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ABSTRACT: A highly chemiluminescent reporter molecule, acridinium ester (AE), was tethered to single-
stranded oligonucleotide probes and hybridized to complementary as well as mismatched target sequences.
When tethered to single-stranded probes, AE was readily hydrolyzed by water or hydroxide ion. In contrast,
when hybridized to a complementary target, hydrolysis of the AE probe was markedly inhibited. Mismatches
near AE eliminated the ability of the double helix to strongly inhibit AE hydrolysis. To establish the
molecular basis for these remarkable hydrolysis properties of AE-labeled probes, the binding and hydrolysis
mechanisms of AE-labeled probes were examined. When tethered to single- or double-stranded nucleic
acids, hydrolysis of AE was found to proceed by generalized base catalysis in which a base abstracts a
proton from water and the resulting hydroxide ion then hydrolyzes AE. Analysis of the hydrolysis rates
of AE bound to DNA revealed that AE binds the minor groove of DNA and that its hydrolysis is inhibited

by low water activity within the minor groove of the helix. Depending upon the sequence of the DNA,
the water activity of the minor groove was estimated to be at leagtfld lower than bulk solution.
Hydrolysis measurements of AE tethered to RNA as well as RNA/DNA hybrids argued that the grooves
of these double helices are also dehydrated relative to bulk solution. Remarkably, mismatched bases,
regardless of their structure or sequence context, enhanced hydrolysis of AE by inducing hydration of the
double helix that spread approximately five base pairs on either side of the mismatch.

Acridinium ester (AE) is a highly chemiluminescent label by hybridizing the AE-labeled probe-£ECGCTGAAGG-
used in a variety of diagnostic assays (reviewed irLyefn C*CGCTTTTCGAACTAAGA-3, where the asterisk de-
nucleic acid probe-based assays, AE is attached to singlenotes the site of attachment of AE, to the following target
stranded probes by an abasic linker-arm chemistry that addssequences: ' &GCGACTTCCGGCGAAAAGCTTGATTCT-
one ethylene phosphate group to the backbone of the probes’ (hybrid), 3-GGCGACTTCCAGCGAAAAGCTTGAT-

(2). The ethylene phosphate group bulges out from the doubleTCT-5 (1 mismatch), and '3GGCGACTTCCATC-
helix upon hybridization to target sequence, resulting in GAAAAGCTTGATTCT-5' (2 mismatches). The hydrolysis
minimal destabilization of the heliX2( 3). When tethered  and adduct formation measurements summarized in Table 2
to nucleic acids in this fashion, AE exhibits remarkable \vere obtained by hybridizing an AE-labeled probé; 5
hydrolysis properties that are important for its use in nucleic ccGGPyg*Py;(GGCC-3 or 5-GGCCPug*Pu;iCCGG-3,
acid-based diagnostic assays (reviewed inljefAlkaline \yhere the asterisk denotes the site of AE attachment and Py
solutions readily catalyze the hydrolysis of the ester bond genotes a pyrimidine (cytosine, 5-methylcytosine, thymine,
of AE, rendering AE nonchemiluminescent. When AE is o yracil) and Pu denotes a purine (adenine, guanine, or
tethered to a single-stranded probe, hydrolysis is rapid. Injyasine), o its respective complementary targesGCCPuy-
contrast, when an AE-labeled probe is hybridized to a CCGG-5 or 3-CCGGPyGGCC-5. The resultant hybrids
perfectly complementary target, hydrolysis of AE is markedly e genoted in an abbreviated form. Thus hybridization of

inhibited. Remarkably, the presence of a single mismatch 5-GGCCAGA 1ICCGG-3 to 3-CCGGHGGCC-3 yielded
imm‘?diate'y adjacent to the site of AE attachment strongly the hybrid dAydT,o. To estimate the binding site size of AE
inhibits the ability of the double helix to protect AE from (Figure 1), AE-labeled probes were constructed from the

hydrolysis @). Here we determine the molecular basis for . *
. / . ; sequence'SCCGG(C) Ts(Cu*(C)mTs(CINGGCC-3 where
the differential hydrolysis properties of AE-labeled probes. the following combinations oR andM were used in each

MATERIALS AND METHODS probefN =0,M =6;N=2,M = 4;N =4, M = 2; andN
) . ) =5, M = 1). Each probe was then hybridized to a com-

