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Sensitive detection of nucleic acids
by PNA hybridization directed co-localization
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We have designed a pair of biotinylated peptide nucleic acid (PNA) probes targeting two sequences in 18S rRNA (from the
parasite Trypanosoma brucei) at a distance of 191 nt (corresponding to maximum distance of ca. 60 nm) from each other.
The PNA probes were individually bound to (strept)avidin-coated fluorescent beads, differing in size and color [green
beads (1 um) and red beads (5.9 wm)], thereby allowing distinct detection of each PNA probe by conventional fluorescence
microscopy. These two PNA beads showed easily detectable co-localization when simultaneously hybridizing to a target
nucleic acid. The assay detected the parasite 185 rRNA down to 1.6 fmol while there was no such co-localization visible
with human 18S rRNA not containing the PNA targets. Furthermore, the assay showed positive detection with 1.6 ng of
total RNA (corresponding to RNA from ca. 300 parasites). Upon further optimization this method may provide a new tool
for a diagnosis of Human African Trypanosomiasis (HAT) and it may more generally have applications within diagnostics

for (neglected) infectious diseases.

Introduction

Sensitive and sequence specific detection of nucleic acids is a
prerequisite for genetic analyses in basic, preclinical and clini-
cal research. A large variety of methods are available, most of
which rely on PCR amplification of the target nucleic acid prior
to actual detection. In many diagnostic applications, in par-
ticular within infectious (bacterial, viral, parasitic) diseases, a
quick “yes or no” answer is desired. Sequence specific detection
of nucleic acids based on amplification (using e.g., PCR,! PCR-
ELISA,> mass spectrometry,® proximity ligation®) is extremely
sensitive and may in principle detect single molecules. However,
they also require well-equipped laboratories together with well-
skilled technicians to obtain reliable results. Therefore, simplified
amplification-independent methods that do not require advanced
instrumentation, are highly warranted, particularly for diagnosis
of neglected infectious diseases occurring in developing countries
such as Human African Trypanosomiasis (HAT).?

Artificial DNA, such as locked nucleic acid (LNA),® peptide
nucleic acid (PNA) 7 and morpholino oligomers,?® provide biologi-
cally stable, high affinity probes exhibiting high sequence selectivity
for detection of target nucleic acids (DNA and RNA) via hybridiza-
tion. For instance, LNA arrays for microRNA analyses are widely
used,” and fluorescent in situ hybridization (FISH) detection of
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telomere sequence by PNA probes'® and identification of specific
bacteria using a PNA-FISH method'" have gained wide acceptance.

Fluorescence detection methods are extremely sensitive and
in principle (using advanced instruments for e.g., total inter-
nal reflection fluorescence (TIRF) '? or two-photon-excited
fluorescence® analysis) allow detection of single molecules, but
typically this is seldom achieved due to high background. Single
molecule detection is also possible by microscopy (AFM, elec-
tron microscopy, fluorescence) techniques using nucleic acid
probes conjugated to (nano)particles, and by combining two gold
nanoparticles (of different size) hybridizing to the same nucleic
acid target, the specificity is dramatically improved."

In order to combine the high sensitivity of fluorescence detec-
tion with the excellent specificity of two bead simultaneous
hybridization, we decided to use (strept)avidin coated fluorescent
polystyrene beads to which biotinylated PNA oligomer probes
can be coupled to create a hybridization directed co-localization
detection method for nucleic acids. Two different (size and color)
beads, which are easily visualized and discriminated by conven-
tional fluorescence microscopy techniques, were chosen and each
coupled to a biotin PNA targeting a unique site on the analyte
nucleic acid. When binding the same nucleic acid molecule, the
two beads will co-locate as an indicator for the presence of ana-
lyte nucleic acid.
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Figure 1. Fluorescence microscopy detection of beads and co-localization principle. Red fluorescent beads (RBs) are 5.9 um in size, surface modified
with streptavidin and including magnetite for magnetic separation. Green fluorescent beads (GBs) are 1 um in size and surface modified with avidin.
(A) Fluorescent microscopic images of GB, RB and a mixture of the two. (B) lllustration of target sequence detection by two bead/PNA complexes
through target hybridization via the PNA probes. Fluorescent beads were complexed with biotin-labeled PNA 3533 and PNA 3534 respectively for GB
and RB. These two bead/PNA complexes were incubated with target nucleic acids. Two beads show proximity location upon the hybridization of two

PNAs to their target sequences.

