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Enzymes with 30–50 exonuclease activities are important in promoting the accuracy of DNA replication
and DNA repair by proofreading. The alteration of the function of these enzymes by endogenous or exog-
enous effectors could, therefore, have a considerable impact on DNA replication and ultimately on gen-
ome integrity. We have developed a label-free high-throughput screening method for quantifying the
effects of different reagents on exonuclease activity. The assay is based on a hairpin-forming biotinylated
oligonucleotide substrate that contains one or more exonuclease-resistant phosphorothioate nucleotides.
The activity and specificity of the selected 30–50 exonuclease is determined indirectly using a sensitive
pyrosequencing reaction after cleanup of the samples. In this pyrosequencing step, the amount of nucle-
otides filled into each position of the exonucleolytically degraded 30 end of the substrate can be recorded
quantitatively and equals the amount of the nucleotides removed by the exonuclease. This system allows
the estimation of both processivity and efficiency of the exonuclease activity. We have employed com-
pounds reported in the literature to inhibit the exonuclease activities of either exonuclease III or the large
fragment of polymerase I (Klenow fragment) to evaluate the assay.

� 2010 Elsevier Inc. All rights reserved.
Exonucleases are DNA-degrading enzymes that play important
roles in a variety of physiological and cellular processes. The dou-
ble-stranded DNA-specific 30–50 exonucleases (35dsExos)1 are a
small group within this enzyme family, whose other members are
involved mostly in the processing of RNA or DNA–RNA hybrids.
The major human 35dsExo is the protein TREX1 that forms a
homodimer with two catalytic sites [1,2]. The functions of this en-
zyme and the related TREX2 protein are still not completely clear,
but their inactivation is connected with impaired apoptosis and
autoimmune-like inflammatory diseases [3,4].

In contrast to the autonomous TREX proteins, the majority of
35dsExo activities are embedded in multifunctional proteins or
protein complexes. The existence of 35dsExo domains or subunits
is generally considered to be of crucial significance for certain DNA
polymerases and DNA helicases to ensure accuracy in DNA replica-
tion, repair, and recombination [5–7]. It was shown that the mod-
ulation of the internal 35dsExo activity of DNA polymerases by
mutation resulted in significant losses of accuracy [8–11]. DNA
integrity is also maintained by DNA-binding complexes with
35dsExo subunits such as Rad1 and Rad9 (9–1–1 complex)
ll rights reserved.
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A-specific 30–50 exonuclease;
, dimethyl sulfoxide; EDTA,

bumin.
[12,13] or Mre11 (MRN complex) [14–17], which have essential
functions in DNA repair and recombination.

In addition, there are some proteins that possess 35dsExo activ-
ities with uncertain physiological roles. Ape1 and Ape2 are endo-
nucleases in DNA repair processes with specificity for apurinic
and apyrimidinic sites. Their detected 35dsExo activities point to
additional roles in replicative processes [18,19]. The endonuclease
Fen1, which removes displaced single-stranded DNA segments,
also has 35dsExo activity that is complementary to the respective
function of polymerase delta [9,20]. Last but not least, the tumor
suppressor protein p53 was reported to possess 35dsExo activity
[21–25].

Taking into account their general impact on the maintenance of
cellular DNA, the determination of the actual contributions of par-
ticular 35dsExos would help to further clarify the mechanisms
safeguarding genetic stability. At this moment, however, there
are no substances that efficiently inhibit 35dsExos. This lack of
35dsExo inhibitors in general, and of specific inhibitors of individ-
ual 35dsExos in particular, is caused partly by the absence of a
useful high-throughput assay. Currently, radioactively labeled sub-
strates and densitometric analyses of the autoradiograms are used
to study 35dsExos, and this is laborious and requires high costs per
sample. Besides the need for special safety equipment and waste
disposal, such methods permit analysis of only a limited number
of samples. Fluorometric techniques have been used in many
high-throughput enzyme assay systems, but there is only one fluo-
rescence-based method reported that has been used to screen for
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inhibitors of the 35dsExo activity of Ape1 [26]. Instead, fluoromet-
ric analyses have been adapted mainly to kinetic analyses of
exonucleases [27–31].

