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ABSTRACT. The invasive signal amplification reaction is a sensitive method for single nucleotide
polymorphism detection and quantitative determination of viral load and gene expression. The method
requires the adjacent binding of upstream and downstream oligonucleotides to a target nucleic acid (either
DNA or RNA) to form a specific substrate for the structure-specificutleases that cleave the downstream
oligonucleotide to generate signal. By running the reaction at an elevated temperature, the downstream
oligonucleotide cycles on and off the target leading to multiple cleavage events per target molecule without
temperature cycling. We have examined the performance of the FEN1 enzymedifcbaeoglobus
fulgidusandMethanococcus jannasctand the DNA polymerase | homologues frarthermus aquaticus

and Thermus thermophilum the invasive signal amplification reaction. We find that the reaction has a
distinct temperature optimum which increases with increasing length of the downstream oligonucleotide.
Raising the concentration of either the downstream oligonucleotide or the enzyme increases the reaction
rate. When the reaction is configured to cycle the upstream instead of the downstream oligonucleotide,
only the FEN1 enzymes can support a high level of cleavage. To investigate the origin of the background
signal generated during the invasive reaction, the cleavage rates for several nonspecific substrates that
arise during the course of a reaction were measured and compared with the rate of the specific reaction.
We find that the different 5Snuclease enzymes display a much greater variability in cleavage rates on the
nonspecific substrates than on the specific substrate. The experimental data are compared with a theoretical
model of the invasive signal amplification reaction.

With the advent of the genomics revolution, the need for alternative approach, called a probe cycling reaction, a
low-cost and high-throughput methods for nucleic acid sequence-specific probe can be annealed to a target sequence
analysis has never been greater. The existing methods forand then cleaved by a specific nuclease, such as RNase H
nucleic acids detection can be divided into two categories: (6), A exonuclease7?), exonuclease Il §), or a structure-
those based on target amplification, such as P@R LCR specific 3 nuclease9). In the RNase HJ exonuclease, and
(2), TAS (3); and those based on signal amplification. The exonuclease Il techniques, cleavage of the bound probe
latter greatly simplify target quantitation and have the destabilizes the duplex, resulting in dissociation of the cut
advantage of greatly reducing the possibility of cross- probe, which allows an uncut probe to bind to the target
contamination in analyses of large numbers of samples. Onesequence. In the' :iuclease method, rapid replacement of
approach to signal amplification, utilized by the bDN#4) (  the cleaved probe is achieved by performing the reaction at
and hybrid capture techniques) (is annealing of a sequence- elevated temperature. For all probe cycling techniques,
specific probe to each target site followed by labeling of the dissociation of the cleaved probe and then annealing of an
resulting complex with multiple reporter molecules. In an uncut probe are followed by further rounds of cleavage and

probe replacement, thus yielding multiple cleavage events

P for each target molecule during the course of the reaction.
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otide, which displaces or “invades” the probe. If the overlap  The model also predicts that increasing the concentration
between the adjacent oligonucleotides is only one nucleotide,of the probe will increase the rate of the reaction, which we
cleavage takes place between the first two base pairs of thealso find to be true. We also examined the ability of the
probe, thus releasing its &rm and one nucleotide of the enzymes to cleave under conditions in which the upstream
base paired regiorl®, 13. oligonucleotide cycles instead of the probe. The FEN1
In a signal amplification modification of an invasive €nZymes, but not TagPol and TthPol, are able to support a
reaction described previousl®,(14), an upstream oligo- high level of cleavage undgr these conditions. We find that
nucleotide and a probe are present in large molar excess ovefl® Proposed model explains some, but not all, aspects of
the target nucleic acid. When invasive cleavage is carried the reaction. The experimental data suggest that the kinetics
out near the melting temperature of the probe, a cut probe©f Probe replacement are affected by the type'ofitlease
can rapidly dissociate, and an intact probe will anneal to the @nd its concentration; this effect is not accounted for in the
target more frequently than will a cut probe, thus initiating Ccurrent model. Finally, we examined the cleavage of several
a new cycle of cleavage. Hence, multiple probes can be cutMONSpecific substrates that are expected to generate back-
for each target molecule under isothermal conditions, result- 9reund in the cycling reaction. By examining cleavage of
ing in linear signal amplification with respect to target these ljon_speuflc substrates, we are able to quu;kly'evaluate
concentration and timed). Herein, we refer to this assay as "€ Suitability of enzymes for use in assay applications.
the invasive signal amplification reaction. Addition of a
second invasive signal amplification reaction, in which the MATERIALS AND METHODS
cleaved 5 arm from the first reaction functions as an Materials. Chemicals and buffers were from Fisher
upstream oligonucleotide in the second reaction, enables totakscjentific unless otherwise noted.
signal amplification as great as 14, 15. This level of
amplification is sufficient for direct single nucleotide poly-

morphism (SNP) analysis on genomic DNA, quantitative ., s fgidusandMethanococcus jannaschiiere cloned,
analysis of viral load, and quantitative gene expression expressed, purified, and quantitated as descrietty using
without any preliminary target amplification steps, such as ;s Bind résin met,al chelation chromatography (Novagen)
PCR (4-18). as a final step. All enzymes were dialyzed and stored in 50%