To test the concept of this technique, we chose two unique
sequences within the 18S rRNA from the parasite Trypanosoma
brucei as probe target because of a significant demand for detec-
tion (of the parasite) as well as the high rRNA content in the par-
asite (ca.l million copies/parasite),” and we show that by simple
fluorescence microscopy analysis we are able to specifically detect
the presence of 18S rRNA in a total RNA extract from less than
300 parasites.

Results and Discussion
For the detection of Trypanosoma brucei 18S RNA, we made a

pair of biotinylated peptide nucleic acid (PNA) probes which

were attached on the surface of fluorescent beads for visualization
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(Fig. 1A). Two fluorescent (strept)avidin coated beads of differ-
ent size and color [green beads (GB, 1 pm) and red bead (RB,
5.9 wm)] that can easily and simultaneously be located and dis-
tinguished from each other by conventional fluorescence micros-
copy (Fig. 1A) were chosen. The two biotinylated 18-mer PNA
oligomers complementary to and specific for two targets on the
Trypanosoma brucei 18S rRNA separated by 191 nucleotides (ca.
60 nm) were bound to the red (PNA3534) and green (PNA3533)
beads, respectively (Fig. 1B).

In a preliminary characterization of this system we chose a
simple, short synthetic oligodeoxynucleotide target (instead of
RNA). For synthetic reasons the DNA sequence was shortened
by129 nt in the middle of the two PNA binding sites (relative to
the original parasite 185 RNA target) resulting in a 62 nt DNA.
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Figure 2. Detection of a 97 nt target DNA with a pair of PNA-Beads. Two PNA beads (red beads (RB) with PNA3534 and green beads (GB) with
PNA3533), prepared as illustrated in Figure 1, were incubated with the target DNA and subsequently analyzed by fluorescence microscopy. RBs, show-
ing a co-localization with GB(s) are circled with dotted red line, and the co-localized GBs are indicated by yellow arrows. (A) Dose dependent detection
of target DNA (0-1,000 fmol). (B) The complex formation was tested in the presence or absence of target DNA (40 fmol) with or without PNA probe.
The samples were subjected to fluorescence microscopy before and after magnetic enrichment. A two step hybridization was performed to assure
Red beads/DNA complexation first as the Red beads have less DNA binding sites than GBs (<500) and less free-movement than GBs Red beads are six
times bigger than GBs (i.e., much heavier) although we are not sure if it is necessary.

This DNA (97 nt) was sequentially incubated with the pair of
fluorescent PNA-beads (Fig. 2A) for 1 h at room temperature
and subjected to fluorescence microscopy analysis. Using vary-
ing amounts of DNA (0-1,000 fmol), we consistently found
that it is possible to detect co-localization of two beads even at
the lowest (40 fmol) concentration, and there was an increase
in the number of red and green beads showing co-localization
in a dose-dependent manner, although this was not quantita-
tively addressed in these preliminary experiments (Fig. 2A).
Furthermore, red beads exhibiting co-localization with more
than one green bead were observed at all DNA concentrations,
but (as would be expected) appeared more pronounced at higher
DNA doses (Figs. 2B and 3A). To rule out nonspecific com-
plex formation, we performed a number of control experiments
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(Fig. 2B), clearly demonstrating that co-localization requires
the presence of DNA and only takes place with PNA coated
beads. Furthermore, selective enrichment of the red (mag-
netic) beads through a washing step makes identification of
the double bound target (co-localization) much more effective
(Fig. 2B). Identification of genuinely hybridization connected
(co-localized) green and red beads may be distinguished from
coincidental co-localization by difference in vertical location
by varying the microscopic focus level, since out of focus beads
appear blurred and enlarged (Fig. 3B). Nonetheless, we found it
advantageous to include a washing step in further experiments
for easy detection.

