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Abstract: The structure-specific invasive cleavage reaction is a useful means for sensitive and specific
detection of single nucleotide polymorphisms, or SNPs, directly from genomic DNA without a need for
prior target amplification. A new approach integrating this invasive cleavage assay and surface DNA array
technology has been developed for potentially large-scale SNP scoring in a parallel format. Two surface
invasive cleavage reaction strategies were designed and implemented for a model SNP system in codon
158 of the human ApoE gene. The upstream oligonucleotide, which is required for the invasive cleavage
reaction, is either co-immobilized on the surface along with the probe oligonucleotide or alternatively added
in solution. The ability of this approach to unambiguously discriminate a single base difference was
demonstrated using PCR-amplified human genomic DNA. A theoretical model relating the surface
fluorescence intensity to the progress of the invasive cleavage reaction was developed and agreed well
with experimental results.

Introduction Recent work has described an invasive cleavage reaction for
SNP scoring which has a number of desirable features, including
the ability to directly analyze genomic DNA, high accuracy,
robustness, and an isothermal homogeneous forfhdahe
reaction is based upon cleavage of a unique secondary structure
formed between two adjacent oligonucleotides, one referred to
as the “upstream” oligonucleotide and the other as the “probe”

Single nucleotide polymorphisms (SNPs) are the most
abundant and stable type of variations found in the human
genome, with an estimated frequency of one polymorphic
nucleotide per kilobaskThis property gives them utility as
genetic markers in linkage and association studies aimed at

;dirc]:'lz:ne?n daEdmC;f?;ZggnSo gznzf’ ;r;\t/'(;ql:gs Isn b'gg%ﬁaatl oligonucleotide, hybridized to a target DNA sequence (Figure
unct u ! -However, estl 199 1). The nucleotide at the 8nd of the upstream oligonucleotide

Lci)r such st?]dlesi;[ombe sbuccnessful |r; tt:e ?naly&svo: (I:Ohm:]n dornigs designed to overlap at least one base into the downstream
Sease genes, It may be necessary 1o fype several hundre uplex formed by the probe and the target strand. The unpaired
thousand SNPs in hundreds or thousands of individu#lss . A .
region on the 5end of the probe, or “flap”, along with an

has presented a tremendous challenge and obstacle to the . : .
. immediate downstream paired nucleotide can then be removed
performance of such studies.

by a class of structure-specifi¢-Buclease8. Absolute com-

*To whom correspondence should be addressed. E-mail: smith@ plement_a_rlty between th.e prObPT and the t.afget sequencg at
chem.wisc.edu. the position of overlap is required for efficient enzymatic
T University of Wisconsin-Madison. cleavage, which provides a cleavage rate at least 300 times
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§ Northwestern University. higher than that for a noncomplementary substtaféhis huge
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Figure 1. Two sets of oligonucleotides are required for typing codon 158 A . A
of the human ApoE gene using the invasive cleavage reaction. The bases_. . . ) )

at the polymorphic site are T and C. In either reaction set, therfinal Figure 2. FIuo'rescence Images and sch_ematlcs of both _surface invasive
nucleotide of the upstream oligonucleotide overlaps (or invades) the first C_Iea;/:gf Iriizcntg? Zttr_atfgclieﬁn(g)ro’(ss 'Lﬁrg?: : ur)lstgﬁ{?oghgr%gml?ggfe
base pair of the downstream probe-target duplexTAor the T-allele target 9 €, targ : 9y > P .
and G-C for the C-allele target). The'Buclease specifically cleaves the oligonucleotide is attached to the surface, and the upstream oligonucleotide
probes at the positions marked by the arrows. Cleavage separates théssi %%?c?ntlnsisalgjltlicr)]r::.re’:\c;eta\/rv%? ;\()isé:g?jeczé)o é?:ztéeacgorr;azggnizus no
dabeyk-fluorescein FRET pair (denoted D and F) and disables the quenching r%be oli onﬂcleotide is attached to the éurface anén{he upstream oligo
action of the dabcyl. In the first invasive cleavage reaction strategy, only p 9 ; p 90-

the probe oligonucleotide is attached to the surface, whereas in the second“'“j.eOtIde IS added in solution. Upon addition of 50 pM_ target (T-allele)
invasive cleavage reaction strategy, both theefd of the probe oligo- and incubation at 54.5C for 24 h, the fluorescence intensity increased, on

nucleotide and the'®nd of the upstream oligonucleotide are immobilized. average, by a factor of 3.5. (C) Strategy 2 reactioBoth the probe and

The merits of each reaction strategy are detailed in the text. Oligonucleotidesthe upstream oligonucleotides are attached to the surface. Upon addition

attached to the surface were previously modified with 10 spacer phos- ELo?gsggf]c?irr?gng;—aigilfe)asgg é?]c:\?;gor; %t 2?;%6?&2243 h"rhtg?:ontrol
phoramidite 18s, (S1&) and free thiols. The free thiols of the oligonucle- y ' g€, by ~

otide reacted with maleimide groups on modified gold surfaces. experiment fo_r the co—lmr_noblll_zed surface generated similar results to the
control experiment described in (A).