The requirement for overlap between the upstream oligo- glycerol, 20 mM Tris-HCI, pH 8, 50 mM KCI, 0.5% Tween
nucleotide and the probe can be employed for high-level 20, 0.5% Nonidet P40, 10@g/mL BSA. A conserved
nucleotide discrimination, which is critical for SNP analysis. aspartic acid at position 785 of TagPol and position 787 of
To accomplish this, the probe is designed so that the TthPol was mutated to an asparagine to create polymerase-
nucleotide immediately upstream of the cleavage site candeficient versions of the enzymes used in this stutf).(
base pair with the nucleotide of interest in the target strand.  gypstrate PreparatiorAll oligonucleotides were synthe-
When the target and probe are complementary at the positionsjzed on a PerSeptive Biosystems instrument using standard
of the polymorphism, overlap occurs between the upstreamphosphoramidite chemistries (Glen Research). The oligo-
oligonucleotide and probe, resulting in efficient cleavage. nycleotides labeled on their’ %ends with TET (Glen
When the target and probe are not complementary in this Research) were purified by reverse-phase HPLC using a
position, overlap is eliminated, and the cleavage rate is very Resource Q column (Amersham-Pharmacia Biotech). All
low (9, 13. This large difference in cleavage rates between gjigonucleotides were purified on a 20% denaturing poly-
substrates having overlap between the upstream oligonucleacrylamide gel followed by excision and elution of the major
otide and probe and substrates which lack overlap ensures &and (3). Oligonucleotide concentrations were determined
high level of nucleotide discrimination in SNP analysts ( by measuring their absorption at 260 nm.

14, 17-19). Invasive Signal Amplification Reactions with a Cycling
Further improvements in the method require a detailed Probe.The biotin-labeled substrates were incubated with a
understanding of the invasive signal amplification reaction, 5-fold excess of streptavidin (Promega) in reaction buffer
including the thermodynamics and kinetics of probe replace- containing 10 mM MOPS, pH 7.5, 0.05% Tween 20, 0.05%
ment and the enzymology of cleavage. Previously, we have NP-40 and 1Q:g/mL tRNA at room temperature for 10 min
described the activity and specificity of seven structure- before assembling the reaction samples. Unless otherwise
specific 5 nucleases under conditions of limiting enzyme indicated, 10uL reactions contained 2M probe, 0.2 nM
and excess substrate3]. This paper continues the charac- target strand, varying amounts of enzyme, and 4 mM MgClI
terization of the FEN1 enzymes frorchaeoglobus fulgidus  in the reaction buffer described above. The reactions were
(AfuFEN) andMethanococcus jannasch{iljaFEN) and the assembled on ice and initiated by transferring the samples
DNA polymerase | homologues fromihermus aquaticus  to a Mastercycler gradient thermocycler (Eppendorf). The
(TagPol) andThermus thermophiluglthPol) under condi-  reactions were performed at different temperatures and
tions of limiting target. We describe a model for the invasive stopped by cooling the samples in an ice bath followed by
signal amplification reaction and test it with the four 5 addition of 10uL of 95% formamide containing 10 mM
nuclease enzymes. The model predicts that the temperatur&DTA and 0.02% methyl violet (Sigma). The samples were
optimum for the invasive signal amplification reaction should analyzed by electrophoresis through a 20% denaturing
occur near the melting temperature of the probe. In ac- polyacrylamide gel, and then the gels were scanned on an
cordance with this prediction, we observed that increasing FMBIO-100 fluorescence gel scanner (Hitachi) as described
the length of the probe increases the optimum reaction (13). The fraction of cleaved product was determined from
temperature. intensities of bands corresponding to uncut and cut probe

Purification of EnzymesStructure-specific 'Snucleases
from Thermus thermophilys’hermus aquaticysArchaeo-
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Ficure 1: Effect of enzyme concentration and temperature on the cycling cleavage rate. (A) Sequence and proposed structure of the over-
lapping substrate, which consists of an integrated upstream strand and target strand (IT molecule) and a separate probe strand. Position of
the cleavage site is shown by an arrow. TheeBd of the IT molecule is modified with biotin and blocked with streptavidin (btSA) as
described under Materials and Methods to prevent nonspecifiadease cleavage of the target strand-EB Cycling cleavage rate mea-

sured as a function of temperature withu®1 downstream probe and 0.2 nM IT molecule as described under Materials and Methods.
Enzyme concentrations tested: (@)(4, (O) 16, (x) 64, @) 256, and [0) 512 nM AfuFEN; (C) @) 8, (O) 32, (x) 128, @) 256, and ()

512 nM MjaFEN; (D) @) 1, (O) 2, (x) 4, (@) 16, and 0) 32 nM TthPol; (E) ®) 4, (O) 8, (x) 16, @) 32, and [J) 64 nM TagPol. Each
experiment was repeated in triplicate, and the mean value was used for data analysis. The experimental error of the measurements did not
exceed 10%.