_ OligonucleotidesDNA, RNA, and AE-labeled oligonucleo-  plementary sequence lacking a linker arm and AE. For triple-
tides were prepared as previously describ8d The hy-  gyrand experiments an AE-labeled probe, d(CTABTG-
drolysis results summarized in Tables3 were obtained AAACGGTCTTCTCCCTC*TCTCTCTTCCGTTTACAAG-3
was hybridized to d(GA), sCTTGTAAACGGAAGAGA-

* To whom correspondence should be addressed: Tel 619 410 8832, AGAGGGAGAAGACCGTTTCAAT-3. and d(GA}g, 5-
Fax 1 619 410 8871. ’ ’

1 Abbreviations: AE, acridinium ester: nim, 4-nitroimidazole;::s0 ~CGCAAGAGAGAGAGAGGGAGAAGA-3. To compare the

sodium sulfite. hydrolysis properties of a DNA helix containing a water spine
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Table 1: Hydrolysis of AE-Labeled Nucleic Acids in the Presence of Netrépsin

species kobs "*(pr) koos "(hy) kobs™"*(pr) koos'"*(hy) kops""*(hy)/kons "*(hy)
du 2.42x 1078 na 1.58x 1072 na na
dAdT* 1.89x 103 1.83x 104 1.8x 10°3 9.71x 104 5.31
dA*dU nd 2.24x 104 nd 7.65x 104 3.42
di*dC 1.39x 10°3 4.28x 104 1.08x 103 5.23x 10 1.22
didc* 2.66x 1073 3.03x 104 2.73x 1078 4.68x 104 1.54
dT*rA 1.89 x 10°3 1.74x 10°° 1.8x 1073 2.28x 10°° 1.3
dG*dC 1.08x 1072 7.36x 1075 1.13x 1078 7.13x 10°° 0.97
d(GA)d(CT)* 1.36x 1073 1.93x 10 na na na
d(GA)d(CT)*d(GA)r 1.36x 1073 8.37x 10°° na na na
r(GA)d(CT)* 1.36x 1072 46x 10°° na na na

2 Observed rate constants (secorijior the hydrolysis of various AE-labeled probdss{pr)]) and corresponding hybrid&dhy)] in the
absence-{net) or presencet{net) of netropsin. na, not applicable. nd, experiments not done. The AE-labeled probe is denoted by an asterisk.

to the corresponding RNA helix lacking the spine, an AE- examined. AE was first tethered to dAdT, a high-affinity
labeled DNA probe, 5CCGGA o T*TsGGCC-3, or an AE- binding sequence for netropsin, and the hydrolysis of AE

labeled RNA probe, SCCGGAU2*UsGGCC-3, was hy- was examined over a range of netropsin concentrations. The
bridized to a complementary DNA or RNA target. hydrolysis of AE was accelerated by increasing concentra-
Hydrolysis and Adduct Formation Measuremebtsuble- tions of netropsin and hydrolysis remained pseudo-first-order
stranded hybrids were formed by incubating an AE-labeled up to a concentration of 10@M netropsin 6). Higher con-
probe (0.25x 1072 mol) with a target sequence (251012 centrations of netropsin interfered with the chemilumines-

mol) in 30 uL of hybridization buffer [125 mM LiOH, 95 cence of AE and thus were not examin&)l (Thus, a con-
mM succinic acid, 8.5% lithium lauryl sulfate (w/v), 1.5 mM  centration of 10Q:M netropsin was used for all subsequent
EDTA, and 1.5 mM EGTA, pH 5.1] for 30 min at 6%C measurements.

