage reaction. The probe and upstream
oligonucleotides anneal to the target and create a 1 bp overlap. Cleavage of the
probe occurs at the 3′-side of the overlapping nucleotide, releasing the probe
5′-flap. The reaction is run near the probe–target Tm with the probe oligonucleotide
in excess. Cleavage of a bound probe destabilizes the duplex and results in
replacement of the cleaved probe with another uncut probe. Thus a single
target directs cleavage of multiple probes.
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probe melting temperature (Tm), multiple cleavage events can
be achieved for each target. Typically, an invasive signal
amplification reaction generates 30–50 cleaved probes/target/
min, resulting in 103–104-fold signal amplification in a 1–3 h reac-
tion (16). By combining two invasive reactions into a serial
assay, the signal amplification can be increased to 107-fold,
which is sufficient to detect 600 copies of unique sequence in
samples of human genomic DNA in 2–4 h using a standard
fluorescence plate reader (17).

The unique ability of 5′-nucleases to specifically cleave the
overlapping substrate can be utilized for detection of single
base mutations. To detect a particular nucleotide in the target
sequence, the upstream oligonucleotide and probe are designed
to create overlap at this nucleotide, ensuring efficient cleavage
of the probe. A substitution at this nucleotide position eliminates
the overlap and dramatically reduces the cleavage rate,
resulting in mutation discrimination of at least 300:1. Such
discriminatory power makes the invasive cleavage assay an
excellent tool for identification of SNPs in human genomic
DNA (10,17).

The number of different formats that can be applied for
signal detection emphasizes the versatility of the invasive
cleavage assay. These include electrophoresis (18–20), micro-
plate enzyme-linked immunosorbent assay (ELISA) (10) and
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry methods (21). More
recently, a fluorescence resonance energy transfer (FRET)
methodology enabled homogeneous detection of SNPs by the
invasive cleavage reaction using zeptomole (10–21 mol)
amounts of target DNA (17).

Adapting the invasive cleavage assay to a solid phase format
presents the possibility of analyzing multiple SNPs in parallel.
At the present time, SNP detection using the invasive cleavage
reaction is performed in 96-well microplates with nanogram
amounts of human genomic DNA per SNP (17). Assuming that
the total number of SNPs in the human genome is 3 × 106 (11),
a complete genotype analysis of a single individual would
require 3 × 104 plates and tens of milligrams of the DNA. A
solid phase format could potentially reduce the analysis to a

single SNP chip that interrogated a small volume sample of
human DNA. We therefore investigated the feasibility of
adapting the FRET detection version of the invasive cleavage
assay to a solid phase format. So that we could readily monitor
the reactions in real time, we selected latex microparticles
suspended in reaction solution as the solid phase.

We utilized two different oligonucleotide systems for our
FRET studies of solid phase invasive cleavage reactions. First
we employed a simple model system where the probe was
5′-end-labeled with a fluorescein molecule quenched by an
internal Cy3 molecule (Table 1A). Upon cleavage, the fluorescein
was released into solution, providing a measurable signal
correlated with the amount of cleavage. Next we analyzed the
apolipoprotein E (ApoE) SNP at position 158 (22) in a particle-
based assay with a probe whose donor–acceptor pair was in the
reverse configuration. In this format, the probe contained a 5′-
terminal dabcyl molecule that quenched an internal fluorescein
(Table 1B). Upon cleavage, the quenching dabcyl moiety was
released into solution, while the resulting signal from the
fluorescein remained associated with the solid phase.

Our results demonstrate that the multi-component substrate
for the invasive cleavage reaction can indeed be properly
assembled, accurately recognized by the structure-specific
5′-nuclease and efficiently cleaved on a solid surface. As in
solution phase assays, a single target molecule associates
sequentially with multiple probe molecules and facilitates
cleavage of these probes, thus yielding linear amplification of
the signal.

MATERIALS AND METHODS

Materials

Spherotech (Libertyville, IL) donated streptavidin-coated latex
microparticles of density 1.05 g/cm3. Chill-out 14 liquid wax
was purchased from MJ Research (Cambridge, MA) and D-biotin
from Pierce Chemical Co. (Rockford, IL). Phosphoramidite
reagents for oligonucleotide synthesis were obtained from
Glen Research (Sterling, VA). Other chemicals and buffers
were from Sigma Chemical Co. (St Louis, MO). The Cleavase

Table 1. Oligonucleotides for solid phase invasive cleavage studies

Underlining in each target sequence indicates the region complementary to the upstream oligonucleotide; italic marks sequence complementary to the probe. The
capitalized base is the site of the SNP. D, dabcyl; Cy3, indocarbocyanine-3; Fl-dT, fluorescein-deoxythymidylic acid; B, biotin; Sp, hexaethylene glycol spacer.