with FMBIO Analysis software (version 6.0, Hitachi). The stream duplex and X-structure substrates were measured at
reactions were run so that the fraction of cut product did different temperatures under conditions of substrate excess
not exceed 20% to ensure that measurements approximated M) and limiting enzyme concentration as indicated in
initial cleavage rates. The cycling cleavage rate was definedthe figure legends. The reaction products were separated on
as the concentration of cut product divided by the target 17.5% denaturing polyacrylamide gel. The cleavage rates of
concentration and the time of the reaction (in minutes). the downstream duplex and X-structure substrate were
Reactions with a Cycling Upstream Oligonucleotide. defined as the number of substrate molecules cut per enzyme
Assays were performed usingu probe/target molecule ~ molecule per minute.
(Figure 6A) and 0.2 or 10 nM upstream oligonucleotide with
256 nM AfuFEN or 16 nM TthPol, respectively, as described RESULTS
above for the invasive signal amplification reactions with a  Theoretical Analysis of the lmsive Signal Amplification
cycling probe. ReactionAn overlapping substrate for the structure-specific
Michaelis-Menten Kinetics with All-in-One Substrafthe 5 nucleases, described previousl), consists of the target,
initial cleavage rate of the all-in-one substrate (Figure 5A) upstream, and downstream (probe) strands as shown in
with 5 pM AfuFEN was measured as a function of the Figure 1A. The target and upstream strands are joined with
substrate concentration (10, 20, 40, 80, and 160 nM) anda stable three-nucleotide loop to maintain stoichiometry and
temperature (48.4, 50.8, 53.6, 56.5, 59.3, and 8C)8 The to stabilize the binding of the upstream strand. In this
fraction of cleaved product was determined as describedsubstrate, the upstream and probe strands overlap by one
above. The cleavage rate was defined as the number ofnucleotide, although the ' 3terminal nucleotide of the
substrate molecules cut per enzyme molecule per minute.upstream strand is unpaired, thus creating positional rather
Reactions with Nonspecific Substrat&he cycling cleav- than sequence overlap with the annealed portion of the probe.
age rates with the nonoverlapping substrate (Figure 7C) werelt has previously been demonstrated that the®leotide
measured as described for the invasive signal amplification of the upstream oligonucleotide need not base pair to support
reactions except that the concentration of the target strandcleavage ¢, 12, 13. The 5 nuclease cuts specifically
was 10 nM. The downstream duplex and X-structure between the first two base pairs of the duplex formed by
substrates (Figure 7B,D) were prepared with equimolar the probe and target strands, releasing theerh of the probe
amounts of each strand. The cleavage rates of the down-and one additional nucleotide from the base-paired region.
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When operated as a signal amplification reaction, the invasivetarget conservation condition: [ElJF [EIT] + [EITP] +
cleavage is carried out under conditions in which the probe [EITP'], where [EIT} is the initial concentration of EIT.

is present in large molar excess over the target strand. If the According to assumptions (i) and (iv) discussed above,
reaction is performed at elevated temperatures, the cut probdEIT], = [T]o and [P]= [P]o, Wwhere [T} and [P} are the
spontaneously dissociates after cleavage, thereby allowinginitial concentrations of the target and probe, respectively,
its replacement with an uncut probe under isothermal and eqs 2 can be analytically solved to find the initial
conditions initiating a new cycle of the reaction. The cleavage rate of the reaction:

upstream oligonucleotide does not need to be cycled, so it

is designed to have a higher melting temperature than the diA] ki[Plo[T]o 3)
probe. dt k_, 1 1
With some simplification, the invasive signal amplification 1+ s + Kky[Plo k. e
reaction, also referred to as the probe cycling reaction for 2
this c_ilsc_ussm.n, can be considered as a typical enzymatic Equation 3 can be rewritten as
reaction in which a complex formed between thadclease,
E, target, T, and upstream oligonucleotide, I, called the EIT d[A]
complex, plays the role of an enzyme. The probe, P, serves e of[T], 4)

as the substrate, and the reaction can be described by the

following kinetic model: wherea is the cycling cleavage rate defined as the number
of probe molecules cleaved per target molecule per unit of

K s 2 e
EIT+P-_-EITP—EITP +A—EIT+P +A (1)  fme:

k[P
where Pis the cleaved probe, A is the cleaveédabm of the o= K ilPlo (5)
probe, and EITP and EITRre complexes between EIT and (1 + _1) + k,[P] (i 4 i)
uncut and cut probes, respectivelly and k-; are the Kn Nk ko
association and dissociation rate constants of the probe
binding with the EIT complex, respectively; is the cleavage Effect of Temperature and Enzyme Concentration on the
rate constant, ankb is the dissociation rate constant of the Cycling Cleaage RateThe substrate shown in Figure 1A
cleaved probe. was used as a model substrate to study the probe cycling

Several assumptions are included in the proposed modelr€action with two archaeal FEN1 bucleases(1), AfuFEN
(eq 1): (i) all target molecules are assumed to be bound to@"d MjaFEN, and two eubacterial enzymes, TaqPol and
the upstream oligonucleotide and enzyme, thus the kinetics TthPol. The upstream oligonucleotide and target were
of EIT formation are not included in the model; (ii) combined into one molecule, called an IT molecule; its 5
dissociation of Pdoes not require prior dissociation of the €nd was blocked with a biotin-streptavidin complex. The
enzyme from the EITRcomplex, which simplifies the model ~ Plocking group was used to preveritriuclease cleavage of
by omitting the following pathway of Riissociation: EITP ~ the IT molecule 10, 23. The biotin-streptavidin complex
< E+ ITP' — EIT + P (iii) dissociation of Poccurs only ~ Was separated from the downstream duplex by a four
by the dissociative mechanis/Q), where the cleaved probe nucle_otlde !mker (BTTTT) to ehmmatg its eﬁgct on cleavage
completely dissociates before another probe anneals. Thd€action. Figures 1B through 1E depict cycling cleavage rate
contribution from the sequential displacement mechanism data for the probe cycling reaction with the model substrate
(20), where the cleaved probe is replaced by a partially (Figure 1A) measured as a function of enzyme concentration
annealed uncut probe, is considered negligible. We also@nd temperature for each of the four enzymes.
assume that (iv) only a small fraction of the total amount of _ TWO major observations can be made from these data:
the probe is cleaved by the enzyme, so that at any momentf'rStv for e_ach enzyme and each enzyme concentration, there
the concentration of P is much higher than the concentrationS an optimal temperature where the cycling cleavage rate

