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Flow cytometry- based DNA hybridization and polymorphism analysis 
Hong Cai”, Kristina Kommanderb, P. Scott Whiteb, and John P. Nolanb 
’Chemical Science and Technology Division and bLife Sciences Division 

Los Alamos National Laboratory, Los Alamos, NM 87545 

ABSTRACT 
Functional analysis of the human genome, iiicluding the quantification of differential gene expression and the 
identification of polymorphic sites and disease genes, is an important element of the Human Genome Project. Current 
methods of analysis are mainly gel-based assays that are not well-suited to rapid genome-scale analyses. To analyze DNA 
sequence on a large scale, robust and high throughput assays are needed. We are developing a suite of microsphere-based 
approaches employing fluorescence detectioii to screen and analyze genomic sequence. Our approaches include 
competitive DNA hybridization to measure DNA or RNA targets in unknown samples, and oligo ligation or extension 
assays to analyze single-nucleotide polymoiphisms. Apart from the advantages of sensitivity, simplicity, and low 
sample consumption, these flow cytometric approaches have the potential for high throughput multiplexed analysis 
using multicolored microspheres and automated sample handling. 

Keywords: DNA, hybridization, single nucleotide polymorphism, flow cytometry, genome, oligo ligation, primer 
extension, PCR, fluorescence, microsphere 

1. INTRODUCTION 
As the Human Genome Project progresses rapidly toward completion of primary sequencing, it is recognized that the 
functional analysis of sequences is equally important to our understanding of the human genome. Such functional 
analyses, including the identification of gene tic variation and disease-related genes, and the quantification of differential 
gene expression will provide important clut:s about human population evolution, the relation between genomic structure 
and function, as well as enable the development of many diagnostic tools. To analyze sequences on a large scale, robust 
and high throughput assays are needed. However, many current technologies for genomic analysis are gel electrophoresis- 
based and therefore not ideal for large scale analysis. 

Flow cytometry is capable of sensitive and quantitative fluorescence measurements of individual particles without the 
need to separate free from particle-bound probe. Analysis rates are very high (hundreds to thousands of particles per 
second) and multiple fluorescence and light scatter signals can be detected simultaneously. These features make flow 
cytometry an extremely powerful analytical tool for the analysis of macromolecular assemblies (Nolan et al., these 
Proceedings). Here we describe a suite of nticrosphere-based flow cytometry methods for the detection and quantification 
of specific sequences, and the analysis of single nucleotide polymorphisms (SNPs). 

The detection of specific nucleic acids in unknown samples is most often achieved via gel-based methods such as 
Northern or Southern blotting. These approaches take advantage of hybridization, the pairing of complementary nucleic 
acid strands, to achieve highly specific detection. Hybridization can take place either in solution or with one of the 
nucleic acids immobilized on a surface. Hrbridization in solution is often faster, but it is difficult to separate 
unhybridized single stranded nucleic acid frsm double stranded hybridized nucleic acid (Nelson, 1990). For this reason, 
most hybridization-based methods use immobilization of either target or probe molecules so that free unhybridized 
nucleic acids in sohtion can simply be washed away. Hybridization on nitrocellulose or nylon membranes is widely 
used in many laboratories, however membrane-based hybridization often results in high background signals due to the 
porous structure of these membranes (Hull, 1988). Microtiter plate- and microsphere-based assays can avoid this 
problem. While 96-well microtiter plates sre popular for screening large numbers of samples (Zammatteo, 1997), 
microspheres offer the advantages of a large surface area with a well defined capacity, rapid binding kinetics and higher 
yield of hybridization. Flow cytometry h a  the ability to measure microsphere-associated fluorescence without any 
washing step, a feature that could allow strmnlined sample processing. We have adapted various nucleic acid 
hybridization protocols to microsphere-basc:d flow cytometry. We demonstrated the direct measurement of DNA 
hybridization, and extend this to the detectlon of specific sequences in unknown samples by competitive hybridization. 
The feasibility of this approach is demonstrated by detecting a chronic beryllium disease-associated (CBD-associated) gene 
target on PCR products amplified from genomic DNA (White et af., 1997). This general approach will be useful for a 
large range of sequence detection applicaticins, including differential gene expression, bioagent detection and identification, 
and forensics. 



