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Abstract

A molecular beacon (MB) array was designed based on unique regions of the 16S rRNA of the bdetaniisalla tularensis. Nucleic
acid molecular beacons undergo a spontaneous fluorogenic conformational change when they hybridize to specific complementary targets. The
array was printed on aldehyde glass or hydrogel slides and evaluated for functioning in presence of complementary oligonucleotide sequences,
single-nucleotide mismatch sequences and multiple nucleotide mismatch sequences. Discriminating true target from mismatched targets was
found to be dependent on type, number, and location of mismatches within the beacon (i.e. located in the stem or loop regions). Optimal
conditions for molecular beacon deposition, and target hybridization were determined for oligonucleotide target mismatch discrimination.
The beacon array was stable upon recharging by exposure to an alkaline solution, and repeatedly used. In addition, performance of the beacon
array biosensor was compared with molecular beacons in homogeneous solution.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction etal., 2001; Frutos et al., 2002; Wang et al., 200%pically,
molecular beacons are 15-25 nucleotides in length that ener-

Management of and deterrents to disease outbreak re-getically favor forming a hairpin (e.g. stem-loop) secondary
quire real-time in situ detection of suspect pathogens. Mini- structure (sed-ig. 1) with a fluorophore and quencher at-
mally, a detector should be sensitive to sub-infectious levels tached to opposing ends. In the absence of hybridzation to
of various pathogens, possess high specificity, handle higha complementary target the fluorescence is quenched due to
throughput, and be reusabtegheller et al., 2001 Tyagi and the close proximity of the fluorophore and quencher moi-
Kramer (1996)escribed a novel DNA molecular construc- eties. Upon hybridization of a complementary nucleic acid
tion referred to as a molecular beacon (MB) that utilizes a target to the MB probe a spontaneous conformational change
novel design of fluorescence energy transfer, and is a gooddisrupts the stem structure resulting in separation of the
candidate for use at a pathogen—detector interface. MBs carfluorophore and quencher, interrupting energy transfer with
recognize and report the presence of specific nucleic acidsrestoration of fluorescence. Various applications of MB have
in homogeneous solutions, and more recently have been in-been described including real-time detection of DNA-RNA
corporated on various immobilizing platformBang et al., hybridization in living cells §okol et al., 1998 detection
1999; Liu and Tan, 1999; Brown et al., 2000; Liu et al., of pathogenic retroviruse&/%t et al., 1999, monitoring en-
2000; Steemer et al., 2000; Broude et al., 2001; Riccelli zymatic cleavage processds ét al., 2000) probing inter-
actions of single-stranded DNA binding to enzymesar{g
et al., 2000) detection of DNA or RNA within integration

_ amplification systemsLgone et al., 1998; Kaboev et al.,
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Fig. 1. Attachment of a molecular beacon (HP1) containing a primary amino group to the surface of aldehyde modified glass substrates via the formation
of Schiff base (A). Hybridization of the beacon probe with a target (CS11) results in spatial separation of the Cy3 fluorophore and quencher resulting

in fluorescence emission (B).
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For molecular beacons to be used at a pathogen—detectotrue target against targets with one, two, three, or four mis-
interface, it is convenient to first immobilize the probe on matches were investigated on the microarray platforms and
a solid platform. In recent years, miniaturized hybridiza- compared to beacon performance in homogeneous solution.
tion assays have been developed with positional separation
and immobilization of nucleic acid fragments on microscope
glass slides forming microarraygstein and Butow, 2000 2. Materials and methods
and references thereifato-Maeda et al., 20Q%and refer-
ences therein). Microarrays allow multiplex processing, and 2.1, Molecular beacon and target designs based on
simultaneous screening of thousands of unique nucleic acidrrancisella spp.
fragments, and possibly may be adopted into a real-time