Here we present a label-free assay for the in vitro determination
of 35dsExo activity. This assay exploits the high sensitivity and
high-throughput potential of an established pyrosequencing proto-
col. Pyrosequencing couples the accuracy of a DNA polymerase and
the sensitivity of bioluminescence detection [32] and is used for
genetic analyses such as the identification of single-nucleotide
polymorphisms and DNA modifications [33]. Our assay design al-
lows the semiquantitative study of the effects of modulators of
35dsExo activity. To demonstrate the feasibility of our assay, we
have estimated the ranges of both applicable substrate amounts
and detectable enzyme activities for the model enzymes exonucle-
ase III (ExoIII) and the Klenow fragment (KF) of polymerase I of
Escherichia coli.
Materials and methods

Materials

The exonuclease substrate ExoSub1 (Fig. 1) was designed in-
house and synthesized by MWG Biotech (Ebersberg, Germany).
The deoxyribooligonucleotide has the sequence 50-CACTAGTCaCTC
CAGCAGCTTCAACGGTTT�TTCCGTTGAAGCTGCTGGAGtGACTAGTG-
30. The lowercase letters represent phosphorothioate moieties, and
the asterisk marks a biotinylated nucleotide. The underlined resi-
dues are complementary and form the double-stranded part of
the substrate. The substrate was designed in such a way that both
activity and sequence preference of a 30–50 exonuclease can be read
simultaneously from one reaction. For efficient removal of compo-
nents of the exonuclease reaction that might interfere with the
pyrosequencing reaction, a biotin group was attached to the oligo-
nucleotide at synthesis. This ‘‘handle” was positioned at maximal
distance to the reaction center of the exonuclease reaction to re-
duce any interference with enzyme function. The incorporation
of phosphorothioate groups in the stem of the hairpin structure
near the 30 end prevents the destabilization of the backbone due
to excessive degradation of the double strand. The sequence of
the 30 terminus covers all nucleotides to monitor substrate speci-
ficities of the 35dsExos. If the exonuclease displays unrestrained
activity, up to seven nucleotides can be removed, leaving a pro-
truding 50 end. The 30 end of the remaining double-stranded seg-
ment acts as a primer in the following pyrosequencing step, in
which the matching nucleotide is incorporated by a DNA polymer-
ase. The second phosphorothioate bond near the 50 end was in-
cluded to minimize substrate degradation by possible 50–30

exonuclease contaminations of the protein preparations. The dou-
ble-stranded part of the hairpin also covers a recognition site of the
restriction endonuclease SpeI that can be used to provide a uni-
form substrate with recessed 30 ends for the identification of mate-
rial not digested by the exonucleases.

E. coli ExoIII (150,000 U/mg) and KF of E. coli polymerase I
(20,000 U/mg) were purchased from New England Biolabs (Frank-
Fig. 1. Structure of the hairpin deoxyribooligonucleotide substrate ExoSub1 (1). Lowerca
which resist the attack of 30–50 exonucleases. The complicated structure (1) is symboliz
furt, Germany). The 10-fold concentrated stock solution of buffer Y,
which was used as the reaction buffer, was supplied by Fermentas
(St. Leon-Rot, Germany). Buffer substances, NaF, dimethyl sulfox-
ide (DMSO), captan, and pifithrin (2-(2-imino-4,5,6,7-tetra-
hydrobenzothiazol-3-yl)-1-p-tolylethanone hydrobromide) were
purchased from Sigma–Aldrich (Deisenhofen, Germany). Streptavi-
din Sepharose was obtained from GE Healthcare (Munich, Ger-
many), and the Pyro Gold Reagent Kit was supplied by Biotage
(Uppsala, Sweden). The inhibitor CRT0044876 (7-nitroindole-2-
carboxylic acid) was obtained from Calbiochem (Merck Chemicals,
Nottingham, UK). Mirin (6-(4-hydroxyphenyl)-2-thioxo-2,3-dihy-
dro-4(1H)-pyrimidinone) was supplied by Hit2Lead (ChemBridge,
San Diego, CA, USA). All aqueous solutions were prepared using
ultrapure water produced by a Milli-Q device (Millipore, Schwal-
bach, Germany).