Single nucleotide polymorphisms represent th: single largest class of sequence variation between individuals (Cooper, 
1985 and 1993). These sites are present at high density in the genome and are highly conserved, making them powerful 
tools for mapping and diagnosing disease-related alleles. Thus as sequencing and mapping of the human genome is 
accomplished, detection and analysis of SNPs will be a major objective for genome research. The most straightforward 
approach to detect known SNPs might seem to be direct sequencing, but the time and cost of direct sequencing on a large 
number of samples is prohibitive. Other methods include denaturing gradient gel electrophoresis (Sheffield, 1989), 
chemical or enzymatic cleavage (Cotton, 19811, Myers, 1985 and Youil, 1995), the analysis of heteroduplex and single- 
stranded DNA conformations (Glavac, 1995 and Orita, 1989), hybridization to oligonucleotide arrays (Hacia, 1996) and 
microtiter plate-based oligo ligation (Nickerson, 1990). However, each of these approaches has its drawbacks, ranging 
from time-consuming gel electrophoresis step ;, sequence-dependent optimization of reaction conditions, or high reagent 
consumption, factors which limit their application on a large scale. In this work, we describe a rapid and sensitive oligo 
ligation assay using flow cytometry to analyze base composition at SNP sites. This assay does not require separation of 
bound and free molecules or sequence-dependent optimization. Once optimized, it can be multiplexed to carry out the 
rapid analysis of a large number of samples in one experiment. 

In this report we demonstrate our ability to di-ectly detect nucleic acid hybridization by flow cytometry, to use this 
capability to detect specific sequences in unknown samples by competitive hybridization, and to interrogate the base 
composition at specific sites using oligo ligaiion. Flow cytometry allows these analyses to be performed using small 
reaction volumes and reagent amounts, with sensitivity which surpasses even other fluorescence-based methods. Further 
potentiating the flow cytometric approach is 1 he possibility multicolor detection, which can allow multiplexed analysis 
of many sequences simultaneously to provide the high sample throughput required for genome scale analyses. 

2. MATERIAL AND METHODS 
Oligonucleotides: The DNA oligonucleotides (see Table 1) were synthesized on an automated AB1 DNA synthesizer using 
suggested protocols from Glen Research (Stel ling, Virginia). The biotinylated and fluorescent-labeled oligomers were 
synthesized using biotin-phosphoramidites and fluorescein modifier purchased from Glen Research (Sterling, Virginia). 
The amine-modified oligomers were made using 5'-amino-modified C12 (Glen Research). The 5'-phosphate modified 
oligomers were synthesized using 5'-phosphrtte linker purchased from Perkin Elmer (Poster City, CA). All the 
synthesized oligonucleotides were purified by polyacrylamide gel electrophoresis and the concentrations of the purified 
oligonucleotides were measured by absorban1:e at 260 nm using an extinction coefficient of 33 pg/ml per A260 unit. 

Table 1. Oligonucleotides used in this study 

Oligonucleotides Sequence s of oligonucleotides 
HC 1 (1 6-mer) 5'-biotin-GTAAAACGACGGCCAG-3' 
HC2 ( 16-mer) 5'-fluore1 cein-CTGGCCGTGG'ITITAC-3' 
HC3 (1 8-mer) 5'-bio tin- CTGTCCGGCACTGCCCGC-3' 
HC4 (1 8-mer) 5'- fluore: cein-GCGGGC AGTGCCGGAC AG-3' 
HC5 (18-mer) 5'-CTG'I CCGGCACTGCCCGC-3' 
HC6 (18-mer) 5'-GCGC iGCAGTGCCGGACAG-3' 
HC7 (20-mer) 5'-amine AAGGACATCCrGGAGGAGGA-3' 
HC8 (20-mer) 5'-amine. AAGGACATCCTGGAGGAG-&bY 
HC9 (20-mer) 5'-amine. AAGG AC ATCCTGG AGG AGIA-3' 
HC 10 (20-mer) 5'-amine MGGACATCCTGGAGGAGGA-3' 
HC11 (&-mer) 5'-CTGI 'CCGGC ACTGCCCGCTCCTCCTCC AGG ATGTCCTTC 

TGGCT-3' 
HC12 (18-mer) 5'-phosp~~ate-GCGGGCAGTGCCGGACAG-fluorescein-3' 

Fluorescence detection by flow cytometer: Flow cytometric measurements of microsphere fluorescence were made on a 
Becton-Dickinson FACSCalibur (San Jose, CA). The samples were illuminated at 488 nm (15 mw), and forward angle 
light scatter (FALS), 90 degree light scatter l:SSC), and fluorescence signals through a 530 (k30) nm band-pass filter 
were acquired. Linear amplifiers were used f x all measurements. Particles were gated on forward angle and 90 degree 
light scatter, and the mean fluorescence chaniiel numbers were recorded. 