of P'; therefore, the reverse process of the reaction, €1T  féaches a maximum; second, the cycling cleavage rate
P — EITP . is not taken into account. increases with enzyme concentration, either reaching a

maximum for TaqPol and TthPol or approaching a plateau
for AfJUFEN and MjaFEN. These features of the probe
cycling reaction will be analyzed in terms of the proposed
d[EIT] kinetic model (eq 1) in the following sections.
g = —k,[EIT][P] + k_4[EITP] + K[EITP'] Optimal Temperature of the Probe Cycling Reaction
t Correlates with the Probe Melting Temperatufiehe exist-
d[EITP] ) ence of an optimal temperature for the probe cycling reaction
g~ %[EITP] — kK[EITP] (2) (Figure 1) can be explained by analyzing eq 5 under
conditions in which the reaction temperature is either below
dlA] _ K [EITP] or above the melting temperatuf@,, of the probe. For this
dt analysis, we need to evaluate the parameters of &g k-

[Plo, k-1, andk,, that definea. The cleavage rate constant
where the brackets are used to indicate concentrationsk, estimated for the 'Snucleases studied in this work
Additional equations can be obtained using steady-stateincreases less than 10-fold in the temperature range from
approximations: d[EIT]/d= 0 and d[EITPF)/dt = 0, and a 50 to 75°C (13), and its value varies in the range from 2 to

The model summarized by eq 1 can be further described
by the following equations:




5" Nucleases and Probe Cycling Reaction

40 s! (ref 13, and data shown below). The association rate
constank; for oligonucleotides depends weakly on temper-
ature, and its value is between®ldnd 10 M~* s~ under
conditions similar to those used in this wo2J. This allows
an estimation of the paramet&(]P], value as 220 s
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5:
%
A Sarghy»%
g2, LCAACTGCCGTGAS 120t
~pp TCAACTGCCGTGAT-3' 13-t
2CAACTGCCGTGATCC-3' 15-nt
G ATGCTCCGCGTGGTTGACGGCACTAGGTTTT - btSA-5'

assuming that [B]= 2 M. In contrast to the parameteks ATACGAGGCGCACA. 5,

and ki[P]o, the dissociation rate constarits; and k, for 60
oligonucleotides should depend dramatically on temperature s | B AfuFEN x X
(23, 29. Therefore, at temperatures beldw, k-1, ko < ki, 40 | o ° %
ki[P]o, whereas above the probd’s the opposite would be %0 P x. %
true, k-1, k2 > ki, ki[P]o. — | =8 °
According to this analysis, below th&, of the probe, eq fg 201 x
5 is reduced to = 10 x $ X
® ol &
= o 50 52 54 56 58 60 62 64 66 68 70 72
*=k ©) g T(°C)
©
In other words, below, the reaction rate should be limited § ;Z C TtPol o o
by the low dissociation rate constdatfor the cleaved probe. £ s ] . LI
Above T, eq 5 can be transformed into 3 .
40 | ° X X
30| © X o X
_ kkalPlo - 20 18 5 .
o= (7
k_; 10 | X g X
0 X

whereo. becomes limited now by a high dissociation rate 58 60 62 64 66 68 70 72 74 76 78 80
constantk_;, or by a low probability ki[P]o/k-;, of probe T(°C)

binding. This analysis suggests that the optimal reaction pigyre 2: Effect of temperature on the cycling cleavage rate for
temperature should correspond to conditions where the12-, 13-, and 15-nucleotide probes with AfuFEN or TthPol. (A)
association raté[P]o and the dissociation rate constaat ~ Sequence and proposed structure of the target molecule and 12-,

are equal or close to each other or, in other words, the optimal 13- and 15-nucleotide probes used in the probe cycling reaction.
be cycling reaction temperature should be close to the(B) Cycling cleavage rate as a function of temperature &ri2-,
probe Cy (0) 13-, and &) 15-nucleotide probe (2M) with 0.2 nM target

probe’s melting temperature. _ ~ molecule and 256 nM AfuFEN. (C) Same conditions as (B) except
The proposed relationship between the optimal reaction with 16 nM TthPol. Each experiment was repeated in triplicate,

temperature and the probe’s melting temperature can beand the mean value was used for data analysis. The experimental
tested using probes with different length and, therefore, &77or of the measurements did not exceed 10%.

different T,s. Figure 2 shows the temperature dependence
of the cycling cleavage rate for 12-, 13-, and 15-nucleotide
probes with the same target molecule for AfuFEN and
TthPol. As expected, the longer probes have higher optimal
reaction temperatures under the same experimental condition
for both enzymes. The experimentally determined optimal
temperatures for 12-, 13-, and 15-nucleotide probes with 256
nM AfuFEN (Figure 2B) are 57.5, 58, and 6€, respec-
tively. The melting temperatures for these probes can be
predicted using nearest-neighbor thermodynamic parameter
(25). The unknown thermodynamic parameters for DNA
duplex formation in buffers containing Mgand 3 nucleases
were substituted with the available parameters fot g
selecting an appropriate NaoncentrationZ6). We found
that the nearest-neighbor parameters for 500 mM piadict

concentration (Figure 1) can be explained by saturation of
the substrate complex with enzyme. At enzyme concentra-
tions corresponding to the plateau or to maximal levels of
the cycling cleavage rate, it is assumed that all target
¥nolecules are bound to the enzyme (see the first assumption
for eq 1). As shown in Figure 1, the saturating concentrations
for the TagPol and TthPol enzymes are approximately 1 order
of magnitude lower than for the AfuFEN and MjaFEN
enzymes, suggesting that TagPol and TthPol bind the
Substrate more strongly than do the FEN1 enzymes.