(A) Model system oligonucleotides

Upstream 5′-(B)atagagccataaactcaaagtggtaataat-3′

Probe 5′-(Fl)gagt(Cy3)cctgtgat(B)c-3′

Target 5′-tgacaaaatcacaggtactCttattaccactttgagtttatggctctat-3′

(B) ApoE oligonucleotides

Upstream No spacer 5′-ccccggcctggtacactgccaggct-3′

Long spacer 5′-(B)SpSpSpSpSpSpSpSpSpSpccccggcctggtacactgccaggct-3′

Cys probe No spacer 5′-(D)actt(Fl-dT)tgcaggtcatcgg(B)-3′

Long spacer 5′-(D)actt(Fl-dT)tgcaggtcatcggSpSpSpSpSpSpSpSpSpSp(B)-3′

Target Cys 5′-cgcgatgccgatgacctgcagaagTgcctggcagtgtaccaggccggggcccgcga-3′

Arg 5′-cgcgatgccgatgacctgcagaagCgcctggcagtgtaccaggccggggcccgcga-3′
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enzyme was prepared and quantified by Third Wave Technolo-
gies (Madison, WI) as described (10). Enzyme storage, enzyme
dilution buffer and oligonucleotide synthesis were detailed
previously (17). Sequences of the oligonucleotides are listed in
Table 1.

Unless otherwise stated, invasive cleavage assays were
conducted in 10 mM MOPS, pH 7.5, 7.5 mM MgCl2, 0.1%
Tween-20, 10 µg/ml yeast tRNA, 5% enzyme dilution buffer,
10 ng/µl Cleavase and, for particle-based assays, 20 µg
oligonucleotide-coated particles. To prevent evaporation, 50 µl
Chill-out 14 liquid wax was layered on top of each reaction.

Data collection

Real-time FRET measurements of invasive cleavage assays
were acquired with a previously described fluorometer
constructed on an optical breadboard (23,24). The sample was
heated in the temperature controlled tube holder for ∼10 min
and the reaction was initiated by manual addition of 10 µl
enzyme. For each sample, a hundred 10 ms measurements of fluo-
rescence intensity were made at 15 s intervals over a period of
at least 30 min. To minimize potential photobleaching, an
electronic shutter blocked the excitation beam from the sample
except during each read.

Model system

Streptavidin-coated particles (0.86 µm diameter) were coated
at 20% surface saturation with model system probe, upstream
oligonucleotide or a 50:50 mixture of both. The coating procedure
was essentially as described (24), but since both the probe and
upstream oligonucleotides were biotinylated, we included an
additional biotin-blocking step. After the 48 h coating period,
particles were washed once and then resuspended in coating
buffer containing 1 µM D-biotin and rotated for 10 min. Subse-
quent washes were as described, but the final particle resuspen-
sion was in 10 mM MOPS, 0.5% Tween-20, 0.5% Nonidet P-40.

In the same manner, streptavidin-coated particles were
coated with the model system oligonucleotide at 40, 80 and
100% surface saturation. The particles for all model system
studies were the same lot as those of a previous study (24), so
the particle capacity at 100% surface saturation was known to
be 11 pmol oligonucleotide/cm2.

Invasive cleavage assays were conducted in 200 µl volume
reactions at 45°C, the approximate Tm of the model system
probe. Reactions were initiated by manual addition of enzyme
in a 10 µl volume. The final concentration of enzyme dilution
buffer for the model system assays was 1%.

ApoE system

Streptavidin-coated particles (0.83 µm diameter) were coated
with ApoE probe or with a mixture of both probe and upstream
oligonucleotide, essentially as described above for the model
system, except that the biotin blocking solution contained
10 µM D-biotin. For each batch of particles prepared, a small
batch of control particles was prepared under identical condi-
tions but with probe oligonucleotide that did not contain the
5′-terminal dabcyl quencher. During the particle coating
procedures, we quantified the amount of fluorescent oligomer
in control particle wash solutions and thereby estimated the
oligonucleotide surface capacity of these particles to be
∼4 pmol/cm2.