(dl2odCoo* at 45 °C). Hydrolysis was in 600 mM boric acid, Rate constants for the hydrolysis of AE by hydroxide ion
182 mM sodium hydroxide (pH 8.5), and 1% Triton X-100 iy the absence or presence of 1@®1 netropsin are
(hydrolysis buffer). Detection of AE chemiluminescence was suymmarized in Table 1. AE was tethered to five different
as previously described). Adduct formation rates were  gjngle-stranded probes (57 dUso, dCao, dGso, and dbo) and
measured by placing 1€ of an AE-labeled probe or hybrid  fjye double-stranded hybrids (ddiTzo, dAxcdUso, dlxgdCoo,
into a 12x 75 mm pplycarbqnate test tube and adding 250 gT,yA,,, and dGedCy). In the absence of netropsin all
uL of a sodium sulfite solution (0.0210 mM in 60 MM gjngle-stranded probes hydrolyzed at similar rates except dG,
Na,PQ;, pH 8) to initiate adduct formation. which aggregateds] and thus artificially protected AE from
Netropsin Experiment&letropsin (Boehringer Mannheim)  hydrolysis. Consistent with its failure to bind single-stranded
was dissolved in hydrolysis buffer and its effect on the DNA, netropsin did not significantly alter the hydrolysis rates
hydrolysis rate of AE was examined at 36. of AE tethered to these probes. In contrast, when netropsin
Triple Strand ExperimentsA double helix was first  was added to each hybrid, the hydrolysis rate of AE was
prepared by hybridizing an AE-labeled d(CT) probe to a increased for all duplexes except @G0, which does not
complementary d(GA) target for 30 min at 6 in bind netropsin. There was a strong correlation between the
hybridization buffer (see above) containing 0.1 mM spermine ability of netropsin to increase the hydrolysis of AE and the
hydrochloride (Sigma) and 20 mM Mg£IThe third strand,  known binding affinity of netropsin for these sequences.
d(GA), was then added and hybridization continued at 60 From circular dichroism measurement the affinity of
°C for an additional 20 min followed by incubation at 35 netropsin for these sequences followed the order dAdT
°C for 45 min. The effect of triple-strand formation on the dAdU > dIdC > rAdT > dGdC, which was the same order
hydrolysis rate of AE was examined at 36. observed for the relative increase in the hydrolysis rate of
AE induced by the binding of netropsin to these duplexes.
RESULTS When netropsin bound to the strongest binding duplex,

Binding of AE to DNASmall planar molecules such as dA20dTzo, the hydrolysis rate of AE was similar to its hy-
AE are known to bind the double helix by intercalating drolysis rate when tethered to gl consistent with the
between adjacent base pairs or by binding to one of the displacement of AE from the minor groove by netropsin.
grooves of the helix. In either binding mode, the linker that  To examine the effect of a major-groove-binding ligand
tethers AE to the helix backbone must deliver AE through on the hydrolysis of AE, the effect of triple helix formation
the major or the minor groove of DNA. To identify which  on the hydrolysis of AE was investigated. Previous measure-
groove the AE-linker arm resides in, ligands known to bind ments showed that d(GA) binds to the major groove of
either the major or the minor groove of DNA were examined d(GA)d(CT) to form a triple helix§). If tethered AE binds
for their ability to disrupt AE binding. Since hybridization the major groove of DNA, then the third strand of the triple
of an AE-labeled probe to a complementary target protects helix would be expected to displace AE, thereby accelerating
AE from hydrolysis, agents that disrupt the binding of AE its hydrolysis. As summarized in Table 1, the binding of
to the duplex enhance the hydrolysis of AE. d(GA) to d(GA)d(CT) to form a triple helix did not increase

To determine whether AE resides in the minor groove of the hydrolysis of AE but rather decreased the hydrolysis rate
DNA, the effect of netropsin, a known minor-groove-binding 2.3-fold. The hydrolysis rate of AE did not change when
drug (reviewed in refd and5), on AE hydrolysis rates was the concentration of d(GA) was increased 3-fof), (and
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Table 2: Hydrolysis and Adduct Formation Rates of AE-Labeled Pfobes

species Kobdpr) kobghy) kondPr)Kabgdhy) kops*>(pr) kop*(hy) kop®3(pr)Kons"(hy)

dGord(5MeChe* 1.23x 1073 4.70x 1075 26.4 nd nd nd
dloerd(5MeCho* 1.23x 10°3 3.32x 104 3.7 nd nd nd
dGordCyg* 1.34x 1073 3.44x 10°° 39.8 0.315 8.5% 104 372
dloerdCyc* 1.34x 10°3 3.03x 104 4.4 0.301 0.33 0.9
dGyg* -dCyo 3.32x 104 7.36x 10°° nd nd nd nd
dlyg* +dCyo 257x 1073 4.28x 1074 6.1 nd nd nd
dAgg*-dT20 1.89x 10738 2.58x 104 7.4 nd nd nd
dAzg* -dUz 1.89x 1073 2.24x 10 8.5 nd nd nd
dAzerdT2o* 1.89 x 10°3 1.83x 10 10.5 0.693 1.03 102 67
dAzerdU5g* 148 x 1073 1.83x 10 8.3 0.385 2.1% 1073 176
rGaordCyg* 1.34x 10°3 2.75x 104 4.8 0.315 6.86< 102 4.7
A2 dToe* 1.89x 1073 1.74x 10°° 109 0.693 491x 104 1412
dA]_ng*T5‘dA7dT10 4.62x 1073 1.12x 103 4.1 nd nd nd
rA10Uz*Us rA7rUsg 5.78x 1073 2.65x 10 21.8 nd nd nd