thermostable Bnuclease allows the reaction to be performed
near the melting temperatur&,() of the hybridization region

between the probe and target strand, so that with excess prOb":r‘ather than being emitted as fluorescetft®uring the reaction,

oligonucleotide present, a cleaved probe will quickly be replaced cleavage physically separates the donor fluorophore from the

by an uncleaved one. The probe oligonucleotides exchange on L i .
and off the target strand for a reaction run nearThewhich acceptor dye on the probe, eliminating the dye-quenching and

results in a linear accumulation of cleavage product with respectgenerating a fluorescence signal.
) i . A powerful approach to the parallel analysis of SNPs would
to both time and target strand concentration. Under optimal P P P y

. . . be to implement the invasive cleavage reaction in a surface arra
operating conditions, approximately 3000 cleaved probes can P g y

. . format. By preparing DNA arrays on surfaces where each
be generated per target molecule in 90 rhinlike the target y preparing . ys | .
o - . element of the array contains a particular SNP-specific probe,
amplification employed in most current SNP scoring technolo-

ies, the signal-amplification format of this assay eliminates addition of a single sample of human genomic DNA to the
gies, g mp . . y 2 surface would lead to formation of the invasive cleavage
carryover contamination which can occur in PER The

combination of sequence-specific probe hvbridization and structure at every site on the surface which corresponded to a
! S€q >-SP pr yorid SNP allele in the genome being analyzed. The invasive cleavage
structure-specific enzymatic cleavage imparts a high degree of

specificity to the reaction, sufficient for the robust detection of reaction wouild give rise to an increase in fluorescence at that
pe y 8 e element of the array, indicating the presence of the correspond-
a single nucleotide change directly from nanogram amounts of

genomic DNA in a serial two-step invasive cleavage reaction ing SNP allele in the target DNA. In essence, the use of the
. o . ) . " planar surface format parallelizes the invasive cleavage reaction,
This assay is in routine use today for clinical SNP screetifg). P P g

. . ) .. so that each different SNP allele in the genome is queried in
The invasive cleavage reaction has been adapted to a variety . -

. . . . “parallel by the corresponding site on the surface. A DNA array
of different formats, including the use of mass spectromgtric

. . . containing 1 million such features would permit the analysis of
and microparticle-basétidetection of the cleavage products. g P 4

. ) T 500 000 biallelic SNPs in a single step.
One convenient way to monitor the reaction in a homogeneous 9 P

. The upstream oligonucleotide, which is also required for the
format s using a fluorescence resonance energy transfer (FRET)lnvasive cleavage reaction, could either be added in solution or

mechanism, where the energy emitted by a donor fluorophore
is transferred to a nearby acceptor dye, and dissipates as heat,

(11) Erlich, H. A.: Gelfand, D.; Sninsky, J. Sciencel991, 252, 1643-1651. alternatively co-immobilized on the surface along with the probe,
(12) Weissensteiner, T.; Lanchbury, JBidTechniqued 996 21, 1102-1108. which we have shown in previous work to be effective in solid-
(13) Erlich, G. D.PCR-Based Diagnostics in Infectious DiseaBéackwell . . .
Scientific Publications: Oxford, England, 1994; p 3. phase invasive cleavage reactiti{Eigure 2). The latter strategy
(14) Heid C 2 Stevens, J.; Livak, K. J.; Williams, P. @enome Res.996 obviates the issues associated with having many different
(15) Kwiatkowski, R. W.; Lyamichev, V.; de Arruda, M.; Neri, Bol. Diagn upstream oligonucleotides interacting in solution in a multi-
1999 4, 353-364.
(16) PRNewswire, Jan. 23, 2002, www.prnewswire.com. plexed _format' . .
(17) Griffin, T. J,; Hall, J. G.; Prudent, J. R.; Smith, L. Mroc. Natl. Acad. In this report, we describe proof-of-concept experiments
Sci. U.S.A1399 96, 6301-6306. demonstrating the feasibility of performing such invasive

(18) Stevens, P. W.; Hall, J. G.; Lyamichev, V.; Neri, B. P.; Lu, M.; Wang, L.;
Smith, L. M.; Kelso, D. M.Nucleic Acids Res. Methods Onligé01, 29,
77e. (19) Tyagi, A.; Kramer, F. RNat. Biotechnol1996 14, 303—-308.
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cleavage reactions on planar substrates, using either synthetican covalently interact with thiol-modified DNA strands. For the probe-
oligonucleotides or a PCR amplicon as a target. A polymorphism only immobilization strategy, 0.5L of 0.8 mM thiol-modified probe

in codon 158 of the human ApoE gene, which plays a key role oligonucleotides was deposited at discrete locations on this maleimide-
in the transport and metabolism of plasma cholesterol and terminated surface. For the co-immobilization strategy (A &liquots
triglycerides20 was employed as a model system. The surface containing both 0.4 mM thiol-modified probe oligonucleotide and 0.4