If cleavage occurs much faster than probe dissociation,
or the cleavage rate constakt is much higher than the
dissociation rate constanks; and kp, ky > k_4, ks, then
according to eq 5:

melting temperatures of 57.3, 58.6, and 624 2for the 12-,

13-, and 15-nucleotide cleaved probes, respectively, which
are in excellent agreement with the corresponding experi-
mentally determined optimal temperatures. The optimal

k[Pl
=T (8)
1+ E[P]O

reaction temperatures with 16 nM TthPol (Figure 2C) are
approximately 8C higher than those observed with 256 nM whereina is expected to be enzyme-independent. The data
AfuFEN. Figure 2B shows that the maximal valuecofor shown in Figure 1 are not consistent with this conclusion.
AfuFEN increases with probe length, although for TthPol First, the maximal cycling cleavage rate and the correspond-
the maximal cycling cleavage rate for the 15-nucleotide probe ing reaction temperature differ for the four enzymes used in
is 30% lower than that obtained for the 12- and 13-nucleotide this work. Second, the optimal reaction temperature for each
probes. 5 nuclease increases significantly with increasing enzyme
Effect of 5 Nucleases on the Probe Cycling Reactidhe concentration. These observed influences of the enzymes on
increase in the cycling cleavage rate with increasing enzymethe cycling cleavage rate imply that the association rate
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constantk; and/or dissociation rate constarks; and k.

60
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depend on both the type of Buclease and its concentration. 50 | A AUFEN o ° o
Effect of Probe Concentration on the Cycling Clage 50 o = . -
Rate. Equation 5 can be rewritten using the Michaelis 0l = X o
Menten formalism: < 2 " x u
E T é ¢} . o x
amax[P]O ; 10 g [ . [} o
=R+ Pl ®) R e T
m [ ]O ué) 47 4'9 51 5‘3 55 5‘7 5'9 6‘1 6‘3 6‘5
> 0,
where K, is the Michaelis constant for probe cycling % % T0
reaction: —% 2 | B ttheol a o
Kok, + ko) 10) s - e
" kK, ko) sl g XYk
30 E ° o ° o X o
and amax is the maximal cycling cleavage rate: 1515 o ® . . : . g
kkh 0 : : : : : 8‘ 3
o — 2 (11) 58 60 62 64 66 68 70 72 74 76
max K, + k, T(°C)

Ficure 3: Cycling cleavage rate for a 12-nucleotide probe with

Using the analysis applied above for the discussion of the AfuFEN or TthPol as a function of temperature for different probe

temperature effect on, we assume that below thg, of
the probek, > k;, k_;, and eqs 9 and 10 can be reduced to:
Km = ko/k; and amax = k. Above theTy, k», k-1 > ky, and
the same equations yieldKm = k-i/ki, 0max = kn. In
summary, this analysis predicts thit, should increase

concentrations. (A) Cycling cleavage rate for the invasive substrate
shown in Figure 1A was measured wit®)(0.32, O) 0.64, (x)

1.28, @) 2.56, and @) 5 uM probe, 0.2 nM target molecule, and
256 nM AfuFEN as described under Materials and Methods. (B)
Same conditions as (A) except with 16 nM TthPol. Each experiment
was repeated in triplicate, and the mean value was used for data

sharply with temperature in the entire temperature range, analysis. The experimental error of the measurements did not exceed

similar to the dissociation rate constakts andk,, whereas

amax Should have a similar strong temperature dependence
only below T, and a moderate temperature dependence

defined by the cleavage rate consti@ptaboveT,.
To determineK;, and omax for the substrate shown in

Figure 1A, the cycling cleavage rate was measured as a
function of probe concentration and temperature for 256 nM

AfuFEN and 16 nM TthPol (Figure 3). ThK, and amax
values were determined from a double-reciprocal plot af 1/
versus 1/[F] (data not shown) and plotted as a function of

temperature for both enzymes in Figure 4. In agreement with

the theoretical model, the measur&d, value increases

sharply with temperature for each enzyme throughout the

entire temperature range. Thg.x values for AfuFEN and
TthPol reach plateaus of 70 and 100 mirrespectively, after

an initial sharp increase below the optimal reaction temper-

ature. The steep decline inax above the optimal temper-

ature cannot be explained in terms of the model described
in this work, because the model predicts a moderate increase 1a =

in amax above the optimal temperature.
Kinetic Analysis of 5Nuclease Actiity under Enzymatic
Conditions.Analysis of 5 nuclease activity under typical

enzymatic conditions of limiting enzyme and excess substrate

allows an estimation of the cleavage rate constantand
equilibrium dissociation constanky, of the enzyme

0%.

1A (]

Kin (4M)

x o
e Q

47 50 53 56 59 62 65 68 71 74
T (°C)

Omax (Min™!)