2 Observed rate constants (secorii$or the hydrolysis of various AE-labeled probésuipr)], and corresponding hybridg.p{hy)], as well as
the observed rate constants for the formation of a sulfite adduct by each freb#(pr)] and corresponding hybrik{,s%(hy)]. Hydrolysis was

in borate buffer (pH 8.5) at 38C. Sulfite adduct formation rates were in 2.0 mM sodium sulfite at room temperature. The average standard

deviation for hybrolysis and adduct formation rates was 1=-SB-8%. nd,

experiments not done.

gel electrophoresis confirmed the formation of the triple
strand in the hydrolysis buffe6). Thus the binding of d(GA)

to the major groove did not displace AE and enhance its
hydrolysis.

We have previously observed that RNA duplexes of mixed
sequence protect AE from hydrolysis more than correspond-
ing DNA duplexes (results not shown). Since triple strands
can adopt A-like conformations, the observed decrease in
AE hydrolysis could be the result of AE binding to the minor
groove of the triplex, which adopts an A-like conformation
and thus protects against the hydrolysis of AE. To test this
hypothesis we examined the hydrolysis of AE tethered to
an RNA/DNA hybrid of the same sequence, r(GA)d(CT),
which is expected to adopt an A-like conformation. As sum-
marized in Table 1, this duplex, like the triple strand, pro-
tected AE from hydrolysis. Thus the small increase in pro-
tection against AE hydrolysis observed when AE is tethered
to the triple helix is consistent with the binding of AE to the
minor groove of the triplex which adopts an A-like confor-
mation.

A third set of experiments to probe the binding of AE to
DNA examined the effect of major- or minor-groove sub-
stituents on the hydrolysis of AE. To examine the effect of
a major-groove substituent on the hydrolysis of AE, AE was
tethered to d@d(5-MeC)o or dG,odCyo, dled(5-MeC)o or
dloodCoo, and dAwdT2 or dAxdUze. Each pair of helixes
differs only in whether a methyl group is present in the major
groove [d(5-MeC, dT] or not (dC, dU). As summarized in
Table 2, the presence of a methyl group in the major groove
of each DNA helix altered AE hydrolysis rates only 1.4-
fold.

To examine the effect of a minor-groove substituent on
the hydrolysis rate of AE, AE was tethered to G@&5-
MeCyp or dld(5-MeC)o and dGedCyo or dlgdCye. Each
pair of helixes only differ in whether a 2-amino group resides
in the minor groove (dG) or not (dI). As summarized in Table
2, the presence of a 2-amino group in the minor groove of
each helix markedly decreased(3-fold) the hydrolysis of
AE.

Taken together, the effect of netropsin, triple-strand for-
mation, and groove substituents on the hydrolysis rates of
AE argue that tethered AE binds to the minor groove of
DNA.

0.001

0.0001

Ln(Observed rate constant)

Nucleotides

Ficure 1: Estimation of the binding site size of AE tethered to a
double helix. The logarithm of the rate constant for the hydrolysis
of AE is plotted against the number of nucleotides that separate a
bound netropsin molecule from the site at which AE is inserted
into the phosphate backbone.

To estimate the binding site size of AE we exploited the
ability of netropsin to displace AE from the minor groove
of DNA. Within a dG,,dC,; helix two netropsin binding sites
(dAsdTs), one on each side of a tethered AE molecule, were
inserted at varying distances from the point of attachment
of AE. The effect of adding 10«M netropsin on the
hydrolysis of the tethered AE was then determined for each
helix. To estimate the binding site size of AE, the minimum
distance at which netropsin molecules interfered with AE
hydrolysis was determined. As summarized in Figure 1, the
hydrolysis rate of AE did not change when both netropsin
molecules were moved to within two bases of the AE
attachment site. When this distance was less than two bases
the hydrolysis rate of AE was markedly enhanced. We
conclude, therefore, that AE covers two bases on one or both
sides of its insertion into the DNA backbone.