reusable detector format. Researchers have made progress a|| genebank entries for the 16S rRNA subunit sequence
toward surface immobilization of molecular beacons on a of Francisella spp. were pooled and a consensus sequence
microarray format using biotin—avidin couplinggng etal.,  was made using the software Vector NTI (Informax, Inc.,
1999, or aldehyde coupling of free amino groufir¢ude  Bethesda, MD, USA). Using the BLAST progral{schul
etal., 2001; Wang et al., 20p2Approaches have been pro- et al., 1999, four regions were identified that contained
posed to improve immobilized molecular beacon sensitivity gligonucleotide sequences uniqueRr@ncisella organisms.
by increasing the number of probes bound to the glass slideTyo sequences (HP1 and HP2) derived from two of these
by first treating the slides; for example, treatment by photo- regions were shown to energetically favor a stem-loop
or persulfate-lithographic linked acrylamide-containing gels structure as predicted by mfold program, and RNA/DNA
(Vasiliskov et al., 1998 dendrimeric linker system$gier structure softwareJantalucia, 1998; Mathews et al., 1999;
and Hoheisel, 1999 or agarose filmsRroude et al., 2001;  zuker et al., 1999 http://bioinfo.math.rpi.edutzukern).
Wang et al., 2002; Afanassiev et al., 2000 The HP1 MB was designed with an 18 base loop region
Typically, microarray methods have employed fluores- that was complementary to a true target, a 4bp stem of
cence labeling of the target to be detected. Instead, pathogeRyhich two bases were complementary to the true target on
detection in the environment requires adoption of a platform the 3 end, and a Cy3 fluorescent group attached to the 5
in which the reporting fluorescence is associated with the end. An additional thymidine was attached to thesd of
immobilized probe, and fluorescence signaling elicited upon the oligonucleotide probe to which a black hole quencher
hybridization of the probe with specific unlabeled targets (BHQ-2) molecule was covalently linked to thé osition
in real-time. Indeed, other researchers have also recognizecf the deoxyribose, and agGinker strand ending in a pri-
possible application of immobilized molecular beacons for mary amino group was covalently linked to the 5-methyl
detecting unlabeled cognate oligonucleotide targeeng  group of the thymine aromatic ring (s€e. 1andTable ).
etal., 1999; Brown et al., 2000; Steemer et al., 2000; Frutos The G linker strand was omitted for hybridization studies
et al., 2002; Wang et al., 20p2Miniaturized beacon im- 5 selution. Molecular beacons (HP1 and HP2 with and
mobilization combined with fiber-optic techniquésuand  without the G linker strand) were purchased from Inte-
Tan, 1999; Steemer et al., 2008as been shown to selec- grated DNA Technologies, Inc. (Coralville, IA, USA). True
tively detect genomic cystic fibrosis targets, and has beentarget oligonucleotides (CS11 and CS27), and various mis-

applied to the analysis of specific gamma-actin mRNA se- match targets against HP1 were obtained from the Core
guences.

In this paper, we evaluate a molecular beacon designed to

detectFrancisella tularensis based on a unique 16S rRNA  Table 1 o _

subunit nucleotide sequence. rRNA being naturaIIy am- Alignment of various single mismatch target sequences across the length
e - ) ' of beacon (HP1

plified sequences, are ideal target molecules for a probe (HPL)

based detection systef tularensisis a potential biological ~ Description Target sequence alignment with probe

weapons agent and a highly infectious bacterium known to HP1 probé 3-BHQ-T(CsH12NH2)CGCGGAAC

cause severe systemic illness in a variety of mammals includ- CCCCTCCTGCAATEGCG-Cy3-5

ing humans. In a previous worRamachandran etal., 2003 ~ CS11 (true target to HP1)  'SCCTTGGGGGAGGACGTTAC 3

we evaluated the specificit_y of the mole_cular beacon to var_i- ggﬂ; gggg?%%%%%i%%i%%ﬂ;%%

able length targets in solution using capillary electrophoresis ¢g113 5 GTCTTGGGGGAGGACGTTAC 3

and solution based fluorescence experiments. The MB probecs114 % GCCTTGGGGAGGACGTTAC 3

which possesses a primary amine attached to’ien@ via HP2 probé 3-BHQ-T(CsH12NH2)GCTCGACAA

a G linker strand, was adapted to a microarray platform. CCTCAGCCACATTTACGAGC-Cy3-5
CS27(true target to HP2) "BGCTGTTGGAGTCGGTGTA

Immobilization on commercially available aldehyde coated AAGGCTC 3
glass slides and hydrogel-aldehyde slides was achieved via— -