. . ; mM thiol-modified upstream oligonucleotide were mixed first and
cleavage reaction was studied by measuring the surface fluo- . - .
. . . deposited. The surface attachment reaction was permitted to occur for
rescence intensity as a function of probe cleavage, and a

- . approximately 20 h in a humid chamber to prevent evaporation.
theoretical model was developed relating these two parameters aferward, the surface was rinsed with distilled water and soaked in
Variables affecting the rate of the surface invasive cleavage 10 mm 4-morpholinepropanesulfonic acid (MOPS)/7.5 mM Mg@H
reaction were examined. 7.5), the invasive cleavage reaction buffer, at’60for 3 h toremove
nonspecifically bound DNA3

An alternative method of DNA attachment was used for the allelic

Sequence DesignA polymorphic site in codon 158 of the human discrimination experiments using PCR-amplified target DNA. Thiol-
ApoE gene was used as a model system to test the surface invasivdnodified probe oligonucleotides were linked via SSMCC to an amine-
cleavage reaction. A pair of probe oligonucleotides, differing only at terminated alkanethiol 11-mercaptoundecylamine (MUAM) (Dojindo
the polymorphic nucleotide (T-allele probe and C-allele probe), one Laboratories, Japan)-modified gold substrate. The covalent bonds
upstream oligonucleotide, and two synthetic targets (T-allele and between the layers of the chemical linkers created a more stable
C-allele) were designed to meet the normal requirements for an invasive surface?®
cleavage reaction (Figure 1). A dabefluorescein FRET pair is The Surface Invasive Cleavage ReactionThe 200uL reaction
incorporated in the probe oligonucleotide sequence with dabcyl, the Solution contained 10 mM MOPS (pH 7.5), 7.5 mM Mg@.25uM
quencher, at the'%end. The 3end of the molecule contains a free upstream oligonucleotide in the case of probe-only immobilization
thiol group for covalent coupling to a maleimide group present on the Strategy, 1000 ng of Afu FEN 1 (commercially available in the Factor
surface followed by a series of 10 18-atom spacer moieties, providing V Leiden RUO Kit from Third Wave Technologies, Madison, WI),

a total spacer length of 240 A. The use of such a spacer region betweer@nd 50 pM-5 nM synthetic target DNA or single-stranded PCR product
an oligonucleotide and a surface is often critical to obtaining good (S€€ below). The gold surfaces were fully covered by the 200
performance in surface hybridizatiéh. reaction mix, and incuba?ed at a temperature between 52 an@ 61

Oligonucleotide SynthesisAll unmodified oligonucleotides, includ- 07 UP to 24 hin a humid chamber. The surface fluorescence was
ing the upstream oligonucleotide, target strands (Figure 1), and PCR measured with a Fluorimager 575 (_Molecular Dynamics, Sunnyvale,
primers (see the following section), were obtained PAGE purified from CA) both before and after the reaction.

Integrated DNA Technologies (Coralville, IA). The surface-bound ~ DNA Amplificatiorj, Strand Separation, and Quantification. A
FRET probe oligonucleotides and upstream oligonucleotide (Figure 1) Set f PCR primers,'&iotin-ACAGAATTCGCCCCGGCCTGGTA-

were obtained from Third Wave Technologies (Madison, WI). The CACTGCCA-3 and 3-TCCAAGGAGCTGCAGGCGGCGCAS3

surface-bound cleaved probe’-(STT-(fluorescein-dT)-TGCAGGT- yielded a 228 nucleotide (nt) fragment containing codon 158 of the
CATCGG (spacer phosphoramidite 18pH-3) was synthesized at the human ApoE gene. The 28 amplification reaction mixture contained
University of Wisconsin Biotechnology Center (Madison, Wl). The 5 10% DMSO (Sigma), 1x PCR buffer, 2 mM Mg£I1200 uM each
dabcyl phosphoramidite, fluorescein-dT, spacer phosphoramidite 18, d4ATP, dCTP, dTTP, and dGTP, 2.5 U of AmpliTag DNA polymerase
and 3-thiol modifier C3 S-S CPG500 used in the synthesis were all  (APPlied Biosystems, CA), kM each primer, and 100 ng of genomic
purchased from Glen Research (Sterling, VA). Prior to purification, PNA sample (provided by Third Wave Technologies). The PCR
both 3 and 3 thiol-modified oligonucleotides were deprotected as 'éactions were performed on a PTC-200 Peltier Thermal Cycler (MJ
outlined by Glen Research CatpThe oligonucleotides containing free ~ ReSearch, Waltham, MA) using the following program: denaturation
thiol groups were then purified by reverse-phase binary gradient elution &t 94°C for 2 min, 40 PCR cycles of denaturation at 92 for 30 s,
HPLC (Shimadzu SCL-6A), and stored under an inert atmosphere. annealing at 68C for 30 s, and extension at 7Z for 45 s, with the