Invasive cleavage reactions were conducted in 200 µl
volumes at either 60 or 54°C, as stated. Reactions were initiated
by manually adding enzyme to the preheated tube, inverting
the tube to mix, layering 50 µl of Chill-out on top and returning
the tube to the heating block.

RESULTS

Model system invasive reaction functions in three solid
phase configurations

For a functional solid phase invasive cleavage reaction, a
three-component substrate consisting of target annealed to
upstream oligonucleotide and probe must be assembled on the
surface. Additionally, the enzyme must recognize this
substrate and form a productive enzyme–substrate complex.

The first indication that this complicated series of associa-
tions could indeed occur on a solid phase came when we tested
the invasive cleavage reaction in a format where the model
system target strand and probe were present in solution while
the model system upstream oligonucleotide was bound to
microparticles. In this format, reaction kinetics for particle-
based cleavage were virtually identical to those of a solution
phase reaction containing the same amounts of each oligo-
nucleotide. In control reactions, where target oligonucleotide
was omitted from the reaction mixture, no probe cleavage
occurred (Fig. 2A).

In a second assay format, the model system probe oligo-
nucleotide was the particle-bound reagent. In a third format,
equimolar amounts of both model system oligonucleotides
were attached to the particles. The particle-based invasive
cleavage reaction was also functional in these assay formats,
but after the first 5 min or so of the reaction, cleavage on the
solid phase occurred considerably slower than in solution
phase reactions with equivalent amounts of each oligo-
nucleotide. Again, in these formats, signal generation occurred
only in reactions containing target oligonucleotide and not in
control reactions with no target (Fig. 2B and C).

Higher concentrations of solid phase probe oligonucleotide
increase reaction rates

Particles coated with model system probe at surface densities
of 20, 40, 80 and 100% of the bead maximal oligonucleotide
capacity were tested in invasive cleavage reactions. The initial
rates of these particle-based reactions increased with surface
density of the probe oligonucleotide and were very similar to
initial rates of solution phase reactions containing equivalent
amounts of each oligonucleotide (Fig. 3A). For reactions with
particles saturated with probe oligonucleotide, the shape of the
response curve was the same as for solution phase reactions
with 75 pM probe (Fig. 3B). For reactions with particles coated
with probe at <100% surface density, however, after ∼5–10 min
the rate on the particles decreased relative to the solution phase
rate. The results in Figure 2B, where particles were 20%
saturated with probe oligonucleotide, illustrate this trend.

Fluorophore and quencher can be reversed in solid phase
reaction

Experiments with the model system demonstrated that the
invasive cleavage reaction could indeed be successfully
adapted to a solid phase format. Productive tripartite substrate
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molecules were assembled on the particle surface and enzyme
cleavage resulted in signal amplification. In the model system
the fluorescein molecule was released from the particle surface
and detected in solution, so that assay configuration would be
difficult to adapt to solid phase applications requiring signals
at addressable locations. We therefore investigated a second

oligonucleotide system based on the ApoE SNP at 158. In that
system we reversed the positions of the fluorophore and
quenching molecules on the probe. The dabcyl quencher was
positioned at the 5′-end of the ApoE probe, while the fluores-
ceinated nucleotide was at the fifth position (Table 1B). Our
objective was to test whether a productive tripartite substrate
would assemble when a probe configured with a 5′ quencher
and internal fluorescein was attached to the solid phase and
whether target-specific cleavage of the probe would be
detected by fluorescence increase of the particle-bound
fluorescein. In the ApoE system, we utilized a single probe
oligonucleotide sequence, which corresponded to Cys158, but
we tested two different types of target sequences corre-
sponding to the two human alleles for the SNP at residue 158 (see
Table 1B). Cys target molecules, with sequence corresponding
to Cys158 ApoE, have a T that is complementary to the A at
the 5′-end of the probe. On the other hand, the Arg target, with
sequence corresponding to Arg158, is not complementary to