. . . . Italicized bases denote the stem of the molecular beacon. Bold
a covalent Imkage of the primary amino groups with the bases at the’3ide represent target binding sites within the stem. BHQ:
reactive aldehyde groups resulting in a Schiff base forma- blackhole-2 quencher from IDT, Inc. (Coraville, 1A, USA). Mismatch
tion. Fluorescence discrimination ratios and specificity of the bases in the target sequences are underlined.
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Table 2 10 mM Tris buffer, and again allowed to air dry for approx-
Alignment of various multiple mismatch target sequences across the length imately 15 min.

of beacon (HP1)

Description Target sequence alignment with probe 2.3, Hybridization of immobilized molecular beacons
HP1 prob@ 3-BHQ-T(CsH12NH2)CGCGGAACC o - S _
CCCTCCTGCAATAGCG-Cy3-53 Before use in immobilized beacon hybridization experi-
CS11 (true target to HP1) 'BCCTTGGGGGAGGACGTTAC 3 ments, target sequences were thawed, and further diluted in
CS120 5 GCCTTGGGGAGEGACGTTAC 3 either 3.5 or 5mM MgGl, and 10 mM Tris buffer (pH 8) to
cs121 5 GCCTTGAGGGAGGACATTAC 3 trati £ 200mM. T icrolit t the 200 M
c5122 5 GTCTTGGGGAAGGACGTTAC 3 a concentration of nM. Two microliters of the n
cs123 5 ATTCTTGGGGGAGGACGTTAC 3 target in MgCp-Tris buffer was deposited on a 22 mm
CS130 % GCCTTGGGGAGAGACGTTAC 3 22 mm hybrislip cover slip (Sigma, St. Louis, USA). The
Csi131 5 ATTTTGGGGGAGGACGTTAC 3 cover slip was inverted on to the surface of the glass slide
CS132 5 GCCTTAGGGGAAGACGTCAC 3 where the beacons were spotted allowing a thin film of
CS140 5 GCCTAGGGGAAGGATGTTAT 3

the target solution to form between the glass slide and the
a8 ltalicized underlined bases denote the stem of the molecular bea- cover S|ip. Hybridization was done at room temperature.
con. Bold bases at the’ 3ide represent target binding si_tes within the Length of time for hybridization was optimized, and 5min
st(_em. BHQ: bIacI_(hoIe—Z gquencher from IDT, Inc. (C_oravnle, IA, USA). was determined adequate for maximal fluorescence emis-
Mismatch bases in the target sequences are underlined. ) R . .
sion. Therefore, after hybridization for 5 min, the cover slip
was removed by dipping the slide in a coplin jar filled with
Facility at Oklahoma State_University, OK, USA.CS11 and 10mM Tris buffer, and the slide was allowed to dry for ap-
CS27 are complementary in sequence to HP1 and HP2, reproximately 15 min. Fluorescence was measured with a Sca-
spectively Table ). HP2 and CS27 were used as controls. narray 3000 laser scanner (Perkin-Elmer Life Sciences, Inc.,
Single, double, triple, and quadruple target mismatches goston, MA, USA). A helium-neon laser excitation wave-
were constructed as given ifebles 1 and 2Mismatches  |ength of 543 nm was used, and fluorescence detected in a
were strategically placed in or near regions corresponding 3 configuration at a wavelength of 572 nm corresponding
to the probe stem segment to which the true target was also Cy3 peak emission. The fluorescence data output from
designed to partially hybridize, or in the center of the l00p the scanner was processed using Genepix software (Axon
region. Purines were replaced by other purines (G to A, At0 |nstruments, Inc., Union City, CA, USA). Reproducibility
G), and pyrimidines by other pyrimidines (Cto T, T to C). \yas assessed by repeating experiments on different occa-

Molegular beacons were synthesized in 250 nmol and.tar- sions starting with the three spot depositions of beacons on
gets in 100 nmol scales. Molecular beacon stock solutions new slides.

with a concentration of 20@M were prepared using doubly

distilled sterile water, divided into 1l aliquots, and stored 2 4. Hybridization of HP1 molecular beacon in solution
at —20°C until use. Target oligonucleotides were similarly

prepared and stored, except 400 stock solutions were The HP1 beacon and target designs used in the microar-

prepared using 10 mM Tris/3.5 mM Mgg&buffer (pH 8). ray studies were also used in these studies, except for the
omission of the MB 3end G linker strand and terminal