To explore the detection sensitivity, we tested this assay with
lower DNA doses (200, 40, 8 and 1.6 fmol) (Fig. 4). In analogy
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Figure 3. Example of two bead co-localization. (A) Typical examples of co-localization of GB and RB with different GB numbers (e.g., 1, 2 and >3). (B)
Detection of GBs at different depth and proximity from RB. Three pictures were taken with different focal depth (i, ii and iii) (including schematic draw-
ing) from the same area. The red arrow indicates the GB exhibiting co-localization with RB. Some GBs appear to be larger due to location in a different

with the experiment in Figure 2, we observed complex forma-
tion in a dose-dependent manner, although rigorous quantifica-
tion was not performed. The detection limit for the target DNA
under these conditions was 8 fmol, and as a control for specificity
no co-localization was observed using human 18S rRNA, which
does not contain targets for the PNAs. In contrast, when we used
in vitro transcribed 18S rRNA from the parasite Trypanosoma
brucei (Fig. 5A), co-localization of red beads with at least one
green bead was observed down to 1.6 fmol RNA, and at con-
centrations higher than 8 fmol, more than 20% of the red beads
showed co-localization with green bead(s) while this number
was only around 5% in case of 1.6 fmol RNA (ca 200 beads
counted for each). For diagnostic purposes a lower detection
limit of 1.6 fmol target RNA is relevant, although it is still
one order of magnitude higher than a desired detection limit
of 0.16 fmol corresponding to 100 parasites” given that one
parasite contains approximately 1 million copies of 18S-rRNA/
parasite.”

To further validate this assay, we decided to test a total
RNA preparation from Trypanosoma brucei procyclic cultures
(Fig. 5B) in stead of pure target RNA prepared by in vitro
transcription. By using this RNA preparation, we were still
able to detect co-localization of beads (as indicator for specific
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hybridization of both PNA probes) down to 1.6 ng of RNA per
sample giving >5% of the red beads exhibiting co-localization
with at least one green bead. The total RNA amount of 1.6 ng
corresponds to ca 0.5 fmol of 18S rRNA (assuming that the 18S
rRNA constitutes 20% of the total RNA) and this amount of
target rRNA may be obtained from 300 parasites (based on the
assumption of 1 million copies of 185 rRNA/cell). For com-
parison, other methods, including amplification protocols such
as real time PCR and loop-mediated isothermal amplification
(LAMP) Y e.g., in a dipstick format,? claim to detect infec-
tions with 5-10 parasites/ml blood (clinical samples). Although,
this sensitivity level has not yet been reached by the presently
described bead co-localization principle, a detection limit of 0.5
fmol rRNA is quite encouraging as it is accomplished with a
very simple method not requiring amplification. The bead co-
localization methodology is indeed a single molecule detection
principle and therefore we are confident that it may be signifi-
cantly optimized in terms of sample preparation and analysis,
and should be useful for specific RNA (or other nucleic acid)
detection in general in other contexts, not least within diag-
nostics of other infectious diseases. The presently used PNAs
are specitic for Trypanosoma brucei, but it remains to be seen
to which extent the assay is capable of distinguishing different
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Figure 4. Dose dependent detection of target nucleic acids with human 18S rRNA negative control. Experiment analogous to the one presented in

Figure 2.

Trypanosoma species. Furthermore, improved detection limits
should be possible if combined with computerized image analy-
sis or by flow cytometric (FACS) or microfluidics sorting for
counting co-localized beads.

Materials and Methods

Synthesis of PNA. PNA synthesis was carried out as reported
elsewhere in reference 16. Biotin (Bio) was covalently linked to
the PNA at the N-terminal through three ethylene glycol type
linkers (eg2, 1l-amino-3,6,9-trioxaundecanoic acid). PNAs
were HPLC-purified and characterized by mass spectrometry.
Purified PNAs were lyophilized and stored at 4°C until use. The
sequences of the PNAs are as following: PNA3533, Bio-(eg2),-
CCG CTC CCG TGT TTC TTG-Lys-NH_; PNA3534, Bio-
(eg2),-GAA ACA CCG ACC CAA GGC-Lys-NH,.