DNA hybridization assay: The binding of thc 5'-biotinylated oligonucleotide probe, HC 1 to 6.2 pm streptavidin-coated 
polystyrene microsphere (Spherotch Inc., Libertyville, IL) was performed in TE buffer (100 mM Tris-HCI, pH, 8.0,0.5 
mM EDTA) by incubating the microsphere2 (50 p1,lXlO' beaddml) and oligonucleotides HC1 (50 pl, 10 nM) at room 



temperature for 2 hours. The hybridization of fluorescent complementary strand (fluorescent reporter), HC2, was cmied 
out by incubating HC2 (10 pl) at different concentrations ranging from 5-500 nM with the HCl-bead (10 p1) at room 
temperature for 2 hours. The reaction mix was then diluted 100-fold with TElJ3SA (50 mM Tris-HC1, pH, 8.0, 0.5 mM 
EDTA, 0.5% (w/v) bovine serum albumin, ESA) and the microsphere fluorescence was measured by flow cytometry. 

Competitive DNA hybridization assay: The binding of the biotiny lated probe, HC3 (2.4 nM) to the streptavidin-coated 
microsphere was performed as described abo Ire. The double-stranded duplex HC5/HC6 was formed by hybridizing equal 
amounts of HC5 to HC6 in TE buffer at 95 "C for 2 minutes and gradually cooling to room temperature over a period of 
30 min. The competitive hybridization of fbiorescent reporter oligomer, HC4 and HC5MC6 duplex at different 
concentrations was carried out by heating tk e reaction mix (20 pl, 1.2 nM HC4,O-250 nM duplex HC5/HC6 in TE) at 
95 OC for 2 minutes and gradually cooling to room temperature over a period of 40 minutes. A 10 pl aliquot of reaction 
solution at each concentration containing HC4 and HC5MC6 was transferred to a new microcentrifuge tube and mixed 
with 10 pl HC3/bead. The reaction mix was incubated at room temperature for 1 hour and diluted 100-fold with TE/BSA 
for fluorescence measurement. The fluorescence on the bead was plotted as a function of HC5/HC6 duplex concentration 
(Fig. 2b). The 300 bp PCR fragment containing HC5/HC6 duplex sequences were made by a typical PCR protocol 
(White et al., in press). The DNA competitive hybridization assay on crude PCR fragments was performed following 
the same procedure described for duplex HC 5/HC6. In this case, the concentration of the PCR DNA was determined by a 
separate experiment where the PCR fragment was separated on a 1% agarose gel, stained with ethidium bromide, and the 
concentration was calculated based on inten jity measurements by a densitometer on both PCR fragments and DNA 
standards. 

Oligo ligation assay: To attach oligomers to microspheres covalently, the 5'-amine-modified probes were reacted with 
the carboxylated microsphere (5.4 pm, Polysciences, Inc., Warrington, PA) in the presence of excess l,ethyl-3-(3- 
dimethylaminopropy1)carbodiimide hydrochloride (EDC, PIERCE, Rockford, IL) to form a stable amide bond. The 
reaction was performed in 0.1 M MES buffcr (2-[N-morpholino]ethanesulfonic acid, pH, 4.8). The conjugated bead mix 
was washed three times with TE buffer and the bead concentration was determined using a Coulter counter. In this case, 
four oligonucleotides with different 3' terminal base (HC7 with G, HC8 with A, HC9 with T and HClO with C) were 
attached to the carboxylated microspheres aiid unreacted oligonucleotide was washed away. The final concentration of the 
oligo-conjugated bead was 1x10 beaddml. A ligation mix containing the complementary sequences (HC11, containing 
the target sequence), the fluorescent adapter (HC12) and DNA ligase (Thennoligase from Epicentre, Madison, WI or T4 
DNA ligase from USB, Cleveland, OH) wit'; added to'each oligo-conjugated bead. The ligation reaction was carried out in 
the reaction buffer as suggested by the manufacture and the reaction conditions are indicated in Fig. 3b. After the 
reaction, the reaction mix was diluted 100-fold with TEYBSA for fluorescence measurement by flow cytometry. Under 
these conditions, the microsphere conjugate3 with HC7 showed a 7-fold higher fluorescence compared to other probed 
microspheres, indicating that HC11 sequence has a C base at the target sites (Fig. 3b). 
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3. RESULTS AND DISCUSSION 
To obtain the full value of the human genome sequence, routine methods for the rapid and sensitive detection and analysis 
of specific sequences in samples from many individuals will be needed. Current methods are not suitable for such large 
scale analysis. To address this need, we are developing a series of analyses based on flow cytometry including sequence 
detection by hybridization and sequence analysis by oligo ligation. 