Mechanism of AE HydrolysisTo understand how the
double helix protects AE from hydrolysis, we first examined
the mechanism whereby hydroxide ion hydrolyzes AE.
Typically, AE-labeled probes are hydrolyzed in alkaline
borate solutions 1), where hydrolysis of AE is weakly
dependent upon borate and strongly dependent upon hy-
droxide concentration (results not shown). To examine the
hydrolysis of AE by hydroxide ion alone, various AE-labeled
species were hydrolyzed over a range of borate-@®mM)
and hydroxide ion concentrations (pH8.8) and the results
were extrapolated to zero borate concentration. Four AE
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Table 3: Hydrolysis of AE-Labeled Nucleic Acitls Table 4: Energy of Activation for AE-Labeled Nucleic Acids
relative rates Eact (kcal/mol)
_ (600 H.0 OH-
Kopd'20  KopH
. robe 28+ 11 254+ 2.6
AEspecies  kad'0(s)  kaM(s) (5 (s D mismatches 315 4.9 32.8+ 0.8
probe (23:1.1)x 102 4567+666 1.00 1.00 1 mismatch 30+ 9.7 30.6+ 2.0
2 mismatches (3.40.8)x 10°% 897+ 47 0.15 0.20 hybrid nd 30.1+ 0.3
1 mismatch (1.6:0.6)x 10 370+ 20 0.07 0.08
hybrid (7.0+£15)x 104 203+5 0.03  0.04 _ _
Table 5: Deuterium Isotope Effects on the Hydrolysis of
relative rates AE-Labeled Nucleic Acids
% AE species  kopd (s°) kooP© (5T Kondlkon®
Kond™2 Kobs 3 4
. B _ s bs probe (1.9£0.7)x 103 (6.8+2.4)x 104 2.8+1.0
AE species ks (s1) k(s (sT) (s 2 mismatches (2.2 0.4)x 10 (2.9+05)x 10° 7.6+ 1.9
probe (1.9£0.7) x 10° 524+ 41 1.00 1.00 1mismatch (1.2:0.5)x 10 (2.5+0.1)x 10> 4.842.0
2 mismatches (2.20.4)x 10* 52+1 0.12 0.10 hybrid nd (1.2+1.7)x 10°¢ nd
1 mismatch (1.2£0.5)x 104 26+3 0.06 0.05 y
hybrid nd 14.7+ 0.04 nd  0.03 AE species kobs™" (s7%) kobs™® (571) Kobs™/kons™®
lati t probe 524+ 41 393+ 12 1.3+ 0.10
re aélg’fcra es 2 mismatches 52 1 43+0.2 1.2+ 0.02
(42°C) 1 mismatch 26+ 3 13.8+£0.07 1.9+ 0.20
Kop OHO M) |\ nlm | OH(nim) hybrid 14.7+ 0.04 4.4+ 0.09 3.3+ 0.07
i nim (g1 —1 —1 —1
AEbSpeCIes 0 8::50 O(SS : 77(S 1)9 (1S o)o (i o)o band
probe . . + . . AE ; nIM(H,0) (o1 nim(D,0) (o1 nim(D,0)
2 mismatches (3.240.19)x 102 8.7+0.6 0.04  0.11 species  knf ™IS kend™PD(ST)  kand™
1mismatch  (1.6%0.06)x 102 4.8+02 002  0.06 probe 0.870.05 0.37+ 0.007 2.3
hybrid (1.51+£0.07)x 102 1.6+0.3 0.02  0.02 2 mismatches (3.240.2)x 10? (55+0.2)x10°% 59
@ Obeserved rate constants for the hydrolysis of various AE species Ko LH(MImY
by water kOPSHzQ), hydrqxiqe !on kob2M), nitroimidazole ion Kopd™), AE species kopHOIM (577) kop DI (577) Ko LO(IM)
and hydroxide ion in nitroimidazole buffek£,LHM™) at 42°C or 60
°C. nd, experiments not done. probe 77+ 19 9.8+ 1.6 7.7
2 mismatches 8.2 0.6 3.8+ 0.03 2.3

. . a Observed rate constants at 42 for the hydrolysis of various AE
species were examined: AE-labeled probe (probe), AE- species by waterk(,9), deuterium oxide Kx2-9), hydroxide ion

labeled probe hybridized to a complementary target (hybrid), (k2"), deuterioxide ionk,,LP), nitroimidazole ion in waterd,mH:0),

and the same AE hybrid containing either one (1 mismatch) nitroimidazole in deutriumoxidekgy{"™®-°), hydroxide ion in nitroimi-

or two adjacent mismatches (2 mismatches) immediately dazgﬁmgyﬁef Kob>""™) and deuterioxide in nitroimidazole buffer
adjacent to the site of the linker arm used to attach AE. A (kobs ). nd, experiments not done.

plot of the observed hydrolysis rate constants versus the

concentration of hydroxide ion was linear over the pH range culated from an Arrhenius plot of the temperature depen-
examined (results not shown) and the slope and interceptdency ofkspd*° and k" in Table 3. As summarized in
for each species yielded estimates of the rate constants forTable 4, the activation energy required for water or hydroxide
the pH-dependent hydrolysis of AE by hydroxide idg,{£™) ion to hydrolyze a given AE species was the same, supporting
and the pH-independent hydrolysis by watdgud'=©), the conclusion that water and hydroxide ion hydrolyze AE
respectively 9). The results observed at two different by mechanisms that proceed through the same rate-limiting
temperatures, 42 and 6C, are summarized in Table 3. step.