Exonuclease reaction

The substrate oligonucleotide ExoSub1 was dissolved in TE buf-
fer (10 mM Tris–HCl and 1 mM EDTA [ethylenediaminetetraacetic
acid], pH 7.5) to yield a final concentration of 100 lM, and the
solution was aliquoted and kept at �20 �C. Prior to use, the sub-
strate was diluted in buffer Y (33 mM Tris–acetate, 10 mM magne-
sium acetate, 66 mM potassium acetate, and 0.1 mg/ml bovine
serum albumin [BSA], pH 7.9) to a final concentration of 250 nM
(0.25 pmol/ll). This solution was heated to 95 �C and cooled to
room temperature within 4 h to ensure the correct annealing of
the hairpin structure. The obtained substrate stock solution was
used to prepare the working solution by further dilution with RB
buffer immediately before use. Aliquots of 8 ll of the working solu-
tions were placed in microcentrifuge tubes, each of which had been
previously filled with 34.5 ll of buffer Y.

The stock solutions of the inhibitors were prepared from solid
materials by dissolving weighed amounts in DMSO to concentra-
tions of 20 mM each and further diluted with DMSO as required.
The enzyme solutions were prepared from the supplied stock solu-
tions by dilution in buffer Y to the desired concentrations.

The reaction vessels containing the substrate solution were pro-
vided with 2.5 ll of inhibitor solution or DMSO. The reactions were
started by the addition of 5 ll of enzyme solution and incubated
for either 2 min at room temperature (ExoIII) or 15 min at 30 �C
(KF). Then the enzymes were inactivated by incubation at 75 �C
for 10 min. The samples were stored at �20 �C until the pyrose-
quencing assay.

Pyrosequencing technique

Biotin-labeled ExoSub1 samples were immobilized on strept-
avidin Sepharose and purified using the PyroMark Vacuum Prep
Tool (Biotage) as described by Groth and coworkers [34]. Immobi-
lization, washing, renaturation, and pyrosequencing of labeled oli-
gonucleotides were performed in 96-well plates. Buffers used for
these steps were purchased from Biotage. Briefly, the purified
immobilized oligonucleotides were treated with washing buffer
(1)

(2)

se letters represent nucleotides that form phosphorothioate bonds at their 30 ends,
ed in further drawings by formula (2).
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and transferred to 40 ll of annealing buffer (Biotage). To prevent
aberrant strand hybridization after the washing steps, the solution
was heated to 80 �C and subsequently cooled at a rate of 0.2 �C/s to
20 �C in a Peltier Cycler PTC-200 (MJ Research, Waltham, MA, USA).
The sequencing reaction was performed using the Pyro Gold Re-
agent Kit in a PSQ 96MA pyrosequencing instrument (Biotage)
using the sequence analysis mode SQA (sequence analysis) accord-
ing to the manufacturer’s instructions. SQA means that four cycles
of the addition of deoxynucleoside triphosphates were performed.
Each cycle comprised the addition of four dNTPs in the dispensa-
tion order ACGT. Dispensed deoxynucleoside triphosphates, as well
as the enzyme mixture and substrate needed in the pyrosequenc-
ing reaction, were purchased from Biotage. The heights of the sub-
sequent signals of the pyrosequencing reaction reflect the amount
of the inserted nucleotides, which are equivalent to the percentage
of exonucleolytic removal of the particular nucleotide.
Results

To facilitate the understanding of the results, the principle of
the assay and the output of the pyrosequencing are shown sche-
matically in Fig. 2. Suitable amounts of substrate as well as detect-
able enzyme activities were determined using ExoIII and the large
fragment of polymerase I (KF). With the preparation protocol de-
scribed above, the maximal amount of substrate defined by the
amount of streptavidin resin used in sample cleanup was deter-
mined to be 10 pmol. The use of substrate amounts of 0.8 pmol
or more always resulted in reproducible pyrograms that unambig-
uously reflected the variations of the experimental parameters. The
A

Fig. 2. Schematic illustration of the principal steps of the exonuclease assay. The exonucl
in Fig. 1. The 30 ends of the substrate are converted by a 30–50 exonuclease either complete
exonuclease, the recessed 30 ends are used as the priming sites for the incorporation of m
the resulting structures of the termini, the outputs from the first of four pyrosequencin
schematically for a completely recessed 30 end (A) and for a partially recessed 30 end (
underlined italicized letters.
use of substrate amounts of less than 0.4 pmol occasionally failed
to give evident pyrosequencing signals, and this might be the con-
sequence of substrate losses during sample cleanup.