Oligonucleotide concentrations were determined by measuring absorp-/n@l cycle extension running for 10 min. _
tion at 260 nm with an HP8453 UWis spectrophotometer. The PCR mixture was purified using the High Pure PCR Product

DNA Surface Attachment Chemistry. The thiol-modified oligo- Purification Kit (Roche Molecular Biochemicals). Strand separation
nucleotides were immobilized on gold thin films via a four-step of the _PCR product was accomplished using streptavidin-coated
chemical modification described elsewhét& In brief, a self- magnetic beads (Dynabeads M-280, Dynal, Great Neck, NY). One
assembled monolayer of the alkanethiol, 11-mercaptoundecanoic acidrnIIIIgrarn of beads were pn_awashed W'th_PBS' pH 7.4 (GI_BCO_ BRL,
(MUA) (Aldrich), was formed on a gold-coated glass substrate Grand Island, NY), contalnlng_o.l% bovine serum albumin (Sigma),
(Evaporated Metal Films, NY), followed by electrostatic adsorption of 2nd 1X E;&W bu;fer (5 mM T”ﬁ'HCL pH 75| 0.5 mM EDTA, 1.0
a poly4-lysine (PL) (Sigma) monolayer through the carboxylic acid mM Nacl). One und_re_d microliters of b_lotlny ated PCR product was
groups of MUA and the amine groups of PL. Free amine groups on added to the streptavidin beads along with LQ0of 2x B&W bulffer.

PL not involved in the electrostatic interaction with the acid-terminated ;I'he mlxtur:ekyvas wcubated at rogm temﬁerature for 15 min wgh
surface were then reacted with the heterobifunctional linker sulfosuc- requent shaking. The beads were then washed twice in 1x B&W buffer

cinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SSMCC) before addition of 10QL of 0.1 N NaOH to separate the _double- )
(Pierce), creating a thiol-reactive, maleimide-terminated surface that stranded PCR product bound to the bgads. The denaturation regc_non
was kept at room temperature for 10 min. The supernatant containing
(20) Nickerson, D. A.; Taylor, S. L.; Fullerton, S. M.; Weiss, K. M.; Clark, A. the nonbiotinylated DNA strand was collected and then neutralized with
G.; Stengard, J. H.; Salomaa, V.; Boerwinkle, E.; Sing, GG&nome Res. 10 uL of 1 M HCI. The single-stranded DNA was purified with

Experimental Section

200Q 10, 1532-1545. i i

(21) Guo, .. Guilfoyle, R. A.; Thiel, A. J.; Wang, R.; Smith, L. Mucleic Microcon 50 (Amicon, Beverly, MA) to remove EDTA and excess
Acids Res1994 22, 5456-5465. salt before use in the invasive cleavage reaction.

(22) Glen Research Corporatidgser Guide to DNA Modification and Labeling To quantify the amount of PCR amplicon used in the reaction, the
1996

(23) Frutos, A. G.; Liu, Q.: Thiel, A. J.; Sanner, A. W.; Condon, A. E.; Smith primer corresponding to the final single-stranded PCR product was
L. M.; Corn, R. M. Nucleic Acids Resl997, 25, 4748-4757.

(24) Jordan, C. E.; Frutos, A. G.; Thiel, A. J.; Corn, R. Ahal. Chem1997, (25) Brockman, J. M.; Frutos, A. G.; Corn, R. M. Am. Chem. Sod 999
69, 4939-4947. 121, 8044-8051.
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on the co-immobilized surface (332 RFU) is lower than that on
the probe-only immobilized surface (772 RFU) (see Figure 3).
On the basis of the assumption that the total oligonucleotide
surface density under the experimental conditions employed

control Strategy 1 Strategy 2 remains constant, this lower initial fluorescence signal can be
Figure 3. This histogram details the fluorescence intensity changes of the attributed FO t.he 2-fold IOwer surf.a.ce probe de”S'tY resulting
surface invasive cleavage reactions shown in Figure 2, where the gray from the dilution of the co-immobilized upstream oligonucle-
columns represent the fluorescence intensities before the reaction, and theptides at a 1:1 molar ratio. This lower surface probe density on
shaded ones represent the intensities atfter the reaction (24 h). In strategy Lo, ¢ immopilized surface also yielded considerably less signal
only the probe oligonucleotide is attached to the surface, whereas in strategy. . .
2, both the probe and the upstream oligonucleotides are attached to thelncrease (430 RFU vs 1910 RFU. on the probel-onl.y |mm9b|llzgd
surface. Four spots<(150 pixels total) were statistically analyzed for each ~ surface, see Figure 3) as the signal generation in the invasive
strategy. The error bars represent the standard deviation of those pixels. cleavage reaction is directly associated with the amount of probe
oligonucleotidet?