Hydrolysis of each AE species by water or hydroxide ion ~ Previous measurements have shown that the hydrolysis
alone followed the order probe 2 mismatches> 1 of many esters by a water molecule occurs by way of
mismatch> hybrid. Similar results were observed previously generalized base catalysis in which water acts as a general-
in alkaline borate bufferd). Remarkably, although the rate ized base, abstracting a hydrogen atom from a second water
constants observed for hydroxide ion were 200 000-fold molecule, which then hydrolyzes the est@y. (To examine
higher than the corresponding rate constants for water, thewhether water hydrolyzes AE by a similar mechanism, the
relative rate constants for each AE species, normalized tohydrolysis experiment described above was repeated@n D
AE probe, were essentially identical for water and hydroxide and the rate constants for the hydrolysis of AE byOD
ion. Two important conclusions emerge from these results. (koo2°) and deuterium oxide ionkg~ P) determined.
First, because hydrolysis by water is a pH-independent Generalized base catalysis of esters by water—d-ld
process, the double helix does not protect AE from hydrolysis slower in DO than in HO (9). As summarized in Table 5,
by providing an environment of lower pH than bulk solution. hydrolysis of each AE species by water was-2786-fold
Second, the fact that the relative rate constants for theslower in DO than in HO, supporting the conclusion that
hydrolysis of AE by water and hydroxide ion varied hydrolysis of AE by water proceeds by general base catalysis.
identically from one AE species to the next argues strongly  If hydroxide ion also hydrolyzes AE by generalized base
that water and hydroxide ion hydrolyze AE by mechanisms catalysis, then ODshould hydrolyze AE more slowly than
that proceed through the same rate-limiting step. OH~. In contrast, if hydroxide hydrolyzes AE by direct

The activation energieEf) required for water or hy-  nucleophilic attack, the hydrolysis of each AE species by
droxide ion to hydrolyze a given AE species were cal- OD~ would be expected to be +42-fold faster than by OH
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o o " Kabs = k[H,0ly’ 2

S

COO=000=-CC
& Kot Z _> Because AE binds to the minor groove of DNA,[Bl is

the concentration of water in the minor groove when AE is

OH 2 (: 0 oo bound to a DNA duplex. The corresponding steady-state rate
/'?) R R—O expression for the hydrolysis of AE by hydroxide ion is given
Ho- @OH 0 by
H. O/
2 0AE\ _  oH
Ficure 2. Generalized base catalysis of AE by hydroxide ion or _( ot )OH =k TAE]H 20]9[OH]Q (3)

water. R represents a substituted phenyl ring that is used to attach
AE to a nucleic acid (1). See text for additional details. where [OH} is the concentration of hydroxide ion in the

(9). As summarized in Table 5, hydrolysis of each AE species vicinity of AE. From the autoprotolysis of water we can write

by OD~ was 1.2-3.3-fold slower than by OH Thus, like

water, hydroxide ion also appears to hydrolyze each AE [OH], =

species by generalized base catalysis. g
In Figure 2 the mechanism of generalized base catalysis

of AE by water or hydroxide is summarized. In both cases where [H], is the concentration of hydronium ions in the

a general base (e.g., water or hydroxide ion) abstracts avicinity of AE, K, is the autoprotolysis constant, [OH$

proton from water that then attacks the carbonyl group of the concentration of hydroxide ion in solution, {His the

AE. Because generalized base catalysis can be mediated bgoncentration of hydronium ions in solution, and{¥s is

any base, we also examined the hydrolysis of each AE the concentration of water in solution. Substituting eq 4 into

species by 4-nitroimidazole, a base whose structure iseq 3 yields

unrelated to water or hydroxide ion. Hydrolysis was exam-

KulHzOly _ [OH]JH 1JH,0],
[H +]g [HZO]S[H Jr]g

(4)

ined at 42°C in HO over a range of nitroimidazole 9AE oH ) H™,
concentrations (315 mM) at constant pH (9.5). A plot of ~ — T) =k, [AE][H 0], [OH]ST =

the observed rate constants versus nitroimidazole concentra- [HOIdH "1

tion was linear (results not shown), and the intercept and k1°HK[AE][H 2O]gz[OH]S
slope yielded estimates of the rate constants for the hy-

drolysis of AE by hydroxide ion plus watekd MM + =k, H[AE][OH] (5)

