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ABSTRACT: A new method was developed for tracking the stereochemical path of enzymatic cleavage of
DNA. DNA with a phosphorothioate of known chirality at the scissile bond is cleaved by the enzyme in
H2

18O. The cleavage produces a DNA molecule with the 5′-[16O,18O,S]-thiophosphoryl group, whose
chirality depends on whether the cleavage reaction proceeds by a single-step hydrolysis mechanism or by
a two-step mechanism involving a protein-DNA covalent intermediate. To determine this chirality, the
cleaved DNA is joined to an oligonucleotide by DNA ligase. Given the strict stereochemistry of the DNA
ligase reaction, determined here, the original chirality of the phosphorothioate dictates whether the18O is
retained or lost in the ligation product, which can be determined by mass spectrometry. This method has
advantages over previous methods in that it is not restricted to particular DNA sequences, requires
substantially less material, and avoids purification of the products at intermediate stages in the procedure.
The method was validated by confirming that DNA cleavage by theEcoRI restriction endonuclease causes
inversion of configuration at the scissile phosphate. It was then applied to the reactions of theSfiI and
HpaII endonucleases and the MuA transposase. In all three cases, DNA cleavage proceeded with inversion
of configuration, indicating direct hydrolysis of the phosphodiester bond by water as opposed to a reaction
involving a covalent enzyme-DNA intermediate.

Determination of the stereochemistry of enzymatic phos-
phoryl transfer reactions has long been recognized as a
powerful tool for elucidating the mechanisms of these
enzymes (1, 2). Because many phosphoryl transfer reactions
of biological significance occur at phosphorus atoms with
two nonbridging oxygens, chemical analogues with sulfur
substituting for one of these oxygens have been widely used
to generate the chiral center needed for stereochemical
analysis (3-5). For reactions at DNA phosphodiesters in
which the recipient of the transfer step is another polynucle-
otide, such as the strand transfer step of the Mu transposition
and HIV integration reactions (6, 7) and V(D)J recombination
(8), a convenient method already exists for the determination
of the stereochemical path (3). In these cases, the stereo-
configuration of the phosphodiester in the product can be
assessed by using two nucleases that have complementary
specificities for the diastereomers of phosphorothioates; snake

venom phosphodiesterase cleaves onlyRp phosphorothioate
linkages but notSp linkages, while nuclease P1 cleavesSp

but not Rp phosphorothioates (9, 10). However, for DNA
endonuclease reactions in which the phosphate moiety of
interest gains an additional nonbridging oxygen atom from
a water molecule, determination of the stereochemistry of
the reaction products is often a difficult task (viz.11).

The previous method for determining the stereochemistry
of endonuclease reactions not only requires a DNA substrate
with a phosphorothioate linkage of defined chirality at the
scissile bond, but also requires an adenosine residue to be
located 5′ to the scissile bond (12). This DNA is cleaved
first by the nuclease of interest in the presence of H2

18O and
the reaction products then digested to mononucleotides. The
mononucleotide carrying the target phosphorothioate, [16O,
18O, S]dAMP, is separated from the others by HPLC and
reacted with adenylate kinase to yield [O18]dATPRS. Its
absolute configuration is then determined by31P NMR. This
method is inapplicable to many enzyme reactions for
technical reasons, such as the limitations on the substrate
DNA sequence that can be used, the necessity for virtually
100% yields at each stage in the procedure, and the high
demand for the purity and quantity of material. We have
developed a new method that eliminates many of these
technical difficulties and used it to study the mechanism of
action of several restriction endonucleases and phage Mu
transposase.
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In this method, we prepare a substrate DNA for each
nuclease to be studied with a phosphorothioate of known
chirality at the scissile bond. The substrate is digested by
the nuclease in the presence of H2

18O, and the product is
ligated to an appropriate oligonucleotide that contains a
biotinylated thymidine analogue at the 3′-end. In the reaction
pathway for DNA ligase (13), one specific oxygen atom is
lost from the 5′-phosphate. The stereochemical selectivity
of DNA ligase with a sulfur-containing 5′-end was deter-
mined in this study. From this, we can deduce the ste-
reospecificity of the endonuclease reaction products by
determining whether the18O that is incorporated during
hydrolysis is retained or lost during ligation. We digest the
ligation products with nuclease P1 that generates the bioti-
nylated phosphorothioate dinucleotide of interest, while all
other parts of the DNA substrates are converted to mono-
nucleotides. We then purify the dinucleotide using matrix-
bound avidin beads and measure its mass by MALDI-TOF.1

We usedEcoRI as a test for this method, because the
stereochemistry of its reaction had been established previ-
ously by the NMR method (12). Our result agrees with the
previous result, confirming the inversion of chirality during
hydrolysis. The method was then applied to DNA cleavage
reactions by theSfiI and HpaII restriction enzymes and by
the transposase from phage Mu, the MuA protein.

MATERIALS AND METHODS

Isotopes.H2
18O (>97%) was obtained from Isotec. [γ-32P]-

ATP was from NEN. [R-32P]ddATP and [γ-35S]ATP were
from Amersham Pharmacia Biotech.

Proteins.MuA transposase (14) and restriction endonu-
cleasesEcoRI (15) and SfiI (16) were purified as before.
Other enzymes were obtained from: endonucleaseHpaII, T4
ligase, polynucleotide kinase (New England Biolabs); P1
nuclease, terminal transferase (Amersham Pharmacia Bio-
tech); calf intestine alkaline phosphatase and snake venom
phosphodiesterase (Boehringer Mannheim). Streptavidin-
coated magnetic beads (Dynabeads M-280 Streptavidin) were
from Dynal.