Figure 2. Model system solid phase and solution phase invasive cleavage reac-
tions. Particles were coated with model system oligonucleotides at 20% sur-
face saturation and tested in invasive cleavage reactions. Solution phase
reactions (red) contained the same amount of each oligonucleotide as the par-
ticle-based reactions (black). Control particle-based reactions (gray) do not
contain any target oligonucleotide. Graphs plot signal generation versus time.
RFU, relative fluorescence units. (A) 15 nM upstream oligonucleotide in solu-
tion (red) or particles coated with upstream oligonucleotide (black and gray).
Reactions included 500 nM probe in solution and either 1 nM target (black and
red) or no target (gray). (B) 15 nM probe in solution (red) or particles coated
with probe (black and gray). Reactions included 25 nM upstream oligonucleotide
in solution and either 100 pM target (black and red) or no target (gray).
(C) 7.5 nM each oligonucleotide in solution (red) or particles coated with an
equal mixture of upstream oligonucleotide and probe (black and gray). Reac-
tions included either 100 pM target (black, red) or no target (gray).

Figure 3. Model system reactions with various concentrations of solution
phase and solid phase probe. (A) Particles coated at various surface densities
with the model system probe were tested in invasive cleavage reactions with
50 nM upstream oligonucleotide and 100 pM target (filled circles) or no target
(crosses). Each solution phase reaction (open circles) contained 50 nM
upstream oligonucleotide, 100 pM target and an amount of probe equivalent to
that in the corresponding particle-based reaction. The lower horizontal axis is
for particle-based data; the upper axis is for the solution phase data. Initial
reaction rates were calculated from the slopes of data from 30 to 480 s.
(B) Invasive cleavage assay signal versus time for solution phase assay with
100 pM target (red), particle-based assay with 100 pM target (black) or parti-
cle-based assay with no target (gray). The surface of the particles was saturated
with probe oligonucleotide.
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the final nucleotide of the probe. In solution phase invasive
cleavage reactions, Cys probes are efficiently cleaved when the
Cys target is included in the reaction but not when the Arg
target is included.

To test whether particle-based ApoE probe could function in
the invasive cleavage reaction and discriminate the single
nucleotide difference between the Cys and Arg targets, we
coated particles with the ApoE probe at four different surface
densities and tested each type of particle with the Cys and Arg
targets. The Cys target was cleaved well by particles coated
with probe at all four surface densities, while the Arg target
demonstrated virtually no cleavage (Fig. 4A). Unlike the
model system particle-based reactions with surface-attached
probe oligonucleotides, surface density of the ApoE probe had
little effect on the initial reaction rates or overall signal generation
kinetics. We hypothesize that self-quenching of probe fluoro-
phores on the surface of ApoE particles at least partially
accounts for this difference between the two systems.

Probes with long tethers exhibit higher signals and
improved reaction rates

Attaching oligonucleotides to solid supports via long spacers
has been demonstrated to improve solid phase hybridization
(5,25). It seemed likely that positioning ApoE probes away
from the surface of the particle with a long spacer might also be

advantageous for solid phase invasive cleavage reactions.
Hoping to minimize potential loss of signal from self-
quenching and also improve reaction kinetics, we therefore
synthesized a version of the ApoE probe with a long spacer
containing 10 hexaethylene glycol units between the end of the
probe sequence and the 3′ biotin. In our previous experiments,
the 3′ biotin had been directly attached to the probe sequence
without any intervening spacer (cf. Table 1).

When we conducted invasive cleavage reactions with particles
coated with this long spacer probe at different surface densities,
signals were dramatically higher than in reactions with particles
coated with the ApoE probe containing no spacer (Fig. 4). As
was the case with the model system, where the fluorescein
molecule was released into solution, increasing the surface
density of the long spacer version of the ApoE probe resulted
in increased signal from the reaction. With the long spacer
ApoE probe, the solid phase signal observed for the particles
with a probe surface density of 40% of the saturating concen-
tration was clearly greater than the signal observed for particles
with 20% probe surface density. At the higher probe densities,
however, the increase in solid phase signal was less dramatic,
perhaps indicating that some fluorophore self-quenching
occurred in this system at the increased surface densities, even
with the long tethers.