As shown in Fig. 3, the sample preparation and pyrosequenc-
ing scheme yielded evaluable results when as little as 0.3 pmol
of oligonucleotide substrate was treated with suitable amounts
of ExoIII. The incubation of 2.00, 0.80, or 0.32 pmol of the sub-
strate with 0.33 U of ExoIII for 2 min consistently brought about
the sequence ACTAGTG in the pyrosequencing reaction. This se-
quence is the result of the fill-in of the 30 end of the ExoSub1
molecule starting directly downstream of the phosphorothioate-
linked nucleotide and, thus, is equivalent to the complete abra-
sion of the 30 end by the exonuclease. The observed signal inten-
sities clearly reflected the applied amounts of substrate. To
guarantee a reliable interpretation in terms of acceptable signal-
to-noise ratios, the substrate amount was fixed at 0.8 pmol in fur-
ther evaluation assays.

To determine the detectable ranges of enzymatic activities, we
prepared serial dilutions of ExoIII and KF and analyzed the sensi-
tivity of the assay in relation to decreasing enzyme amounts. In
contrast to ExoIII, there is no scale to estimate the nucleolytic
activity of KF. Therefore, we referred to its polymerase activity,
which in terms of the proofreading function is related to the
35Exo activity. The results demonstrated that the assay is useful
to detect activities of as little as 0.04 U of ExoIII or 35dsExo activity
of 0.04 polymerase units of KF under the conditions described in
Materials and methods. Using 0.8 pmol of substrate and taking
into consideration the specific activities of the enzymes given by
the supplier, the studied molar substrate-to-enzyme ratios in the
assays ranged from 4 to 90 for ExoIII and from 1 to 27 for KF. Most
B

ease substrate ExoSub1 is shown as a simplified structure introduced by formula (2)
ly (A) or partially (B), leaving recessed ends of differing lengths. After removal of the

atching nucleotides by a DNA polymerase in the pyrosequencing step. Together with
g cycles with the dispensing order ACTG of nucleotide triphosphates are presented
B). Nucleotides added to the 30 ends in the pyrosequencing steps are displayed as
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Fig. 3. Pyrograms of ExoIII-treated substrate ExoSub1. Here 2.00, 0.80, or 0.32 pmol of the annealed substrate was digested with 0.33 U of ExoIII for 2 min in a total volume of
50 ll reaction buffer Y. The reaction products were purified and analyzed by pyrosequencing as described in Materials and methods. The uppercase S on the abscissa indicates
the injection of substrate needed for the pyrosequencing reaction.
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likely, the detection limit of the assay can be further decreased by
optimization of the assay conditions in terms of reaction buffer,
temperature, and duration of the exonuclease reaction.

Using more than 0.33 U of ExoIII (enzyme-to-substrate ra-
tio > 0.10) always resulted in constant signal intensities of the se-
quence ACTAGTG in pyrosequencing, indicating the complete
removal of the 30 ends. The reduction of the enzyme amount to less
than 0.15 U led to the alteration of the resulting pyrosequencing
pattern together with a decrease of signal intensities. Surprisingly,
we observed different behavior with KF. Here the result of a reduc-
Added deoxynuc
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Fig. 4. Pyrograms resulting from treatment of 0.8 pmol of ExoSub1 by decreasing amo
polymerase units of KF at 30 �C for 15 min in a total volume of 50 ll reaction buffer Y. T
Materials and methods. The uppercase S on the abscissa indicates the injection of subst
tion of the enzyme amount was predominantly an alteration of the
resulting pyrosequencing pattern but not the decrease of signal
intensities (Fig. 4). The decrement of the enzyme amount at a given
substrate concentration initially increased the intensities of subset
pyrosequencing signals, which declined only at further enzyme
reduction. In testing a multitude of enzyme-to-substrate ratios, it
became evident that the transition from the complete excision to
the restricted excision of the 30 end occurred below an enzyme-
to-substrate ratio of approximately 1.0. Presumably, there is a
change of the mechanism of exonucleolysis by KF below this value
1.000 U

0.333 U

0.111 U

0.037 U

leoside triphosphate

unts of KF. The annealed substrate was converted by 1.000, 0.333, 0.111, or 0.037
he reaction products were purified and analyzed by pyrosequencing as described in
rate needed for the pyrosequencing reaction.
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that blocked its progression to completeness. The observations
indicated low processivities of both enzymes under the given con-
ditions of slight substrate excess.