8
(=]

3600 | - — control experiment with no added target (panel A), demonstrat-
3000 | ing the target-dependent specificity of the reaction.
= _ The fundamental source of the initial intensity of the probe
g 2400 | oligonucleotide is residual fluorescence from incompletely
° O before guenched fluorophore donor. After subtraction of the back-
S 1800 . S .
g m after ground signal from the surface, the initial fluorescence signal
g
E
[

~=

modified with fluorescein as'Sluorescein-TCCAAGGAGCTGCAG- . e .
GCGGCGCA-3 Following the strand separation described above, the Although the CO"mmOb',I'Zat'oln S”a,teg}’ yields a lower
fluorescein-tagged single-stranded PCR product was collected, and thdncrease in fluorescence signal intensity, it may nonetheless
fluorescence emission of the sample at 520 nm (excitation wavelength Prove to be a more practical format for large-scale genotyping
of 497 nm) was measured with a Hitachi F-4500 fluorescence on DNA arrays. There are several reasons for this: first, it would
spectrophotometer. The amount of this unknown sample was estimatedikely be problematic to have a sufficient concentration of
to be approximately 0.5 pmol by reference to a standard curve preparedhundreds of thousands of different upstream oligonucleotides
from a series of known fluorescent samples. in solution at one time; second, it is likely that interactions
Simulation of the Progress of the Surface Cleavage Reaction.  panween these strands would occur, which would compromise
To relate the observed changes in surface fluorescence intensity to thetheir ability to function in the surface cleavage reaction; third
progress of the surface invasive cleavage reaction, two oligonucleotides,. . . - . ’ L
i . - it would introduce the issue of having to synthesize, quality
the surface-bound FRET probe oligonucleotide (containing both ) o
gontrol, and dispense hundreds of thousands of individual

fluorescein and dabcyl, and hence quenched) and the cleaved prob - -
oligonucleotide (containing only fluorescein, and hence unquenched), cheémical reagents, whereas if the DNA molecules were all

were mixed in ratios of 5:0, 4:1, 3:2, 2:3, 1:4, and 0:5, corresponding Synthesized in situ on the support, as is done in existing
to probe cleavage fractions of 0, 20, 40, 60, 80, and 100%, before oligonucleotide array fabrication, these issues do not exist.
deposition onto the surface in quadruplicate. The total concentration Finally, having the upstream oligonucleotide already in close
of the two oligonucleotides in the mixture was kept at 0.8 mM, proximity to its companion probe oligonucleotide on the support
consistent with the conditions under which the surface invasive cleavagemay provide advantages in the formation of the necessary
reaction was performed in a probe-only immobilization format. The quaternary complex required for the invasive cleavage reaction.

fluorescence intensity of each spot on the surface was measured with . . .
the Fluorlmager 575. A plot of the signal increase as a function of the SNF_) Analysis Using the Surface !nvaswg Cleavage Reac-_
probe cleavage fraction was made using the average fluorescencdiOn- Figure 4 shows the results obtained using surfaces to which
intensity of each quadruplicate sample. both the C-allele probe and the T-allele probe were attached,
and the target employed was a single-stranded PCR amplicon
from the human ApoE gene generated from a human genomic
Two Surface Invasive Cleavage Reaction Strategies. DNA sample. Although it is simpler to prepare double-stranded
Figures 2 and 3 show the results of experiments in which the PCR products than single-stranded, hybridization of the double-
invasive cleavage reaction was performed on oligonucleotide- stranded molecule to the surface will necessarily suffer from
immobilized planar gold substrates using 50 pM synthetic competition of the complementary strand with the surface-bound
T-allele target and a 24 h reaction time. The T-allele probe, probe oligonucleotide. Our previous work showed that the
along with upstream oligonucleotide in a 1:1 molar ratio for surface hybridization efficiency is substantially higher with the
the case of co-immobilization, was coupled to thex1&8 mm single-stranded than with the double-stranded protiithere-
gold surface to form a % 2 array of 2 mm diameter spots. In  fore, single-stranded PCR amplicon was used exclusively in our
panel B, where only the probe oligonucleotide was immobilized surface invasive cleavage reaction experiments. Control experi-
on the surface but the upstream oligonucleotide was added inments were performed with synthetic targets corresponding to
solution with a target strand, the fluorescence intensity increasedeither the C-allele, the T-allele, or a 1:1 mixture of both,
by a factor of 3.5 (average of the four spots) after the invasive representing a heterozygous genotype. In each case, the ap-
cleavage reaction. In panel C, where both the probe and thepropriate results were observed. The homozygous T-allele or
upstream oligonucleotides were immobilized on the surface and C-allele targets yielded a fluorescence signal increase only for
only the target strand was added in solution, a 2.3 times increasethe corresponding probe oligonucleotide, T-allele probe or
in fluorescence intensity was produced. In both cases, aC-allele probe, respectively, whereas the mock heterozygous
significant increase in fluorescence signal was observed in thesample generated similar signal increases for both of the probe
presence of the target molecules, but was not observed in theoligonucleotides. The PCR amplicon target resulted in increased