For 1 nM Cys target, initial reaction rates on particles with
the long spacer ApoE probe were ∼2-fold faster than on particles
with the no spacer probe, although the 20% saturated particles
demonstrated somewhat less than a 2-fold rate increase (Table 2).
With this relatively high concentration of Cys target, the reac-
tion rate was linear for approximately the first 3 min, but
became non-linear as the reaction progressed. Initial slopes for
the 1 nM Cys target data in Table 2 are calculated from 0–2 min
reaction data, a region where all types of particles demon-
strated linear slopes with the Cys target. With 1 nM Arg target,
however, there was a small increase in signal during the first
minute or two of the reaction and then the signal remained
essentially flat throughout the remainder of the reaction. The
initial burst in signal after enzyme addition appears to be due to
temperature and buffer equilibration of the reaction solution,
since fluorescence of the fluorescein reporter molecule is
extremely sensitive to environmental conditions (26). The Arg
target data did not exhibit linear signal increases in the 0–2 min
range, so the initial slopes reported in Table 2 for the 1 nM Arg
targets are dominated by the equilibration-related signal
increase. Slopes calculated from the 1 nM Arg target data in
the linear region from 10–30 min are much lower, ranging
from 0.2–0.6 relative fluorescence units (RFU)/min for the
particles with no spacer probe and from 0.5–0.8 RFU/min for the
particles with long spacer probe.

When 100 and 10 pM target concentrations were tested with
the particles coated with long spacer ApoE probe oligonucleotide,
responses of both the Cys and Arg targets demonstrated an
initial burst in fluorescence signal in the first minute or two of
the reaction. As described above for the 1 nM Arg target data,
this increase appears to be related to equilibration of the
solution after enzyme addition. Past the equilibration time,
linear kinetics were observed for each Cys target level and
each probe surface density (Fig. 5A and B). With 10 pM Cys
target, the cleavage rate was ∼1 RFU/min, a cleavage rate
clearly distinguishable from the rate observed with 10 pM Arg
target (Fig. 5C and Table 2).

Figure 4. Solid phase ApoE reactions with various surface densities of short
spacer or long spacer probe. Particles coated at various surface densities with
the no spacer (A) or long spacer (B) ApoE probe were tested at 60°C in
invasive cleavage reactions with 50 nM upstream oligonucleotide and 1 nM
Cys target. Black lines represent Cys target data for probe surface densities of
100 and 40%; Cys target data for densities of 75 and 20% are shown as red
lines. In the lower portion of each graph, Arg target data is represented by gray
lines for all probe surface densities.
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Because of better performance we utilized long spacer
probes for all further investigations. Also, since the data did
not point to any advantage for an oligonucleotide coating level
of <100%, we used only surface-saturated particles in subse-
quent experiments. To determine the optimal reaction tempera-
ture for the ApoE system solid phase invasive cleavage
reaction, we measured cleavage rates of the particle-bound
ApoE probe with 10 pM Cys target. Of temperatures tested in
the range 50–60°C, the optimal temperature was 54°C. Thus
for further ApoE studies, 54°C became the standard reaction
temperature. This temperature is similar to the 54.5°C
optimum determined for the ApoE 158 invasive cleavage reac-
tion on a planar surface (data not shown). For the solution
phase reaction, the maximal reaction rate was observed at
60°C.

Reactions with both upstream oligonucleotide and probe
attached to the surface

For parallel analysis of multiple SNPs, the solid phase invasive
cleavage reaction would be greatly simplified if both upstream
oligonucleotide and probe were confined on the surface. The
results described above for the model system (Fig. 2C) support
the feasibility of this approach. To further investigate this
format, we synthesized upstream oligonucleotide for the ApoE
invasive cleavage reaction with a 5′ biotin separated from the
oligonucleotide sequence by 10 hexaethylene glycol spacers
(Table 1). Particles were coated with mixtures of the probe and
upstream oligonucleotide and tested in invasive cleavage
assays with the Cys and Arg targets.

Figure 6A summarizes results from particle-based invasive
cleavage reactions conducted with 5 or 10 pM Cys or Arg
target. The particles had Cys probe:upstream oligonucleotide
ratios of 1:3, 1:1, 3:1, 5:1, 10:1, 20:1 and 30:1. At all ratios
tested, the particle-based assay was able to discriminate
between the specific Cys target and the non-specific Arg target.
In general, particles with higher ratios of probe:upstream oligo-
nucleotide demonstrated greater separation of values for the
positive and negative targets.

Titration of target for solid phase invasive cleavage
reactions

To test discrimination between Cys and Arg ApoE targets at
different target levels, we used the particles coated with probe

and upstream oligonucleotide at a ratio of 10:1. Figure 6B
shows that the solid phase reaction with these particles demon-
strated clear differences in the initial cleavage rates for the Cys
and Arg targets down to 0.5 pM (100 amol/assay). Although
the slope for the reaction with 0.5 pM Cys target was essentially 0,
it was significantly different from the slope for the reaction
with Arg target at the same concentration.