Hybridization assay: As an initial step to developing hybridization-based assays using flow cytometry, we sought to 
characterize the features of oligonucleotide hybridization of microspheres. As depicted in Figure la, a biotinylated 
oligomer probe (HC 1) was immobilized on to a streptavidin-coated microsphere, a fluorescent complimentary strand 
(HC2) was allowed to anneal, and the hybridization process was monitored as an increase in microsphere fluorescence as 
measured by flow cytometry. The kinetics of oligomer hybridization on the microsphere depends on the rate of binding 
of HC2 to HC1 (on rate) and the rate of dissociation of the hybridized oligonucleotide from the immobilized DNA (off 
rate). As shown in Fig. lb, hybridization of HC2 to HC1 is a concentration-dependent process: as HC2 concentration 
increases, the fluorescence of the microsphere first increases linearly and gradually reaches a plateau, suggesting the 
saturation of available hybridization sites on the bead. Hybridization in the presence of excess calf thymus DNA was 
similarly efficient (data not presented), indicating the hybridization is sequence-specific. The off rate of the hybridized 
oligomer, initiated by the addition of excess unlabeled competitor, is very slow (Cai et af., 1997, Nilsson et al., 1995), 
as would be expected for stable duplex DNA. Thus, using flow cytometry, it is possible to detect sub-nanomolar levels 
of hybridized DNA without separation s t ep  (see 1ater.discussions) whereas other nonradiation alternatives such as surface 
plasmon resonance (SPR)-based biosensoi, often require pM level of DNA (Nilsson et af., 1995). 
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Fig. 1. Detection of DNA hybridization by flow cytometry. (a) Schematic illustration of DNA hybridization on the 
microsphere. (b) The experimental data of the oligonucleotide hybridization detected by fluorescence-based flow cytometry. 
The fluorescence signal on 6.2 pm streptavidm-coated microspheres is plotted in arbitrary units. See Materials and Methods 
for details. 

Competitive DNA hybridization assay: To identify a particular gene target in a genome or library, different versions of 
hybridization-based southern blot (DNA-DNA interaction) or northern blot (DNA-RNA interaction) are widely used. All these 
assays require a separation of unbound probe!; from the bound species. To detect the presence of a specific sequence in a 
complex sample, we exploited the ability of ilow cytometry to make sensitive measurements of hybridization to develop a 
competitive hybridization assay (Fig. 2a). 

In this scheme, an oligo probe containing the target sequence is immobilized on the microsphere, and its complement is 
fluorescently labeled. The fluorescent oligo :fluorescent reporter) is then incubated with the unknown sample. If the target 
sequence is present, the fluorescent reporter will bind, depleting this oligo from solution, and reducing the degree of 
hybridization upon subsequent addition of thls probe bearing microspheres. In our example, a synthetic oligonucleotide 
duplex, HC5/HC6 was used to compete with the fluorescenated reporter (HC4) for annealing to the probe sequence. As 
shown in Fig. 2b, the fluorescence on the microsphere decreases as the concentration of target HC5/HC6 increases. A 
concentration of 0.5 nM target DNA was dettxted as a 20% decrease of fluorescence signal. The same experiment was carried 
out on a crude PCR reaction containing 300-bp DNA with the target sequence. Efficient competition was observed even in 
this more complex mixture (Fig. 3c), resulting in an assay with sensitivity comparable to that obtained with short oligos as 
the target sequence. These results demonstrate that competitive hybridization using flow cytometry allows the rapid 
identification and quantification of a specific target in a crude PCR sample without separation steps. Because flow cytometry- 
based fluorescence detection is sensitive and rapid, it has the potential to be used as an alternative to Southern and Northern 
blots and the RNase protection assays to scrcen and analyze DNA, cDNA, or mRNA targets. 
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Fig. 2. Detection of target DNA by competitive hybridization using flow cytometry. (a) Schematic illustration of 
competitive hybridization. (b) Competitive hybridization on synthetic oligonucleotide model system. (c) Detection and 
quantification of target DNA sequence in a crude PCR sample. The experiment was carried out as described in Materials and 
Methods. 