2.2. Printing molecular beacon microarrays primary amine. In addition, MB and targets were prepared

in 400 and 800 nM stock solutions, respectively, using 3.5

SuperAldehyde slides were purchased from TeleChem,or 5mM MgChk/10 mM Tris buffer (pH 8), and stored at
International, Inc. (Sunnyvale, CA), and hydrogel-aldehyde —20°C until use. Modified-HP1 beacons (IDT, Coralville,
activated slides were obtained from NoAb BioDiscoveries Inc., |A, USA) were also constructed with a fluorescent
(Mississauga, Ont., Canada). A robotic printer (PixSys 5500, group (Cy3) attached to thé &nd of the oligonucleotide, but
Genomic Solutions, Inc., Ann Arbor, MI, USA) equipped no quencher. Modified-HP1 beacons were used to correct
with a quill pin was used to print molecular beacon arrays on for temperature effects on fluorescence that are independent
to the superaldehyde or hydrogel-aldehyde slides. Molecularof the hybridization event.
beacon stock solutions were first thawed, and then diluted Hybridization was performed in a 96-well microtiter
to a concentration of 5@M for printing. Five-microliter plate, and fluorescence was read using an ABI 7700 in-
aliquots of each 50M molecular beacon solution (HP1 strument (Applied Biosystems, Foster City, CA, USA).
and HP2) were transferred to alternate wells of a 384 well Measurements were taken iiG decrements ranging from
plate for pin pick-up. Printing was done at room temper- 90 to 5°C. Samples were allowed to equilibrate for 1 min
ature ¢24°C), and relative humidity of 60%. Each bea- at each temperature before a 25ms measurement time.
con was printed in triplicate in order to evaluate variability. Volumes of 25ul each of the molecular beacon and in-
After printing, the slides were allowed to air dry for 1 h, dividual targets were mixed to give a final concentration
blocked by dipping in 1% BSA (FisherBiotech, Fair Lawn, of 200 and 400 nM, respectively, in a total reaction vol-
NJ, USA) for 30s, rinsed twice in a coplin jar containing ume of 50ul per well. Three wells were always dedicated
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for each molecular beacon-target combination tested, andtion experiments has 3.5 or 5mM MgClhighlighting
experiments were performed on three different occasionsthe effect of MgC} concentration on target specificity
for reproducibility assessment. HP1 molecular beacon or for the HP1 beacon in solution. On the other hand, no
modified-HP1 beacon (beacon without a quencher) alone atdifference in fluorescence amplitude was observed on
concentrations of 200 nM, targets alone at concentrationsthe microarray platform upon target-probe hybridization
of 400 nM, and buffer alone were also dispensed in threein 3.5 or 5mM MgC} concentration and the data were
wells giving final reaction volumes of 50 per well. To combined.
account for hybridization independent temperature effects,
fluorescence at different temperatures from all wells in- 2.5. Beacon array recharging experiment
volving the molecular beacon was divided by the average
fluorescence from the modified beacon at the corresponding Two sets of molecular beacons, a test beacon (HP1) and a
temperatures. control beacon (HP2), were printed on an aldehyde-modified
The sensitivity and specificity of DNA hybridization slide. Hybridization was carried out at room tempera-
events are known to be dependent on magnesium chlorideture using 2ul of 200nM true target (CS11) in 3.5mM
concentration. Solution hybridization experiments were MgCl>/10 mM Tris buffer, pH 8 for 10 min. The fluores-
run in which the magnesium chloride concentration was cence was recorded after washing the slide in 10 mM Tris
varied from 0 to 500 mM. Optimal hybridization was ob- buffer as described before. The slide was treated with 0.4 M
tained at MgCJ concentrations between 5 and 10 mM for sodium hydroxide solution for 1 min, washed in 10 mM Tris
the HP1 beacon. Data presented for solution hybridiza- buffer and the decrease in fluorescence was recorded. The
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Fig. 2. Typical molecular beacon microarray background fluorescence before hybridization (i), and fluorescence after hybridization to spesific targ
CS11 (ii) and CS27 (jii). The three spots in the left column are HP2 molecular beacon deposits, and those in the right column are HP1 molecular beacon
deposits (A). Increase in fluorescence upon binding of molecular beacon probes to specific target sequences.
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molecular beacons were then rehybridized with 200 nM true where Ris the discrimination ratidgr the true target (CS11)
target, washed in Tris buffer and the fluorescence recordedsignal, By the true target background sign&y the mis-
again. match target signaBy, the mismatch target background sig-
nal anda the scaling factor.
According toEq. (1) theR value for CS11 (true target)
3. Results and discussion will be zero. For mismatch targetR values greater than
zero indicate discrimination from CS11, whiRevalues less
The average fluorescence of three replicas of the spot-than or equal to zero indicate poor or no discrimination. In
ted beacons (HP1 and HP2) on microarray platform before addition, S|gnals on each microscope slide were normalized
and after hybridization with various targets were determined by o, t_he _ratlo of the fluorescence signals before an_d after
and plotted as illustrated ifiig. 2 for the hybridization of ~ NyPridization from the HP2 probe run on the same slide.
CS11 and CS27 true targets. Hybridization with CS11 pro- YW found background fluorescence signal from hydrogel-
duced an increase in fluorescence of HP1 probe, but notaIdehyde slides tq be appr_oxmatelytwo t|.mes lower than the
HP2 probe, and vice versa for CS27. The slight difference superald_ehyde slides. This cou_ld be at'F”bUted to the aque-
in fluorescence of the samples before hybridization could ©US environment of hydrogel slides which better stabilizes
be a function of the variability in sample deposited during € hairpin structure of molecular beacons and a higher den-
printing or due to the inherent lack of uniformity of the alde- SIY Of aldehyde groups on hydrogel slides. Otherwise, tar-
hyde coating on the slides. For evaluating the effectiveness9€t detection was similar on both platforms. Data presented
of the HP1 probe to differentiate true target from various N this paper was scaled and combined from both platforms.
mismatch targets, discrimination ratios for each target testediStograms and discrimination ratios for single-nucleotide