47 50 53 56 59 62 65 68 71 74
T (°C)
Ficure 4: Effect of temperature o, and amax Of the probe
cycling reaction with AfuFEN or TthPol. (A) Effect of temperature
on the Michaelis constat,, of the probe cycling reactions shown
in Figure 3 for @) 256 nM AfuFEN and ©) 16 nM TthPol. (B)

substrate complex. For this purpose, we used an overlappingremperature dependence of the maximal cycling cleavageuate
substrate, called the all-in-one substrate (Figure 5A), that determined from the data shown in Figure 3 f@®) (256 nM
has the upstream and downstream strands linked to the targefTUFEN and ©) 16 nM TthPol.

strand with stable three-nucleotide loof8)( Since the probe

m m, m,
does not cycle on this substrate, the enzymatic cleavage ratée + PIT«I} EPIT—EPIT+A—E+PIT+A

is defined as the number of all-in-one substrate molecules

(12)

cleaved per enzyme molecule per minute, which is different wherem; andm_, are the association and dissociation rate
from the cygllng cleavage rate. Cleavage of the all-in-one constants of enzyme binding with PIT, respectivety, is
substrate (Figure 5A), also termed the PIT substrate, can bethe enzymatic cleavage rate constant, amds the dissocia-

described by the following model:

tion rate constant for the enzyme and cleaved substrdie, P
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300 C FIGURE 6: Cycling cleavage rate in a cycling upstream oligonucle-
~ 250 - otide reaction with AfuFEN or TthPol. (A) Sequence and proposed
K ) structure of the substrate for the upstream oligonucleotide cycling
‘g 200 . L) reaction. (B) Cycling cleavage rate of the upstream oligonucleotide
= 150 ) [ cycling reaction with ©) 256 nM AfuFEN and @) 16 nM TthPol
R 1% as a function of temperature. The reaction conditions are described
50 under Materials and Methods.
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T¢C) nM (data not shown).
Ficure 5: Effect of temperature oK, andk., for AfuFEN with Invasive Signal Amplification Reaction with a Cycling

the all-in-one substrate under enzymatic conditions. (A) SequenceUpstream OligonucleotideTo investigate the alternative
and proposed structure of the all-in-one substrate. (B) The M'Chae“svariant of the invasive signal amplification reaction with a

constan, of AfuFEN with the all-in-one substrate as a function . . - .
of temperature. (C) Temperature dependence of the maximal CYCliNg upstream oligonucleotide, we used an overlapping
catalytic rate constarkt. of AfuFEN with the all-in-one substrate. ~ Substrate that consists of the upstream oligonucleotide | and
Reactions with the all-in-one substrate were performed as describecthe PT molecule formed by the target T and the probe P, as
under Materials and Methods. shown in Figure 6A. Signal amplification in this design is

] . _achieved by cleavage of multiple PT molecules in the
By analogy with the model proposed by eq 1, the Michaelis presence of limiting upstream oligonucleotide under condi-
constantKy, and the maximal catalytic ratie., of a reaction  tjons favorable for its rapid turnover. As with the substrate
performed under enzymatic conditions are given by (compare shown in Figure 1A, the cycling cleavage ratés defined
with eqs 10 and 11) analogously as the number of PT probes cut per upstream

oligonucleotide per minute. The cycling cleavage rate of this

_ my(m, +m_y) reaction with AfuFEN and TthPol was plotted as a function
m my(m, + m,) (13) of temperature in Figure 6B. Comparing Figures 1 and 6
shows that the reactions with cycling probe and cycling
and upstream oligonucleotide have similar cycling cleavage rates
with AfuFEN, but for TthPol, the reaction with the cycling
upstream oligonucleotide has a valuecoflmost 2 orders
Koot = MM, (14) of magnitude lower than the value of for the alternative
a4 m,+m, design. The greatly reduced turnover rate of the upstream

oligonucleotide with TthPol suggests that the upstream

The initial enzymatic cleavage rates for AfuFEN with the Oligonucleotide cannot be released fast enough after cleavage
all-in-one substrate (PIT) were measured as a function of to ensure a high cycling rate of the probe.
substrate concentration and temperature as described under Substrate Specificity as an Important Factor in Choosing
Materials and Methods, and the experimental data were usedan Enzyme for the brasive Signal Amplification Reaction.
to determine theK,, and k.ot of AfuFEN (Figure 5B,C). Specific recognition of the overlapping substrate by the
According to eq 13, &, value of 16-14 nM (Figure 5B) structure-specific mucleasesy, 12, 13 is a critical feature
can be used to estimate the equilibrium dissociation constant for their application to nucleic acid analysis. To determine
Kg = m-,/my, of AfUFEN, assuming thaty = m_;. Thekca the specificity of the 5nucleases, the activities of each
value of 106-300 min! (Figure 5C) can serve as a lower enzyme with three nonspecific substrates (Figure-DiBthat
limit estimate ofm, (eq 14). Them, value can be used to are likely to be formed during an invasive signal amplifica-
estimate the cleavage rate const&ntpf the probe cycling tion reaction on complex DNA samples (e.g, human genomic
reaction (eq 1), although these two rate constants cannot beDNA) have been determined and compared with cleavage
considered the same due to differences in the conditions ofof the specific overlapping substrate. The downstream duplex
the corresponding reactions. We were not able to determinesubstrate (Figure 7B) can form when the probe binds to a
a Kn value for TthPol using cleavage kinetics of the all-in- target DNA molecule at a site with partial homology to the
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Ficure 7: Specificity of AfuFEN, MjaFEN, TthPol, and TagPol. Sequence and proposed structure of the (A) overlapping, (B) downstream
duplex, (C) nonoverlapping, and (D) X-structure substrates. (E) Lané&s @roducts of the overlapping substrate cleavageM2probe,
0.2 nM target strand) with 256 nM AfuFEN, 256 nM MjaFEN, 32 nM TthPol, and 32 nM TagPol, respectively,@tfor 30 min; lanes
7—10, products of the downstream duplex substrate cleavagh!(@ach strand) with 256 nM AfuFEN (32 h), 256 nM MjaFEN (10 min),
256 nM TthPol (16 h), and 256 nM TaqPol (16 h) at®3 lanes 12-15, products of the nonoverlapping substrate cleavagé®robe,
20 nM target strand) with 256 nM AfuFEN (1 h), 256 nM MjaFEN (30 s), 32 nM TthPol (1 h), and 32 nM TagPol (1 h)°&x, fdnes
1 and 17, mixture of STTTTCA, 5-TTTTC, and 5-TTTT size markers labeled with TET dye at tHeebd; lanes 6, 11, and 16, no enzyme
controls for each substrate. (F) LanesZ® products of the X-structure substrate cleavageNReach strand) with 256 nM AfuFEN (60
min), 4 nM MjaFEN (10 min), 64 nM TthPol (60 min), and 32 nM TagPol (60 min) af63lanes 1 and 6 show the size markers. The
reactions were performed as described under Materials and Methods.