Kobd™PM) and nitroimidazole ionky,d"'™), respectively 9).
Because hydroxide ion hydrolyzes AE much faster than water whereK = [H*]4[H,O]{H*]g and
(Table 3), the quantitykfp,CHMIM + kopd200Mm)) reduces to
(ks LHOM). For hydroxide ion, the relative rate constants bs = K *"K[H,0],2 (6)
observed in nitroimidazole buffer for each AE species,
normalized to AE probe, were in excellent agreement with  Because, experimentallignH andkopd° varied identi-
the relative rate constants measured for hydroxide ion in cally from one AE species to the next (Table 3), both rate
borate buffer (Table 3). For hydrolysis by nitroimidazole ion, constants contain a common term and this term must vary
the relative rate constants for each AE species, normalizedidentically between different AE species. Comparing eqgs 2
to AE probe, were somewhat lower than those observed forand 6, the rate constarks,2H andko,d'2° contain a common
water or hydroxide ion. When hydrolysis of two different term, [H0]s? the square of the water concentration in the
AE species by nitroimidazole was repeated g©Dhydroly- vicinity of each AE species. Thus if the concentration of
sis by hydroxide ion as well as nitroimidazole ion was2.3  water in the vicinity of AE is different for each AE species,
7.7 times slower than in 3D, as expected if both compounds then bothky,2H and kypd2° will vary identically between
hydrolyze AE by generalized base catalysis (Table 5). On different AE species in accord with our experimental results.
the basis of our analysis of the hydrolysis of AE by water, Alternatively, [H:0],> may not differ from one AE species
hydroxide ion, and nitroimidazole, we conclude that the to the next. Rather, steric factors that control the rate at which
hydrolysis of AE in aqueous solutions proceeds by way of H,O or hydroxide attack AE (contained k™° and k;°")
generalized base catalysis. may be different for each AE species. For example, since
Because generalized base catalysis of AE is slowep@® D  water and hydroxide ion catalyze the hydrolysis of AE by
than HO, formation rather than breakdown of the tetrahedral nearly identical mechanisms (Figure 2), steric factors could
intermediate (1) is rate-limiting. Experiments examining the be identical for both hydrolytic reactions, resulting in
hydrolysis of AE derivatives containing substituents on the identical variations ik andkopd™° from one AE species
acridinium and/or phenyl ring support this conclusid)( to the next.
When formation of | is rate-limiting, the hydrolysis of AE Steric Factors in AE Hydrolysis Rateso examine the
by water can be described by the steady-state rate expressionole of steric factors in AE hydrolysis rates, we examined
the hydrolysis as well as the binding of AE tethered to single-
stranded probes and corresponding double-stranded hybrids
constructed from simple repetitive sequences. To measure
the binding of tethered AE to these sequences, we utilized a
where [HO]q is the concentration of water in the vicinity of  technique based on the differential reactivity of an AE-
AE and labeled probe and corresponding double-stranded hybrid with

B (a[gtE])Hzo = K" [AE][H 20192 = kops " TAE] (1)
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Ficure 3: Plot of the ability of 6 different double-stranded hybrids
to protect AE from adduct formation with sodium sulfite versus
the ability of the same hybrids to protect AE from hydrolysis.
Adduct formation is expressed as the ratigS(hy)/KonS(pr),
while hydrolysis is expressed as the rdglH(hy)/ke2H(pr). See
text for details.
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sodium sulfite. Sodium sulfite, like many other nucleophiles,
reacts reversibly with the C-9 position of AE to form an
adduct that inhibits the chemiluminescence of AR, ,(12.