To validate the suitability of the assay to measure the inhibition of
exonucleases, we applied conditions known to reduce the activities
of ExoIII and KF. Inhibition of ExoIII can be achieved by increasing the
ionic strength of the reaction buffer [35]. We doubled the concentra-
tion of sodium ions to 140 mM by the addition of 75 mM NaCl, lead-
ing to the expected reduction of enzyme activity, as shown in Fig. 5.
The signal intensities of the sequence ACTAGTG representing com-
plete exonucleolysis were reduced and supplanted, in part, by sig-
nals predominantly of the sequence GTG, indicating the presence
of partially digested substrate molecules. This observation became
more obvious when low amounts of ExoIII were used.
0.333 U ExoIII

- NaCl

+ 75 mM NaCl
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Fig. 5. Inhibition of ExoIII activity by NaCl. The pyrograms of 0.8 pmol of ExoSub1 digeste
75 mM NaCl (bottom row) to buffer Y. The reaction products were purified and analyzed
abscissa indicates the injection of substrate needed for the pyrosequencing reaction.
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Fig. 6. Effects of 0.1 mM captan (B and E) and 10 mM NaF (C and F) on the exonucleas
shown for comparison (A,D). The pyrograms of 0.8 pmol of ExoSub1 treated with 1.000 U
and analyzed by pyrosequencing as described in Materials and methods. The uppercase
reaction.
Sodium fluoride [36] and captan [37,38] have previously been
reported to inhibit the 35dsExo activity of KF. The effects of these
substances are demonstrated in Fig. 6. Under the assay conditions,
the presence of 0.1 mM captan had no effect on the 35dsExo activ-
ity of KF. In contrast, the 30–50 nucleolytic function of this enzyme
was clearly suppressed by sodium fluoride at a concentration of
10 mM, as indicated by the predominance of the sequence GTG
in pyrosequencing corresponding to incompleteness of substrate
conversion.

We also used our assay to test three substances that were pre-
viously reported to inhibit individual mammalian 35dsExos. At a
concentration of 1 mM, the inhibitors of p53 (pifithrin) and Ape1
(CRT0044876) [26] did not appear to inhibit the 35dsExo activity
of either ExoIII or KF. The addition of 1 mM mirin [39], however,
0.111 U ExoIII

- NaCl

+ 75 mM NaCl

leoside triphosphate

d by 0.333 or 0.111 U of ExoIII are shown without (top row) and with the addition of
by pyrosequencing as described in Materials and methods. The uppercase S on the

 0.333 U
d

e

f

leoside triphosphate

e activity of KF. Results obtained without the addition of interfering substance are
of KF (A–C) or 0.333 U of KF (D–F) are shown. The reaction products were purified

S on the abscissa indicates the injection of substrate needed for the pyrosequencing
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caused a moderate inhibition (650%) of the reaction (Fig. 7). Inter-
estingly, the pyrograms produced by the inhibitory effect of mirin
differed from those that were created by a 9-fold reduced amount
of the exonucleases. This finding again points to the significance of
alterations of the substrate-to-enzyme ratio on the mechanisms of
action of both enzymes. The different behavior could also be a con-
sequence of the varying protein contents of the reaction mixtures.
Discussion

Although the principal components safeguarding genome sta-
bility have been increasingly elucidated, there are many reports
about the participation of additional proteins in fine-tuning or
backup of individual steps of these pathways. Some of them are
considered directly as alternative 30–50 exonucleases, and others
might interact with exonuclease complexes to alter their specific-
ity or kinetics. The availability of specific inhibitors would facilitate
the evaluation of the influence of such candidate exonucleases on
particular cellular processes. The search for inhibitors was one of
the goals of the proposed label-free three-stage assay in which
the steps of exonuclease reaction and detection by pyrosequencing
are concatenated by a purification procedure.