DISCUSSION

Possibility of utilizing invasive cleavage reactions for
microarray applications

Currently the invasive cleavage reaction is a powerful tool for
solution phase analysis of nucleic acid mutation. The reaction
must be configured on a solid phase, however, if this tool is to
be used for microarray applications.

An assay format with a non-cycling upstream oligonucleotide
attached to the surface would be suitable for solid phase
processing of one assay at a time. If a number of probes with
distinguishable fluorophores were developed, this format
could be scaled up so that a small number of assays could be
conducted simultaneously in a single well. However, it would
not be a simple matter to apply this assay format to microarray
applications, where thousands of assays are run concurrently.

On the other hand, an assay format with surface-attached
probe could be adapted for microarrays, which require that
positive signals be read at addressable locations. With probes
designed to have the quencher on the cleaved 5′-flap, this assay
format would result in fluorescing probes on the solid phase for
positive samples but fluorescence quenched probes for nega-
tive samples. A disadvantage of this assay format for micro-
array applications, however, is that upstream oligonucleotides
for each array location would need to be added to the reaction
with the sample and enzyme.

The most convenient assay format for microarray applica-
tions would be tethering of both required oligonucleotides to
the solid phase so that only sample and enzyme need be added
for array processing. With paired probe and upstream oligo-
nucleotides at each array location, fluorescence would indicate
a sample positive for the mutation specified at that array loca-
tion, while absence of fluorescence would indicate absence of
the specified mutation.

Table 2. Effect of probe surface density on invasive cleavage reactions

Particles coated at various surface densities with either long spacer or no spacer ApoE probe were tested in invasive cleavage reactions at 60°C with 50 nM
invader and 1 nM, 100 pM or 10 pM ApoE 158 Cys or Arg target. For reactions with 1 nM target (see Fig. 4), initial slopes were calculated from 0–2 min data, as
explained in the text. The ratio of initial slopes is based on values for the Cys target. Reactions with 100 and 10 pM target were conducted on particles coated with
the long spacer probe and slopes were calculated from 10–30 min data.

Probe density Initial slope, 0–2 min (RFU/min) Ratio of initial slopes long
spacer:no spacer

Slope, 10–30 min (RFU/min)

Long spacer probe
(1 nM target)

No spacer probe
(1 nM target)

Long spacer probe
(100 pM target)

Long spacer probe
(10 pM target)

Cys Arg Cys Arg Cys Arg Cys Arg

100% 102 4.5 214 19 2.1 11 0.14 1.2 –0.041

75% 120 11 229 17 1.9 11 0.12 1.2 0.091

40% 102 13 234 14 2.3 9.1 –0.016 1.2 –0.056

20% 110 16 178 8.9 1.6 7.7 –0.12 0.88 0.019
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Feasibility of solid phase invasive cleavage reactions

All solid phase assay formats we tested enabled target-specific
detection, regardless of which oligonucleotide(s) was attached
to the surface or how the fluorophore and quencher were
oriented on the cycling probe. Thus, in all formats and orienta-
tions tested, the properly assembled three-component substrate
(target hybridized to upstream oligonucleotide and probe) was
specifically recognized and cleaved by the enzyme.

Positioning the solid phase oligonucleotides away from the
surface via an extended spacer arm improved both the signal
and the rate of reaction. Invasive cleavage reactions on

particles coated with mixtures of ApoE probe and upstream
oligonucleotide at various ratios from 1:3 to 30:1 all discrimi-
nated the specific Cys target from the non-specific Arg target
at target concentrations as low as 5 pM, i.e. 1 fmol target/assay.
With particles coated with a 10:1 ratio of ApoE probe:upstream
oligonucleotide, the invasive assay yielded distinguishable
results for the two targets at even lower target concentrations.