Becker et al.

that hybrid to restrict hydrolysis of AE by a hydroxide ion
water pair. From the slope of the results in Figure 3 we
estimate that a double-stranded helix inhibits the reaction of
AE with sulfite 13-fold more strongly than it inhibits the
hydrolysis of AE by hydroxide ion. Thus if the double helix
sterically restricts hydrolysis of AE, steric constraints
imposed by the helix on the hydrolysis reaction must be less
than those imposed on the sulfite addition reaction.
Although the double helices examined in Table 2 protected
AE from hydrolysis as well as from reaction with sulfite
ion, the double helix dIdC exhibited anomalous behavior.
When tethered to dIdC, AE was hydrolyzed @-fold more
slowly than when it was tethered to dl or dC. In contrast,
when AE was tethered to dIdC it reacted with sulfite at the
same rate as when it was tethered to dC. Control experiments
showed that dIdC was a stable duplex under these conditions.
Furthermore, the failure of dIdC to protect AE from reaction
with sodium sulfite was observed over a broad range of
sulfite concentrations (0.62.0 mM) and was also observed
with a larger adduct-forming compoungpropylmercaptan.

When AE is tethered to a single-stranded probe, reaction Thus, when bound to dIdC, AE was protected from hydroly-

with sodium sulfite is rapid. In contrast, when an AE-labeled
probe is hybridized to a complementary target, reaction with
sodium sulfite is much slowe2( 12).

The ability of sodium sulfite to discriminate between an
AE-labeled probe and AE-labeled hybrid is not due to the
negative charge on sodium sulfite since glycol sulfite, as well

sis but not from reaction with bulky adduct-forming com-
pounds. Because steric factors that restrict reaction of AE
with sodium sulfite are greater than steric factors that restrict
hydrolysis of AE by hydroxide ion, AE tethered to didC
should be freely accessible to attack by hydroxide ion. Thus
we conclude that the ability of dIdC to protect AE from

as other uncharged compounds, also strongly discriminatedhydrolysis but not sulfite addition was not due to steric

between AE-labeled probes and hybrid&)( As the size of
sodium sulfite was increased from dimethylsulfite to dipro-
pylsulfite, reaction rates with an AE-labeled hybrid or AE-
labeled single strand decreased-5®-fold. Thus duplex
formation appears to protect an AE-labeled probe from
reaction with sodium sulfite by sterically restricting attack
by the bulky sulfite ion.

Because the size of a sulfite ion or a hydroxide ion
hydrogen-bonded to a water molecule are similar to one

factors imposed by the double helix that sterically restrict
hydrolysis.

Hydrolysis of AE by MismatcheBreviously we showed
that all 12 single-base mismatches accelerated the hydrolysis
of AE by alkaline solutions when each mismatch was
immediately adjacent to the site at which AE was tethered
to the double-stranded helig)( The results presented here
(Tables 3-5) argue that mismatches enhance hydrolysis of
AE either by inducing hydration of the helix or by enhancing

another, and because the C-9 position of AE is located only the accessibility of tethered AE to attack by water. To
one carbon bond away from the ester carbonyl that undergoedlistinguish between these two hypotheses, we examined

hydrolysis, steric constraints that restrict sodium sulfite

whether mismatches distal to an AE insertion site could alter

reaction rates are anticipated to be similar to steric constraintsadduct formation rates as well as hydrolysis rates of AE.

that restrict hydrolysis of the ester bond.
In Table 2, rate constants for hydrolysis and sodium sulfite
adduct formation are summarized for single-stranded AE-

Previous X-ray crystallographic measurements have shown
that mismatches only cause small changes in the double helix
that are largely localized to the mismatch and the base pair

labeled probes constructed from these simple repetitive on either side of the mismatch (reviewed in 18j. Thus, if

sequences. All single-stranded probes excepi,d@hich
aggregated and thus artificially protected AE from hydrolysis,
hydrolyzed at similar rates or reacted with sodium sulfite at

mismatches enhance the hydrolysis of AE by enhancing the
steric accessibility of AE to attack by water, then the
hydrolysis and adduct formation rates of AE should be

similar rates. In contrast, double-stranded hybrids constructedenhanced only when AE is tethered immediately adjacent
from these sequences hydrolyzed or reacted with sodiumto the mismatch or to the base on either side of the mismatch.

sulfite at very different rates from one another. Because
adduct formation is much faster than hydrolysis, we normal-
ized both results by dividing the observed hydrolysis and
adduct formation rate constants for each hybkig®"(hy),
kobs>@(hy)] by the corresponding hydrolysis and adduct
formation rate constants for the single-stranded pr&he’(!
(pr), kob(pr)]. A plot of the ratio KopsS(hy)/kons®(pr)
versuskopLH(hy) ko LH(pr) was linear over a broad range of
hydrolysis and adduct formation rate constants (Figure 3).

To carry out these measurements, the position of AE
relative to various single-and double