The basis for the quantitative estimation of the exonucleolytic
activity is the hairpin structure of the oligonucleotide substrate
that ensures a large distance between the reaction center and the
biotin moiety used as purification handle. As the results of the
experiments using high enzyme activities showed, the two phosp-
horothioate bonds incorporated into the nucleotide backbone
blocked any undesirable destruction of the substrate by the
exonucleases. Nevertheless, the 30 end of the annealed ExoSub1
was used efficiently as a substrate by both enzymes, confirming
previous reports about the largely uncompromised structure of
phosphorothioate-containing DNA [40,41]. Thus, the phosphoro-
thioate bond near the 30 end of the oligonucleotide marked the de-
fined endpoint of the complete clearance of the 30 end. The 30

hydroxyl group of the remaining G residue was used as the priming
site by the polymerase in the pyrosequencing without any notice-
able difference compared with phosphodiester substrates. These
a
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Added deoxynucl

Fig. 7. Effects of mirin on the exonuclease activities of ExoIII and KF. Here 0.8 pmol of Exo
the absence (A and D) or presence (B and E) of 1 mM mirin. The pyrograms resulting from
to estimate the efficiency of inhibition by mirin. The reaction products were purified and
on the abscissa indicates the injection of substrate needed for the pyrosequencing react
findings demonstrate that ExoSub1 can be used in the proposed as-
say without restrictions. There are only two situations that can
interfere with the assay. First, the presence of additional DNA dis-
torts the results due to competition with the substrate. Another
source of defect is the presence of any substances that compromise
the binding of biotin to the streptavidin matrix.

Provided that, first, the annealing of the oligonucleotide Exo-
Sub1 produces only the predicted stable hairpin substrate and, sec-
ond, the 30 ends of all substrate molecules are completely abraded
by a 35dsExo during the assay, the pyrosequencing must show
only signals matching the sequence ACTAGTG resulting from the
complete recovery of the 30 end precedingly degraded by the exo-
nuclease. In addition, the intensities of the pyrosequencing signals,
which correspond to the numbers of incorporated nucleotides,
must constantly reach the maximal values. These theoretical pre-
dictions were indeed observed experimentally when high exonu-
clease activities were applied (Fig. 3; see also Fig. S1 in the
supplementary material). The reproducibility of the results with
high or excess activities of exonuclease demonstrated the stability
of the substrate and the robustness of the assay. The direct relation
between exonuclease activity and signal intensity of the pyrose-
quencing readout can be used to identify substances that can inhi-
bit the activities of individual exonucleases.

We used the well-investigated 35Exos ExoIII and DNA polymer-
ase I large fragment (KF) to discover the limit of detection of the
assay and to set up a general protocol. The presented data show
that both exonucleases could be studied below the picomolar
range using the reported setup. This very high sensitivity is a pre-
requisite to studying proteins that cannot be prepared in large
quantities, which applies to most of the candidate molecules dis-
cussed to contribute to genome maintenance. In addition to the
sensitivity, the assay is capable of being used in high-throughput
screens given that all steps can be easily automated. This feature
is important for the search for inhibitors because the exonucleases
of interest have only limited stability under the assay conditions.
Therefore, especially the first step of the assay must be performed
with maximal speed when screening large substance libraries.

To demonstrate the usability of the assay in inhibitor screening,
we tested low-molecular-weight substances that have been
d

e

f

eoside triphosphate

Sub1 was treated with either 1.000 U of ExoIII (A and B) or 1.000 U of KF (D and E) in
the reactions in the absence of mirin with 0.111 U of ExoIII (C) and KF (F) are shown

analyzed by pyrosequencing as described in Materials and methods. The uppercase S
ion.
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reported to specifically inhibit individual proteins with 30–50 exo-
nuclease activities. Captan, previously reported as an inhibitor of
the 30–50 activity of Klenow fragment [37,38], was ineffective in
our assay (Fig. 6). Also, the p53 inhibitor pifithrin and
CRT0044876, proposed to inhibit Ape1 (at 10 lM) and ExoIII (at
>50 lM) [26] failed to inhibit the model exonucleases. The only
substance that reduced the activities of both 35Exos at a concen-
tration of 1 mM was mirin (Fig. 7), previously shown to inhibit
the Mre11 exonuclease at 100 lM [39]. The effect of mirin on KF
was more pronounced, although we also observed a certain inhibi-
tion of ExoIII in contrast to the original report (Fig. 7). Possibly,
mirin can interact with the active center of KF more efficiently than
with that of ExoIII, initially supporting the approach to search for
specific inhibitors of 35Exos.

The test results using the reference exonucleases demonstrate
the importance of selecting an appropriate concentration of the en-
zyme under study. However, this concentration depends on the
purpose of the study. The reduction of the signal intensities of a gi-
ven sequence in the pyrosequencing step as a consequence of the
diminished enzyme activity is required in inhibitor screenings to
yield an easily evaluable readout of the assay. On the other hand,
the assay can also be used for the investigation of the mechanism
of the enzymatic action of 35Exos that rather needs limiting en-
zyme amounts. This was shown for the determination of the pro-
cessivity of ExoIII and KF as well as for the investigation of the
alteration of enzymatic actions of these enzymes at different sub-
strate-to-enzyme ratios.