These preliminary studies provide the basis for future studies
aimed at constructing a microarray capable of parallel analysis
of multiple SNPs with a solid phase invasive cleavage reaction.
Investigating alternative solid phase materials, examining
covalent attachment of oligonucleotides, exploring other
detection methodologies and optimizing reaction conditions
should all yield improvements in the solid phase invasive
cleavage assay. A SNP microarray capable of processing
subattomole amounts of target is clearly within the realm of
possibility.
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Figure 5. Solid phase ApoE reactions with 100 or 10 pM target concentrations.
Particles coated at various surface densities with long ApoE probe were tested
at 60°C in invasive cleavage reactions with 50 nM upstream oligonucleotide
and (A) 100 or (B) 10 pM Cys target. Black lines represent Cys target data for
oligonucleotide surface densities of 100 and 40%; Cys target data for densities
of 75 and 20% are shown as red lines. Data for the Arg targets are not included
in (A) or (B). (C) Invasive cleavage reactions with particles of 75% surface
density were conducted as in (B) but with 10 pM Cys (red) or Arg (gray) target.

Figure 6. Solid phase ApoE reactions on particles coated with mixtures of long
spacer probe and upstream oligonucleotide. Particles were tested in invasive
cleavage reactions at 54°C and slopes were calculated from 10–30 min data.
(A) Particles coated with various ratios of ApoE probe and upstream oligo-
nucleotide were tested with the following targets: 5 pM Cys (filled diamond);
5 pM Arg (open diamond); 10 pM Cys (filled square); 10 pM Arg (open
square). (B) Particles coated with ApoE probe and upstream oligonucleotide at
a 10:1 ratio were tested with various concentrations of Cys target (filled circle)
or Arg target (open circle).



e77 Nucleic Acids Research, 2001, Vol. 29, No. 16 PAGE 8 OF 8

REFERENCES
1. Giles,P.N., Wu,D.J., Foster,C.B., Dillon,P.J. and Chanock,S.J. (1999)

Single nucleotide polymorphic discrimination by an electronic dot blot
assay on semiconductor microchips. Nat. Biotechnol., 17, 365–370.

2. Southern,E., Mir,K. and Shchepinov,M. (1999) Molecular interactions on
microarrays. Nature Genet., 21 (suppl.), 5–9.

3. Steemers,F.J., Ferguson,J.A. and Walt,D.R. (2000) Screening unlabeled
DNA targets with randomly ordered fiber-optic gene arrays. Nat.
Biotechnol., 18, 91–94.

4. Brenner,S., Johnson,M., Bridgham,J., Golda,G., Lloyd,D.H., Johnson,D.,
Luo,S., McCurdy,S., Foy,M., Ewan,M., Roth,R., George,D., Eletr,S.,
Albrecht,G., Vermaas,E., Williams,S.R., Moon,K., Burcham,T.,
Pallas,M., DuBridge,R.B., Kirchner,J., Fearon,K., Mao,J. and
Corcoran,K. (2000) Gene expression analysis by massively parallel
signature sequencing (MPSS) on microbead arrays. Nat. Biotechnol., 18,
630–634.

5. Guo,Z., Guilfoyle,R.A., Thiel,A.J., Wang,R. and Smith,L.M. (1994)
Direct fluorescence analysis of genetic polymorphisms by hybridization
with oligonucleotide arrays on glass supports. Nucleic Acids Res., 22,
5456–5465.

6. Guo,Z., Qinghua,L. and Smith,L.M. (1997) Enhanced discrimination of
single nucleotide polymorphisms by artificial mismatch hybridization.
Nat. Biotechnol., 15, 331–335.

7. Howell,W.M., Jobs,M., Gyllensten,U. and Brookes,A.J. (1999) Dynamic
allele-specific hybridization: a new method for scoring single nucleotide
polymorphisms. Nat. Biotechnol., 17, 87–88.

8. Landegren,U., Kaiser,R., Sanders,J. and Hood,L. (1988) A ligase-
mediated gene detection technique. Science, 241, 1077–1080.

9. Gerry,N.P., Witowski,N.E., Day,J., Hammer,R.P., Barany,G. and
Barany,F. (1999) Universal DNA microarray method for multiplex
detection of low abundance point mutations. J. Mol. Biol., 292, 251–262.

10. Lyamichev,V., Mast,A.L., Hall,J.G., Prudent,J.R., Kaiser,M.W.,
Takova,T., Kwiatkowski,R.W., Sander,T.J., de Arruda,M., Arco,D.A.,
Neri,B.P. and Brow,M.A.D. (1999) Polymorphism identification and
quantitative detection of genomic DNA by invasive cleavage of
oligonucleotides probes. Nat. Biotechnol., 17, 292–296.