Target nucleic acids. Sequence of chemically synthesized
DNA (97 nt) was as follows where PNA target sequences were
underlined: 5'-CAA GAA ACA CGG GAG CGG TTC CTC
CTC ACT TTC ACG CAT GTC ATG CAT GCG AAG TCC
TTG GGA GAT TAT GGG GCC GCG TGC CTT GGG
TCG GTG TTT C-3'.

Trypanosome (accession #, M12676) and human (accession
#: K03432) 18S rRNA samples were prepared by in vitro tran-
scription. The Trypanosoma brucei 18S rRNA fragment of the
following sequence, where PNA target sequences are underlined

and the truncated region for the above mentioned DNA is shown

in italic, was used: 5-CAA GAA ACA CGG GAG CGG UUC
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CUC CUC ACU UUC ACG CAU GUC AUG CAU GCG
AGG GGG CGU CCG UGA AUU UUA CUG UGA CCA AAA
AAG UGC GAC CAA AGC AGU CUG CCG ACU UGA AUU
ACA AAG CAU GGG AUA ACG AAG CAU CAG CCC UGG
GGC CAC CGUUUC GGCUUU UGU UGG UUU UAG AAG
UCC UUG GGA GAU UAU GGG GCC GCG UGC CcuUU
GGG UCG GUG UUU C-3'". Total RNA was extracted from
Trypansoma brucei procyclic cell culture (500,000 parasites/each
extraction) using the RNaqueous-micro kit (Ambion).

Beads-PNA complex preparation. Two distinct beads (dif-
ferent in color and size) were used for complex preparation. The
red fluorescent beads (RB) were magnetic (for capturing), strep-
tavidin surface modified and 5.9 pm in size (QuantumPlexM
SP Streptavidin (Bangs laboratories)). The green fluorescent
(GB) were surface modified with avidin and 1.01 pwm in size
(Neutral avidin coated Dragon Green polystyrene beads (Bangs
laboratories)). A pair of two PNA/bead complexes was prepared
by incubating each PNA with one of the beads (PNA3353 (10
nmol) was incubated with the GB (eq. to 1.4 nmol in biotin
binding capacity) and PNA3354 (500 pmol) was incubated with
RB (eq. to 2.5 pmol in biotin binding capacity)) for 30 min in
PBS at room temperature. After 30 min incubation, the com-
plexes were extensively washed with PBS using a centrifugation
(10,000x g for 5 min) to remove unbound PNA and used for
further analysis.

Hybridization of target nucleic acid with bead/PNA com-
plexes and detection by fluorescence microscopy. The target
nucleic acid was incubated with the PNA3353/GB complex for
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Figure 5. Dose dependent detection of trypanosoma18S rRNA. The PNA beads (red beads (RB) with PNA3534 and green beads (GB) with PNA3533),
were incubated with the indicated amounts of (A) in vitro transcribed target 18S RNA or (B) total trypanosome RNA, and subjected to fluorescence
microscopy analysis (x250 for top raw and x400 for other raws) after magnetic enrichment. RBs in co-localization with GB(s) are circled with a dotted
red line where GBs with co-localization are indicated by yellow arrows.

1 h at room temperature in PBS and sub-
sequently with the PNA3354/RB complex
(biotin binding capacity of 93 pmol and
0.1 pmol respectively for RB and GB) for
1 h at room temperature in PBS. Then
the nucleic acid/beads complexes were
washed once with PBS following manufac-
ture instructions using a strong magnet to
remove the excess GB and unbound target
nucleic acids. Finally the resultant nucleic
acid/beads complexes were resuspended
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in PBS and analyzed by conventional
fluorescence microscopy (Diaplan, Leitz)
with x500 magnification using a proper
filter block [XF70 (Omega Optical) for
only red, H3 (Leitz) for both green and
red] unless otherwise stated. Images were
captured with an installed CCD camera
INFINITY2 (Lumenera) using the accom-
panying software for image acquisition
and processing.
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