The observed alteration of the sequence pattern of the pyro-
grams at reduced enzyme amounts can be easily explained on
the basis of the low processivity of both enzymes. The frequent dis-
sociation of the enzymes leaves recessed DNA ends of different
lengths that result in a mixture of species, giving rise to the super-
position of various sequences in the pyrosequencing output. The
pyrograms, however, demonstrated that the reduction of enzyme
amounts did not lead to a random distribution of sequences but
rather favored the occurrence of the sequence GTG (Figs. 2 and
3) instead of, or in addition to, ACTAGTG. This might correspond
to a preferential dissociation of both exonucleases either after
the removal of a guanosine nucleotide or at terminal adenosine
residues under conditions of limiting enzyme amount. For ExoIII,
this finding is in agreement with the results of Linxweiler and
Horz, who showed in an analysis using DNA fragments that ExoIII
preferentially stopped after the excision of G residues [42].

In our assay, the processivity of ExoIII at 37 �C was lower than
previously reported. Thomas and Oliveira determined the nonpro-
cessive but distributive release of up to 50 nucleotides before ExoIII
dissociated from the used poly(dA/dT) double strands [43]. In con-
trast to our observations, such a high processivity would always re-
move the complete 30 end of a bound substrate molecule, giving
rise only to the sequence ACTAGTG in pyrosequencing, and the
intensities of the signals would be a direct measure of the enzy-
matic activity. The noticed drop of processivity might be a result
of the used enzyme-to-substrate ratios. Whereas previous reports
always dealt with the case of excess of enzyme with respect to
the DNA termini, the substrate concentration of 16 nM (0.8 pmol/
50 ll) in this study exceeded that of ExoIII by factors from 4 to
90. Two models can explain the observed course of the ExoIII reac-
tion. First, the substrate excess can stimulate the rapid dissociation
after the release of the guanosine residue known to be a preferred
dissociation point. Binding to substrate that had already been de-
graded during a previous binding event can then result in a com-
pletely removed 30 terminus of the substrate. Second, in a less
probable model, the excess of substrate induces extensive DNA
binding and, thereby, causes a lack of unbound ExoIII molecules
that are required to release bound molecules from the DNA. This
would imply a need for collaboration of at least two molecules of
ExoIII to drive the reaction along the DNA strand. Some support
for this idea is given by the detection of a stable complex of ExoIII
with DNA that was observed at 5 �C. The complex was formed at
low temperature after the initial removal of 6 nucleotides by the
enzyme and turned into an active enzyme with enhanced proces-
sivity when the temperature was increased [44].

Because of the lack of known specific exonuclease inhibitors, we
tried to mimic inhibition of the activities of ExoIII and KF by appli-
cation of conditions reported to reduce their activities. This was
the only way to verify the assay, although we were aware that
the alteration of the enzymatic function by changing the reaction
conditions might differ from the situation of actual inhibition of
the exonucleases by molecular interactions. The results showed
that the assay correctly measured the reduction of exonuclease
activities, but the change of the reaction conditions complicated
the readout when high salt (ExoIII [Fig. 5]) or sodium fluoride
(KF [Fig. 6]) was added to the reaction mixture. High salt concen-
trations have been described as interfering with proper binding
of the essential magnesium ions [45]. The mechanism of fluoride
inhibition is progressively understood and is apparently based on
the alteration of the binding behavior of the essential magnesium
ions in the reactions of many enzymes such as pyrophosphatases
[46,47], enolases [48], and ATPases [9,49].

The setup we have presented in this article can be used to
search for inhibitors of double-stranded specific 30–50 exonucleases
by the screening of appropriate substance libraries. Such com-
pounds could be effective antimicrobial agents that act in a novel
way without the risk to further facilitate the evolution of resistant
pathogens. Alternatively, it provides an opportunity to study the
mechanism of individual 30–50 exonucleases under a variety of con-
ditions. Benefiting from the small substance requirements, it can
also be applied to clarify whether or not a molecule under study
actually performs 35Exo activities that can complement or assist
the function of the physiological enzymes.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ab.2010.05.019.
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