11. Brookes,A.J. (1999) The essence of SNPs. Gene, 234, 177–186.
12. Bambara,R.A., Murante,R.S. and Henricksen,L.A. (1997) Enzymes and

reactions at the eukaryotic DNA replication fork. J. Biol. Chem., 272,
4647–4650.

13. Turchi,J.J., Huang,L., Murante,R.S., Kim,Y. and Bambara,R.A. (1994)
Enzymatic completion of mammalian lagging-strand DNA replication.
Proc. Natl Acad. Sci. USA, 91, 9803–9807.

14. Kaiser,M.W., Lyamicheva,N., Ma,W., Miller,C., Neri,B., Fors,L. and
Lyamichev,V.I. (1999) A comparison of eubacterial and archaeal
structure-specific 5′-exonucleases. J. Biol. Chem., 274, 21387–21394.

15. Lyamichev,V., Brow,M.A.D., Varvel,V.E. and Dahlberg,J.E. (1999)
Comparison of the 5′ nuclease activities of Taq DNA polymerase and its
isolated nuclease domain. Proc. Natl Acad. Sci. USA, 96, 6143–6148.

16. Lyamichev,V.I., Kaiser,M.W., Lyamicheva,N.E., Vologodskii,A.V.,
Hall,J.G., Ma,W.-P., Allawi,H.T. and Neri,B.P. (2000) Experimental and
theoretical analysis of the invasive signal amplification reaction.
Biochemistry, 39, 9523–9532.

17. Hall,J.G., Eis,P.S., Law,S.M., Reynaldo,L.P., Prudent,J.R., Marshall,D.J.,
Allawi,H.T., Mast,A.L., Dahlberg,J.E., Kwiatkowski,R.W.,
de Arruda,M., Neri,B.P. and Lyamichev,V.I. (2000) Sensitive detection of
DNA polymorphisms by the serial invasive signal amplification reaction.
Proc. Natl Acad. Sci. USA, 97, 8272–8277.

18. O’Connell,C.D., Atha,D.H., Oldenburg,M.C., Tian,J., Siebert,M.,
Handrow,R., Grooms,K., Heisler,L. and de Arruda,M. (1999) Detection
of p53 gene mutation: analysis by single-strand conformation
polymorphism and Cleavase fragment length polymorphism.
Electrophoresis, 20, 1211–1223.

19. Sander,T., Olson,S., Hall,J., Siebert,M., Grooms,K., Heisler,L.,
de Arruda,M. and Neri,B. (1999) Comparison of detection platforms and
post-polymerase chain reaction DNA purification methods for use in
conjunction with Cleavase fragment length polymorphism analysis.
Electrophoresis, 20, 1131–1140.

20. Oldenburg,M.C. and Siebert,M. (2000) New Cleavase fragment length
polymorphism method improves the mutation detection assay.
Biotechniques, 28, 351–357.

21. Griffin,T.J., Hall,J.G., Prudent,J.R. and Smith,L.M. (1999) Direct genetic
analysis by matrix-assisted laser desorption/ionization mass spectrometry.
Proc. Natl Acad. Sci. USA, 96, 6301–6306.

22. Breslow,J.L., McPherson,J., Nussbaum,A.L., Williams,H.W.,
Lofquist-Kahl,F., Karathanasis,S.K. and Zannis,V.L. (1982)
Identification and DNA sequence of a human apolipoprotein E cDNA
clone. J. Biol. Chem., 257, 14639–14641.

23. Wilkins Stevens,P., Henry,M.R. and Kelso,D.M. (1999) DNA
hybridization on microparticles: determining capture-probe density and
equilibrium dissociation constants. Nucleic Acids Res., 27, 1719–1727.

24. Henry,M.R., Wilkins Stevens,P., Sun,J. and Kelso,D.M. (1999) Real-time
measurements of DNA hybridization on microparticles with fluorescence
resonance energy transfer. Anal. Biochem., 276, 204–214.

25. Shchepinov,M.S., Case-Green,S.C. and Southern,E.M. (1997) Steric
factors influencing hybridisation of nucleic acids to oligonucleotide
arrays. Nucleic Acids Res., 25, 1155–1161.

26. Sjöback,R., Nygren,J. and Kubista,M. (1998) Characterization of
fluorescein-oligonucleotide conjugates and measurement of local
electrostatic potential. Biopolymers, 46, 445–453.