intended target sequence in the absence of the upstreanTthPol, and TaqPol produce both 5- and 6-nucleotitle 5
oligonucleotide. For 12-nucleotide probes, the average products, whereas AfuFEN generates only a 6-nucleotide
number of such sites on human genomic DNA would be product. The enzymatic cleavage rates for the downstream
approximately 400. The nonoverlapping substrate (Figure 7C)duplex and X-structure substrates were measured under
is typical for mutation detection using the invasive cleavage conditions of limiting enzyme, whereas the cycling cleavage
reaction 9, 14, 15 and corresponds, for example, to a mutant rates for the overlapping and nonoverlapping substrates were
probe annealed to a wild target. For the best mutation determined under conditions of limiting target as described
discrimination, the probe is usually designed so that the under Materials and Methods. The cleavage rates for all
mutation eliminates a base pair at the end of the downstreamsubstrates were determined as a function of temperature (data
duplex, and the nonoverlapping substrate therefore lacksnot shown); maximal cleavage rates as well as the corre-
overlap between the upstream oligonucleotide and probe. Forsponding optimal temperatures are summarized in Table 1.
the X-structure (Figure 7D), which resembles the double flap
structure previously describe®%), a major nonspecific DISCUSSION
substrate of the secondary invasive reaction in the cascade We have investigated the activity of four thermostable
invasive signal amplification reactiori4, 19 is formed structure-specific Snucleases from the Archaea and Eubac-
between uncut probe and secondary target. The characteristiteria in the invasive signal amplification (probe cycling)
feature of the X-structure is the long noncomplementary 3 reaction. Contrary to other probe cycling technigugsg),
arm of the upstream oligonucleotide. the invasive cleavage reaction requires annealing of two
Figure 7E demonstrates that all enzymes cut the down-oligonucleotides, rather than one, to a target nucleic acid
stream duplex substrate mostly at the same site as themolecule. This property greatly increases the assay specificity
overlapping substrate, producing a 5-nucleotide product. Thewith complex DNA samples but still allows the use of
X-structure is cut 5 nucleotides from theeénd of the probe  relatively short probes at moderately high temperatures. Two
with AfuFEN and MjaFEN, while TthPol and TagPol important parameters of any signal amplification reaction are
generate a major product of 6 nucleotides and two minor target specific signal generation and background, which is
products of 5 and 7 nucleotides (Figure 7F). The cleavage defined as any signal generated in the absence of the specific
products of the nonoverlapping substrate with MjaFEN, target. Together, these two parameters define the signal:
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Table 1: Cleavage Rates of the Overlapping, Downstream Duplex,
Nonoverlapping, and X-Structure Substrates with AfuFEN,
MjaFEN, TthPol, and TagPol at Optimal Temperatures

nonoverlapping,

overlapping downstream min—t
substraté,  duplex? X-structured
min—t min—t 5nt 6 nt min—t
AfuFEN 34 0.0001 ND 0.1 0.06
MjaFEN 60 1.6 21 - 8
TthPol 66 0.002 0.2 0.2 0.3
TaqPol 30 0.001 0.02 0.1 0.6

a Cycling cleavage rates of the overlapping substrate with 256 nM
AfuFEN at 56°C, 256 nM MjaFEN at 56C, 16 nM TthPol at 67C,
and 32 nM TagPol at 62C from Figure 1P Cleavage rates of the
downstream duplex substratei®1) shown in Figure 7B with AfuFEN
at 56 °C, MjaFEN at 56°C, TthPol at 67°C, and TagPol at 62C.
¢ Cycling cleavage rates of the nonoverlapping substratgV(®robe,
0.01uM target) shown in Figure 7C with 256 nM AfuFEN at 36,
256 nM MjaFEN at 56'C, 32 nM TthPol at 67C, and 32 nM TagPol
at 62°C. Two rates, corresponding to the 5- or 6-nucleotide products,
are shown. ND: cleavage was not detectahleleavage rates of the
X-structure substrate (M) with AfuFEN, MjaFEN, TthPol, and
TaqPol at 63°C.

background ratio and ultimately the limit of detection of the

Biochemistry, Vol. 39, No. 31, 200®531

cleavage rate can be achieved at lower probe concentrations
by increasing the association rate constant of duplex forma-
tion. Factors known to increase the association rate constant
of nucleic acids include increasing ionic streng8i)( the
presence of polycations, the presence of certain detergents
(32), and certain nucleic acid modificatior33j, all of which
could be tested for their effect on the invasive signal
amplification reaction.