Results and Discussion
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T-allele C-gllele  Heterozygote PCR
Amplicon
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@ (-allele probe
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Figure 4. Synthetic target and PCR amplicons of codon 158 of the human ApoE gene were genotyped using the first surface invasive cleavage reaction
strategy (probe immobilized). Three experiments were performed with 1 pmol total of synthetic target in combinations representing the thee&NBossib
genotypes. One experiment was performed using approximately 0.5 pmol of a single-stranded PCR amplicon. Postreaction fluorescence images of each
surface are shown above. The percentage signal change for each sample is shown in the corresponding histogram. Relative (rather than ebsehde) fluor
intensity is used because of some minor variability in the amount of probe at each spot of the array. Twe 8pqiséls total) for each sample were
statistically analyzed for each time point. The error bars represent the standard deviation of those pixels.

surface fluorescence only for the C-allele probe, indicating a monolayer, the layers of the chemical linkers, and/or the
homozygous C-allele genotype for the individual in question. coupling efficiency of the probes on each gold slide. Such
This result is consistent with the result obtained using a standardsurface variability is not expected to be large, as all the surfaces
solution invasive cleavage reaction. These results demonstrateand oligonucleotides employed were prepared at the same time
the formation of the invasive cleavage structure on the surfaceand under similar conditions.

and its specific recognition and cleavage by the Afu FEN  Optimum Reaction Temperature. The effect of reaction
enzyme, with single nucleotide specificity. In addition, the ability temperature on the surface invasive cleavage reactions was
to employ a PCR amplicon as a target demonstrates theinvestigated on surface arrays of T-allele probesgisits nM
feasibility of SNP genotyping on surfaces from genomic DNA  synthetic T-allele target with a reaction time of 3 h. Varying
samples. the temperature from 52 to 6IC showed that the greatest

It may be noted that the signal increase is not uniform for increase in fluorescence intensity occurred at approximately 54
the two probe oligonucleotides under the same reaction condi- °C. Interestingly, this optimum temperature of 82 at which
tions. It has been shown in a theoretical analysis of the solution- the surface invasive cleavage reaction proceeds at a maximum
phase invasive cleavage reaction that the exchange of the probeate is significantly different than the optimum temperature of
oligonucleotide on and off the target strand is the rate-limiting 60 °C observed in solution experiments with the same sequences
kinetic step of the reactiolf. The generation of multiple  (J.G.H., unpublished results). A similar decrease in the optimum
cleavage events per target molecule is achieved by operatingtemperature was observed with oligonucleotides immobilized
the reaction near th&, of the probe-target duplex, where the on latex microparticle$® As discussed above, the optimum
cleaved probe is readily melted off from the target strand, and temperature in the solution-phase invasive cleavage reactions
replaced by an uncleaved one, starting another cycle of cleavageis near the melting temperatur&,{ of the probe-target duplex
Therefore, for a given set of upstream, probe, and target structure!® The reduced optimum temperature observed on
oligonucleotides, reaction buffer conditions, and enzyme con- surfaces, therefore, might indicate a lovily for the surface
centration, there is an optimum temperature for maximum signal hybridization than for the corresponding solution hybridization.
amplification. A higher temperature would result in unstable TheT,, is known to depend strongly upon the concentration of
hybridization between the probe and the target, and a lowerthe DNA strand€® and in the case of the surface invasive
temperature would inhibit the cycling of the probe oligonucle- cleavage experiments, the “concentration” of the surface-
otide, resulting in a lower amount of cleavage. The two probe immobilized probe is quite low, limited by the amount of surface
oligonucleotides used in the experiments have differBmt area available and the surface density of the oligonucleotides
because of the sequence difference at the polymorphic site (Tof ~5 x 10'2 molecules/cn#32% The total amount of probe
vs C). Therefore, one likely reason for the observed difference oligonucleotide available in the four 2 mm diameter spots on
in signal generation for the two probe oligonucleotides on the the surface is approximately 1 pmol. However, the two-
surface is the difference in theii,s This difference can be  dimensional surface system makes the definition of DNA
minimized, if desired, by varying the length and/or composition “concentration” complicated as the attached probe oligonucle-
of the probe oligonucleotides to yield simil@gs. A preliminary otides are no longer uniformly distributed as they are in a three-
investigation of this temperature issue for the surface invasive dimensional solution. A very simplistic approach to this problem
cleavage reaction on the probe-only surfaces will be discussedwould be to neglect this surface effect, and calculate “effective”
below. Another possible reason for this difference in signal concentrations as if the probe oligonucleotides were uniformly
generation is variability in the surface density of the two probe
oligonucleotides resulting from differences in the self-assembled (26) Allawi, H. T.; SantaLucia, JBiochemistry1997, 36, 10581-10594.
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8 e e A very useful and important parameter in describing FRET
o measured on surfaces is the energy transfer efficienEywhich can be
— linear model readily obtained from the data of Figure 5. As it is in solution,
---nonlinear model . X