were defined as follows: target mis!”natc.he_s against _Hl?l probe on microarray plat-
form are given irFig. 3. Discrimination ratios presented are

R—1_ Br(aSm — Bm) 1) the average between three and six different runs in triplicate

N Bm(aST — BT) performed on different occasions. We intentionally designed
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Fig. 3. Fluorescence changes upon hybridization of molecular beacon (HP1) with true and single-nucleotide mismatch targets on a microarray platfor
White bars denote fluorescence before hybridization and Black bars denote fluorescence after hybridization (A). Discrimination ratios (B).
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and worked with targets that were slightly longer than the the stem portion of the probe only, or may directly interfere
probe loop region and complementary to two additional base with fluorescence quenching and, thus, fluorescence ampli-
pairs in the stem region in order to assess affects on spetude when measured far below the duplex melting tempera-
cific location of each mismatch. Targets that bind the stem ture. Indeed, a target with the same loop-centered mismatch
portion in addition to the loop of a molecular beacon form as CS114, but spanning only the loop region of the probe
more stable duplexes compared to those that bind the loopgave a lower fluorescence signal relative to CS114 (data not
region only {T'sourkas et al., 2002and would possibly be  shown). CS27 R = 0.724+ 0.07) was easily discriminated
more effective on a sensor type platform. No discrimina- as expected, and served as a negative control.

tion was noted for the single mismatch targets tested; CS111 HP1 probe discrimination of multiple mismatch targets on
(R = —-0.124+0.31), CS112 R = —0.15+ 0.37), CS113 microarray platform was investigated, and histograms and
(R =0.06+0.19) and CS114K = —0.10+£0.19). Itis not discrimination ratios from this study are given kig. 4.
surprising that CS112, which has a single mismatch atthe 5 Combinations of two, three or four mismatches were cho-
end, is not readily discriminated from CS11. However, tar- sen based primarily on location including loop only, stem
get CS114, which has a single mismatch in the center of theonly and loop-stem mismatch combinations (Jable 2.
probe loop region, is also not discriminated. Hybridization Not surprisingly, two targets, CS12R (= 0.00+ 0.16) and
energy analysis using mfold software gives relative Gibbs CS131 § = —0.27 £ 0.42), with two and three adjacent
free energy values for each target-probe duplex that de-mismatches at the ®nd, respectively, were not readily dis-
creases as the single mismatch moves from the end towardinguished from CS11. Target CS12R £ 0.051+0.12) with