To determine which factors affect background generation
in the invasive signal amplification reaction, we have studied
the activity of the enzymes with nonspecific substrates that
typically arise during the course of the reaction (Figure 7).
The downstream duplex substrate, for instance, mimics the
case in which the probe anneals in the absence of the
upstream oligonucleotide to sites that share sequence similar-
ity with the intended target sequence. We have observed
much greater variability in the cleavage rate for the enzymes
when they cleave the downstream duplex substrate versus
the overlapping substrate (Table 1). For example, AfuFEN
cuts the downstream duplex substrate 16 000-fold more
slowly than does MjaFEN. Such a low cleavage rate serves
to decrease background significantly, more than compensat-

assay. We will focus this discussion on the factors that affecting for the 2-fold lower cycling cleavage rate relative to
the cycling cleavage rate and the background generation inMjaFEN, and makes AfuFEN a far better choice for a

an invasive signal amplification reaction.

practical detection assay (data not shown). Another DNA

Higher cycling cleavage rates can be achieved merely by structure that can contribute to background is the X-structure

choice of enzyme. MjaFEN has roughly a 2-fold greater
cycling cleavage rate than AfuFEN, and TthPol has a 2-fold

substrate that arises when the invasive signal amplification
reaction is set up as a cascade of two reactidds (5.

greater cleavage rate than TaqPol. For each enzyme, thélhe secondary reaction in the cascade utilizes a combined
cycling cleavage rate increases with increasing enzyme probe/target (PT) molecule, similar to that shown in Figure
concentration, presumably due to the target becoming6A. In the cascade, the cleavedaébm of the target-specific
saturated with enzyme. At the higher enzyme concentrations,probe molecule of the primary reaction becomes the upstream
the cycling cleavage rate plateaus for TthPol and TaqPol andoligonucleotide in a secondary invasive reaction. However,
approaches a plateau for the FEN1 enzymes. This saturatiorthis means that the uncleaved primary probe can also anneal
effect suggests that for the best performance of the assayfo the PT molecule, thus creating an X-structure (Figure 7D).
each enzyme has an optimal concentration above which theThe presence of the upstream oligonucleotide in the X-
increase in the cycling rate does not compensate for thestructure, even with a long unpaired &m, significantly
increase in nonspecific reactions producing the background.increases the nonspecific activity of the enzymes compared
The optimal enzyme concentration is expected to be an orderto the downstream duplex substrate (Table 1). Comparison

of magnitude higher for the FEN1 enzymes than for TthPol

of the specific and nonspecific activities among the four

and TaqgPol (Figure 1), which can be explained by the lower enzymes predicts that AfuFEN would have the best signal:

equilibrium dissociation constantiy, for the TthPol and

noise ratio in the invasive signal amplification reaction.

TagPol enzymes, most likely due to the presence of the We have utilized the unique specificity of therlucleases

polymerase domain, which the FEN1riucleases lack. The
reported Ky values of 7.5 nM for the archaeal FEN1
homologue, human FEN2@), and 0.2 nM for the TagPol
and TthPol homologuek. coli Poll (29, 30, support this
hypothesis. In this work, we estimated tKg values for
AfuFEN and TthPol with the all-in-one substrate (Figure 5)
as 8-14 nM and<1 nM, respectively, which are consistent
with the published data.

to create a signal amplification assay specifically for the
purpose of mutation detectio®,(14). We have found that

the enzymes display the greatest mutation discrimination
when the upstream oligonucleotides and probes are designed
so that the mutation is present immediately upstream of the
cleavage site of the probe (data not shown). When a wild-
type probe hybridizes to a mutant target, there is no overlap
between the upstream oligonucleotide and probe, resulting

Increasing the probe concentration is another way to in a greatly reduced cleavage rate for all enzymes. We
increase the cycling cleavage rate (Figure 3). Analysis of observe that AfuFEN has the highest ratio, 340:1, of activity

the results shown in Figure 3 using Michaelldenten
formalism gives a maximal cycling cleavage ratg.y Of
70 and 100 min' for AfuFEN and TthPol, respectively

on the overlapping and nonoverlapping substrates among all
four enzymes. The actual mismatch specificity may be even
higher, because AfuFEN cleaves the nonoverlapping sub-

(Figure 4B). To reach this maximal rate, the reaction requires strate one nucleotide downstream from the normal site of

a relatively high probe concentration, becausekthealues
corresponding to the optimal reaction conditions are-2.5
uM (Figure 4A). According to eq 10, thk, for the probe
cycling reaction is inversely proportional to the association
rate constantk;, of the probe. Thus, the same cycling

cleavage (Figure 7E, lane 12), a property that could be used
in the assay desigro( 14, 15 to improve its specificity.
The high level of mutation discrimination observed with the
invasive cleavage reaction is due to the exquisite specificity
of the 8 nucleases, rather than to the reduced duplex stability
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caused by a mismatch. Indeed, if the lower stability, and
therefore a lower optimal reaction temperature, of the
nonoverlapping probe were the only parameter affecting the
cycling cleavage rate, it could only account for mutation

discrimination of a factor of only 1.5 (data not shown).

One goal of this work was to develop a theoretical model
of the invasive signal amplification reaction. The model
proposed in this work correctly describes important charac-
teristics of the reaction, such as the dependence of the cycling
cleavage rate on temperature and enzyme concentration (Fig-
ure 1), the correlation between the optimal reaction tempera-
ture and probe’s melting temperature (Figure 2), and the ef-
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