Oligo ligation assay: It has been shown that single base substitutions are the most frequent forms of DNA sequence variation 
in the human genome (Cooper, 1985 and 15193). Identification of these single nucleotide polymorphisms (SNPs)  is 
important to our understanding of genetic v uiation, population structure, and to studies of disease genes. As SNP analysis 
becomes increasingly important to the human genome project, a robust and high throughput method is needed to scan and 
analyze a large number of DNA samples foi large numbers of targets. Taking advantage of flow cytometry, we are aiming for 
a simple, rapid SNP analysis assay. SNPs can be detected and quantified oligo ligation using microsphere-based flow 
cytometry. For each SNP, four probes, each with a different terminus, are synthesized and immobilized on microspheres. The 
hybridization of the probe to a target is carried out in the presence of a fluorescent reporter oligonucleotide that binds adjacent 
to the SNP site simultaneously. The porbe with the correct termini and the adjacent reporter are then covalently jointed by 
DNA ligase, resulting in a fluorescence signal under denaturing conditions. To test the feasibility of the ligation assay, a 
simple oligonucleotide model system was used. As illustrated in Fig. 3a. oligonucleotide probes (HC7, HC8, HC9, HCIO), 



each with a different terminal nucleotide, were covalently attached onto microspheres as described in MateriaIs and Methods. 
A fluorescent reporter oligomer, HC12 was cc-assembled to the target DNA (HC11) along with probes, and subsequently 
ligated to the correct probes by DNA ligase. Ilecause the fluorescent reporter anneals to targets regardless of the composition 
of the probe terminal nucleotide, a denaturing step (heating at 95 OC and adding excess competitor DNA) was introduced to 
allow discrimination between hybridized and ligated probe. The fluorescence on the microsphere was then measured by flow 
cytometry for each probe and the sequence at ihe SNP site was determined by the fluorescence on the appropriate microsphere 
(Fig. 3b). This experiment was performed with two different DNA ligases, T4 DNA ligase at 14 OC, and a thermostable 
DNA ligase at 50 OC. The microsphere immobilized with HC7 gave the highest fluorescence compared to the microspheres 
with other probes indicating a G residue at SFJP site. Note that both ligases resulted in the same 6-7 fold discrimination of 
correct from incorrect sequence at SNP site, suggesting that hybridization of probes were not as specific against the SNP 
under t these reaction conditions as would be desired. Greater discrimination may be achieved by ligation at higher 
temperatures using Thermoligase, shorter primer length or possibly an artificial mismatched primer design (Guo, 1997). 
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Fig. 3. Analysis of SNPs by oligo ligation may using microsphere-based flow cytometry. (a) Schematic illustration of 
ligation assay. (b) Ligation assay on the synthetic model target. The ligation assay was performed using two types of ligases 
on the synthetic target, HC11 oligonucleotide as described in the materials and methods. 

We are also developing a minisequencing approach to SNP analysis using DNA polymerase and fluorescent 
dideoxynucleotides. For both the oligo ligaiion method and the minisequencing method, flow cytometry offers sensitive 



fluorescence detection without the need to separate free from bound label. Furthermore, for all of the anaiyses presented 
here (sequence detection by hybridization and S N P  analysis), multicolor detection by flow cytometry offers the potential 
for the multiplexed analysis of many sequences simultaneously using sets of dyed fluorescent microspheres. In this 
approach, distinct microsphere populations are identified by the intensity one or more fluorescent dyes, and each 
population bears a unique sequence. Separate emission wavelengths are used to identify microspheres and make the 
measurements. 

4. SUMMARY 
In this report, we present a new suite of microsphere-based approaches to carry out sequences analysis, such as 
identification of target genes and single-nucleotide polymorphisms using flow cytometry technology. We have 
developed a rapid hybridization-based assay for  gene identification and quantification, and the feasibility of this assay has 
been demonstrated on PCR fragments amplified from'genomic DNA containing a CBD-associated gene target . We also 
developed an oligo ligation assay for single-nucleotide polymorphism analysis and have demonstrated proof-of-principle 
on a synthetic target. Once optimized, we believe these approaches will be developed into rapid, automated multiplexed 
and high throughput assays for large scale sequence analyses needed for the next phase of Human Genome Project. 
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