the center of the target. This analysis predicts poor stability two adjacent mismatches in the center of the loop region was
of CS114xHP1 duplex which is not borne out in our data. It also not distinguished from CS11, as similarly observed for
should be kept in mind that this analysis gives hybridization the single mismatch target CS114. The second mismatch in
free energy values representative of whole duplexes, and itCS120 was A to G, and a somewhat stable unconventional
is conceivable that local interactions due to target binding to hybridization of G:T would be possible. The same arguments
the stem portion of the probe may be sufficient for disrupting stated earlier for the lack of discrimination for CS114 could
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Fig. 4. Fluorescence changes upon hybridization of molecular beacon (HP1) with true and multiple-nucleotide mismatch targets on a micrmanray platf
White bars denote fluorescence before hybridization and black bars denote fluorescence after hybridization (A). Discrimination ratios (B).
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also apply to CS120. Target CS13R £ 0.41+ 0.06) with lations; namely, CS1172°C) > CS112 = CS113 =

three adjacent mismatches in the center of the loop region,CS111(~67°C) > CS114 (60C). In addition, target dis-
however, was better discriminated than CS114 and CS120.crimination in solution compared to that on the microarray
The remaining mismatch targets, CS1R: 0.27 £ 0.23), emphasizes the difference between beacon fluorescence be-
CS122 R = 0.47+0.15), CS132 R = 0.76+ 0.09) and haviors in these two environments. It can be argued that,
CS140 R = 0.644 0.04), having two to four non-adjacent on the microarray surface interactions, steric crowding of
mismatches were discriminated from CS11, with a trend of bound probes, altered accessibility of target to probes, and
improved discrimination as the number of target mismatches possibly the addition of the thymidine plug-Gnker affect
increases. hybridization kinetics.

Fig. 5 shows the fluorescence signal with respect to The same multiple mismatch targets investigated on the
temperature of the single-nucleotide mismatch targets microarray platform were also studied with HP1 probes in a
hybridized with HP1 probe in solution at two different solution environment. Fluorescence measurements and dis-
magnesium chloride concentrations. Discrimination ratios crimination ratios with respect to temperature are given in
were again used to evaluate target specificity of the HP1 Fig. 6. With respect to maximum fluorescence signal only,
probe. True target CS11 was discriminated from all single- targets CS120 (fluorescence signal max0.64) and CS122
nucleotide mismatch targets tested, with improved differ- (0.46) gave signals approximately 98 and 70% of the true

entiation in solutions containing 5mM Mg&l However, target, CS11 (0.65), respectively, while the remaining tar-
discrimination of CS111 target was poor relative to the gets were readily discriminated over the entire temperature
other targets tested, especially in 3.5 mM MgG@blution. range below the theoretical melting temperature of CS11

Gibbs free energy calculations predict that CS111, although x HP1 duplex (72C). Interestingly, CS120 has two adja-
possessing a G:T unconventional mismatch should still cent mismatches located centrally in the loop, but still pre-
be better differentiated from CS11 than CS112 or CS113. serving stem interaction. CS122 contains a mismatch in the
This disparity between measurement and calculation couldloop, and one in the stem region of the probe; in effect, it
be explained if the measured fluorescence amplitude isforms a combination of single mismatch targets, CS113 and
not solely a property of the whole duplex as is the case CS114. While CS113 and CS114 are discriminated (in solu-
of free energy calculations. The melting temperature is tion) over the entire temperature range below0°C, it is

an additional variable that can be measured, and it is asurprising that CS122 is not. If we consider the trend of the
property of the whole duplex related to duplex dissoci- duplex melting temperatures, we find CS11{Z3 > CS123
ation. Melting temperatures derived from our data agree (64°C)>CS120= CS131 (6Z)>CS130(58C)>CS122
with the trend predicted by hybridization energy calcu- (56°C) > CS132 (40C) > CS140 (38C); fairly consistent
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Fig. 5. Fluorescence changes upon hybridization of molecular beacon (HP1) with true and single-nucleotide mismatch targets in solutiongtwith respe
to temperature, are shown at 3.5mM MgQR) and 5.0mM MgC} (C). Discrimination ratios corresponding to (A and C) are shown in panels (B and
D), respectively.
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2 initial and post recharge hybridzations.
Z 0.8
=
£ 0.6 control beacon remained more or less the same before and
= . ge .
B g4l ok B after the second hybridization step (data not shown). The
g st fluorescence intensity of the test beacon after the second hy-
| 02 ;gggg bridization was approximately 75% of the first hybridization.
0.0 ¥ CS131 The reduction in fluorescence intensity could be attributed to
o Bt the effect of NaOH on the fluorophore or possibly the bea-
0 10 20 30 40 50 60 con being physically removed from the slide surface follow-
(B) Temperature (°C) ing successive washes. This preliminary recharging attempt