E is defined a¥

|
E=1--2 (1)
e

| Here, Irq and Ir denote the fluorescence intensities of the
‘ - quenched and nonquenched probes, respectively. The fluores-
0 0.2 ng'e“cleavage o 0.8 ! cence intensities shown in Figure 5 were normalized to the
Figure 5. Th face fi intensity ch funct intensity measured at a probe cleavage fraction of 0, giving a
lgure 5. € average surrace fluorescence intensity changes as a runction — : .
of probe cleavage fraction. A series of samples were prepared to simulatevaIue for Irq 1.0. The fluorescence intensity at a probe

different stages in the progress of the surface invasive cleavage reactioncleavage fraction of 1 (complete probe cleavage) provides the
(see Experimental Section). The data points shown are the average of theother limit, corresponding t: = 6.23. Using these two values,
quadruplet of each sample, and the error bars represent the standard deviatioy,q readily calculated to have a value of 0.84. Interestingly,
of the measured intensities from theB0 pixels in each quadruplet. The hi f ffici is | h h b di luti
straight line connecting the 0 and 100% points is a model based on the ¢ _'S suriace efficiency !S ower t _an that observed in solution
assumption of intramolecular only energy transfer with constant FRET With the same probe oligonucleotidds{uion~ 0.91, data not
efficiency. The curved dashed line is a model which takes into account shown). A possible explanation for this less efficient FRET
both intramolecular and intermolecular FRET. This second model, which process on the surface is that the attachment of the oligonucle-
appears to accurately describe the data, is described fully in the text. . : . . I

otide onto the surface restricts its conformational flexibility and
that this reduced flexibility reduces the efficiency of the dipele
dipole interaction between the dye and quencher molecules that
mediate the FRET process.

An interesting aspect of the experimental results shown in
Figure 5 is the nonlinear relationship between the surface
fluorescence intensity and the fraction of cleaved probe. If one
assumes that the FRET process is restricted to interactions
between the fluorescence donor and acceptor on the same probe
and that the corresponding energy transfer efficiency is a

that for the solution reaction. Solution-phase temperature titration cOnstant during the reaction, the fluorescence intensity is
experiments using the lower probe concentration, 5 nM, also e_xpected to be a linear function of the probt_e clgavage fraction,
generated a 6.8 lower optimum temperature (data not shown). given by the sum of the fluorescence contributions of the two
Both of these results are comparable to the observed decreasBOPulations of molecules on the surface, as follows:

of 6 °C on the surface. Thus, one likely explanation for the
observed difference in optimum temperature is that it is a direct 10 =Xl + (1= X)eq
consequence of the relatively low numbers of probe molecules =xx623+1—-x x1
participating in the reaction in the surface experiments. Other
possible explanations include electrostatic effects of the surface =5.2X%+1 @)
upon DNA or enzyme binding’, and steric or other effects of
the surface upon the kinetics of the DNA hybridization or
enzymatic cleavage reactions. Further work will be required to

delineate the relative importance of these and other factors. cleavage fraction between 0 and 1, the observed fluorescence
Theory of Surface FRET. To study the underlying mech- — j,ianity is lower than that predicted by this linear relationship.
anism of the surface cleavage reaction, it is essential to be able explain this behavior, we hypothesized that in addition to
to determine the fraction of probe molecules that are cleaved o intramolecular ener;:]y transfer process, there might be
on the surface under a given set of conditions. The mMOst ,5rescence quenching effects occurring between adjacent probe
straightforward approach to obtain such information is 10 qigonycleotides on the surface. From the surface density of
monitor the changes in surface fluorescence intensity during approximately 5x 1012 molecules/cry the average distance
the course of the cleavage reaction; this requires, however, that, o een two adjacent probe molecules may be estimated to be

the relationship between surface fluorescence intensity and the, .o \nq 50 A. As the energy transfer efficiency of FRET is

fraction of cleaved probes on the surface be known. To evaluate,,\vn to be inversely proportional to the sixth power of the

this relationship, surfaces were prepared with varying propor- gistance between the donor and acceptor dye molecules, and is
tions of cleaved and uncleaved probe oligonucleotides (Seegenerally effective within the range of 100 A3:34 this
Experimental Section), and the surface fluorescence intensity ’

was measured for each sample (Figure 5). (30) Tyagi, S.; Bratu, D. P.; Kramer, F. Rat. Biotechnol1998 16, 49-53.
(31) Forster, TDiscuss. Faraday Sod 959 27, 7—17.
(32) Stryer, L.; Haugland, R. RRroc. Natl. Acad. Sci. U.S.A967, 58, 719—

dispersed in the entire experimental solution volume. For the
200uL volume employed here, this yields an “effective” probe
concentration of 5 nM, as compared to the typical probe
concentration employed in solution-phase invasive cleavage
reactions of 500 nM. Using the nearest-neighbor mét&ive
performed estimates of the expected differencdjnfor the
solution and surface experiments, based upon these difference
in probe “concentration” in the two experiments, which yield a
predicted 7.5C lower Ty, for the surface cleavage reaction than

wherex corresponds to the probe cleavage fraction, ldrdis
the total fluorescence intensity observed.
However, as shown in Figure 5, at each measured probe

(27) Santalucia, J., Jr.; Allawi, H. T.; Seneviratne, P.Blochemistry1996 726.

35, 3555-3562. (33) Widengren, J.; Schweinberger, E.; Berger, S.; Seidel, C. AJ.NRhys.
(28) Integrated DNA Technologie€ligo Analyzer 2.52001. Chem. A2001, 105 6851-6866.
(29) Vainrub, A.; Pettitt, B. MChem. Phys. Let200Q 323 160-166. (34) Didenko, V. V.BioTechnique001, 31, 1106-1121.

J. AM. CHEM. SOC. = VOL. 124, NO. 27, 2002 7929



ARTICLES Lu et al.

mechanism seemed to be a likely possibility. The prediction of and therefore

this hypothesized mechanism is qualitatively in accord with the

observations; at low probe cleavage fractions with a large P [(} + DZ"% =c @)
number of dabcyl quenchers on the surface, the emission from Az :

fluorescein on the cleaved probe is substantially suppressed by

the intermolecular quenching effect. However, this effect Or upon rearrangement

becomes less significant as the probe cleavage fraction increases,

because the density of quenchers on the surface decreases, and 0= =
thus the intermolecular quenching process becomes less efficient. 1

Therefore, a greater increase in fluorescence signal is observed -+ DzkiD 1+ TDZk"D
at higher cleavage fractions than would be predicted by the linear T : '

Ct

(8)

model. For probes on a hexagonal lattice
To provide a quantitative description of this hypothesis, we

developed a simple mathematical model that relates the steady- 6

state fluorescence signal measured from the surface to theTDZKD: 6tk = 67‘(_) (1-x

progress of the invasive cleavage reaction. In establishing this ' Ay

model, the goal was to achieve a high level of fitness using a = a(1 — x) 9)
minimum number of assumptions. For convenience, the oligo- ] ) )
nucleotides attached on the surface are assumed to be assembldere @ = 6(Ru/l),° Ry is the Foster radius, and is the
in a hexagonal close packed monolayer with a spacing of intermolecular spacing.

approximately 50 A. As discussed before, we divide the signal ~ For @ hexagonal lattice

generated from the surface into two parts corresponding to the

state of the probe molecule. The signal from intact probe |l= /= (10)
molecules having both fluorophore and quencher is derlptgd «/§p

and the signal from cleaved probe molecules with only

fluorophore islr. wherep is the surface density.

Becausdr(x) O Pl (1) = I, andF k= 0 when there
[]

109 = XI(x) + (1 — )l gq ©) are no quenchers, then
e
Furthermore, because of the proximity of quencher and [(X)=— (1))
fluorophorg on intact probe molecules, intramolecqlar quenching 14+ TEEkiD
is the dominant form of energy transfer. Interactions between T

fluorophores on intact probes with other molecules are therefore ) o _ o )
ignored, and the total contribution to the measured intensity BY making all substitutions into our original equation, then
of the intact probes is taken to be simply proportional to the

. L xI
fraction of uncleaved probes (£ x). The contribution to the (X)) = —————+ (1 — kg (12)
measured intensity from cleaved probe molecui€x), requires 1+all-x
a more detailed explanation, which is provided in the derivation The next task is to test the fithess of this model with the

below. . ) N signal measured from the simulated surfaces. As discussed
~ We begin by looking at the probability that any fluorophore - ,reviously, the normalized fluorescence intensities generated a
is excited at time, Pg(t). The time derivative has the following | 5i,e forleo = 1.0 andle = 6.23. The model is then fitted to
form: the data with a single adjustable paramet&t With this set
1 of data, ‘@’ was found to be 2.18 (Figure 5). The last remaining
P (1) = — —P(t) — P(t) + ¢ 4 question is whether this is a reasonable value. Under our
% T % Zk‘ <0 @) experimental conditions, the surface probe density,is

estimated to be 5 10" molecules/criproviding a value for
This equation takes into account the fluorescence deehly | 0f 50 A. Using this value of together witha = 2.18 yields
tPe(t), wherer is the fluorescence lifetime, quenching/energy @ value forRy of 42 A for our system, wh;gr;‘lfalls nicely in the
transfer— Y kPx(t), wherek; is the rate constant for quenching  typical range of Fester radii (16-100 A)3*
by theith quencher, and steady-state pumping Conclusion

At steady statePe(t) = 0, making In the present work, it is demonstrated that a structure-specific
1 invasive cleavage reaction can be performed on planar substrates
PF(_ + ZK =c (5) with single nucleotide specificity, permitting the identification
T [ of SNP genotypes in a surface array format. In this study, the
target species employed were either synthetic oligonucleotides
Averaging over all possible configurations of quenchers gives or a PCR amplicon, at concentrations of 50 pM (Figure4 @
The eventual goal of the work is the determination of SNP
[szkim [PF[HXKD (6) genotypes directly from genomic DNA samples, which will
T [ require a further reduction in the target DNA concentration to
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5 pM or less. Future work will focus on increasing the detection transfer processes are occurring between dye and quencher
sensitivity of the surface invasive cleavage reaction to permit molecules on the surfaces.
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