shows the covalently linked MB probes to be fairly stable to
harsh alkaline treatment, the targets can be washed off, and
the MB probe recharged for subsequent reuse. Recharging

Fig. 6. Fluorescence changes upon hybridization of molecular beacon
(HP1) with true and multiple nucleotide mismatch targets in solution,
with respect to temperature, at 5mM Mg@C(A) and corresponding

discrimination ratios (B). the beacon array, while potentially problematic, is promis-
ing and warrants further study.
with hybridization energy calculation predictions as simi-  The objective of the present study was not to optimize

larly found for the single mismatch targets. When consid- the sensitivity of the beacon array, but to evaluate the probe
ering fluorescence signals only, it is evident that the HP1 specificity that is essential for pathogen discrimination. If
probe in solution can discriminate three and four mismatch we define hybridization specificity of a probe for a particular
targets regardless of mismatch locations, with immensely target asf = exp(—AGm-mm/RT), where AGpm-—mm =
improved discrimination (>80%) in the temperature range Gm — Guwm is the difference in Gibbs free energy between
between 50 and 6%C. Furthermore, double mismatch target binding of the (true) perfect target and a mismatch target
discrimination ¢~50-90%, depending on mismatch location (Broude, 200, then free energy calculations using mfold
and number) was also improved in a temperature range be-software predict the poorest discrimination would occur
tween 55 and 6%C just below the melting temperature of with the dangling 5 end single mismatch target CS112.
the CS11x HP1 duplex where the mismatch targets would When we consider melting temperature trends, binding sta-
be expected to favor dissociation from the probe. However, bility of the various targets is consistent with predictions.
in this temperature range, the fluorescence signal with re-However, we have shown in this paper that when the only
spect to temperature is fairly steep for all tested targets, andmeasurement parameter is the induced-fluorescence upon
would make quantification of the amount of probe bound interaction of a molecular beacon with a target, discrimina-
target present based on fluorescence signal alone difficult. tion is highly dependent on number and location of target
Reusability is a characteristic that may be desirable in mismatches, suggesting at least in part that fluorescence
certain applications for practical employment of a biosen- amplitude upon hybridization is target-dependent. In addi-
sor in the field. Since effective denaturation of duplex DNA tion, immobilized molecular beacon fluorescence response
occurs with alkaline pH, low ionic strength, or heating, we can differ from that of molecular beacons in solution for
initiated a preliminary investigation regarding regeneration reasons previously discussed. We suggest that fluorescence
of the MB microarray by exposure to high pH sodium hy- elicited upon target interaction is a property of direct or
droxide solution, and repeated the hybridization skeg. 7 local effects, in addition to global probe-target interactions.
shows the results of recharging the beacon array whereby arDbviously, discrimination less thar100% would greatly
increase in fluorescence was obtained after rehybridizationlimit confidence in true target detection; therefore, these ef-
of the probe (HP1) to true target. The fluorescence of the fects must be considered if molecular beacons are to be used
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at a pathogen—detector interface. We also showed that thes&aboev, O.K., Luchkina, L.A., Tretiakov, A.N., Bahrmand, A.R., 2000.

immobilized MB probes have the potential for reuse lending
to their possible practical application. Further studies are

required to determine whether increasing the stem length of

the HP1 probe could improve specificity, and to what cost
to sensitivity this would have. Also, probe discrimination

of targets with variable nucleotide lengths needs investiga-
tions. For example, contaminate DNA sequences in the field

with complementary sequences shorter than the total probe

length may be problematic. In any event, these DNA probes
still hold promise, whereby it is conceivable that multiple
MB probes specific for different nucleotide sequences of a

particular pathogen can be deposited on a single substrate,

allowing parallel processing to circumvent the specificity
limitation of a single MB probe.
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