Oligonucleotides.All of the oligonucleotides used in this
study were synthesized by the HHMI Biopolymer/Keck
Foundation Biotechnology Resource Laboratory at Yale
University. Oligonucleotides that contained biotinylated T
(Glen Research, cat. no. 10-1038) at the 3′-ends were
synthesized in one of two ways; the synthesis was started
either with a 3′-phosphorylation column with the first
nucleotide addition of biotinylated T followed by the
remainder of the sequence, or with any of the standard
nucleotide columns with first addition of the chemical
phosphorylation reagent (Glen Research, cat. no. 10-1900)
followed by the biotinylated T and the rest of the sequence.
Either method produces oligonucleotides with the biotinyl-
ated base at the intended 3′-end position adjacent to a 3′-
phosphoryl group, which was subsequently removed by
alkaline phosphatase treatment. Phosphorothioate-containing
duplexes were assembled from three oligonucleotides. One
oligonucleotide was synthesized as a trityl-on derivative with
a racemic phosphorothioate linkage instead of a phosphodi-

ester between the 5′ and the penultimate nucleotides. HPLC
purification of this derivative generally gave good separation
of the two diastereoisomers, and their separation appears to
be uninfluenced by the chain length as first noted by Stec et
al. (17). Approximately 1µmol of oligonucleotides was
loaded onto a C-4 column (21.4× 250 mm plus a guard
column, Dynamax-300A, Rainin) at a flow rate of 7.5 mL/
min of 100% solvent A (0.1 M triethylammonium acetate,
pH 7), 0% solvent B (acetonitrile). One of the two buffer
gradients (80% A+ 20% B to 75% A+ 25% B in 40 min
at 7.5 mL/min or 75% A+ 25% B to 70% A+ 30% B in
40 min at 7.5 mL/min) was chosen for each sample by a
test run of a small quantity of the sample. The retention time
differed depending on the sequence and the gradient used.
Typical separation between the two diastereomers was
between 5 and 8 min. To determine the stereoconfiguration,
a fraction of the sample from each HPLC peak was first
detritylated and then labeled at its 5′ end with [γ-32P]ATP
and T4 kinase, prior to digestion with nuclease P1 or snake
venom phosphodiesterase: digestion products were analyzed
by electrophoresis through polyacrylamide (20% or 24%
sequencing gel) and autoradiography. The early-eluting peak
from the HPLC always contained theSp phosphorothioate
linkage, and the late-eluting peak, theRp form. The oligo-
nucleotide containing a phosphorothioate of known stereo-
configuration adjacent to its 5′ end was phosphorylated at
its 5′ end, with unlabeled ATP and T4 kinase, and labeled
at its 3′ end, with [R-32P]ddATP and terminal transferase.
This was subsequently ligated by T4 DNA ligase to the
oligonucleotide that formed the other half of one strand of
the endonuclease substrate, in the presence of a third
(complimentary) oligonucleotide, the latter forming the
second strand of the endonuclease substrate. The substrates
for restriction endonuclease reactions were used after ethanol
precipitation. The substrate for the MuA reaction was further
purified through nondenaturing polyacrylamide gel electro-
phoresis before use. The sequences of the oligonucleotides
used are as follows (“s” indicates the positions of phospho-
rothioate linkages, and “Tbio” represents biotinylated T
analogue). Components of theSfiI substrate: MM757
TsTGGCCGAAGAGATGCG, MM743 GAGTGGCCGTT,
MM744 TTCGGCCAAAACGGCCACTC.SfiI ligation part-
ner: MM867 CGCATCTCTTCGGCCAAGAAGAGGGC-
CCTTTTGGGCCCTCTTCTbio. Components of theEcoRI
substrate: MM758 GsAATTCGAAGAGATGCG, MM789
TGCCCG, MM791 TTCGAATTCCGGGCA.EcoRI ligation
partner: MM865 CGCATCTCTTCGAATTAGAAGAGGGC-
CCTTTTGGGCCCTCTTCTbio. Components of theHpaII
substrate: MM759 CsCGGCAGAAGAGATGCG, MM749
AAAAGG, MM750 TTCTGCCGGCCTTTT.HpaII ligation
partner: MM866 CGCATCTCTTCTGCCGAGAAGAGGGC-
CCTTTTGGGCCCTCTTCTbio. Components of the MuA
substrate: MM752 AAGTTTTCGCATTTATCGTGAAACG-
CTTTCGCGTTTTTCGTGCGCCGCTTC, MM753 CCGAT-
GAAGCGGCGCACGAAAAACGCGAAAGCGTTT-
CACGATAAATGCGAAAACTT, MM760 AsTCGGTGAA-
GAGATGCG, MM846 TCTCTTCA. (MM846 was added
to the ligation reaction for the MuA substrate assembly
without 5′-phosphorylation. Thus it was not incorporated into
the substrate.) MuA ligation partner: MM832a CGCATCTCT-
TCACCGAAGAAGAGGGCCCTTTTGGGCCCT-
CTTCTbio.

1 MALDI-TOF, matrix assisted laser desorption ionization, time of
flight; MS, mass spectrometry.
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Reaction Conditions.The SfiI reaction contained ap-
proximately 150 pmol of the substrate and 37.5 pmol ofSfiI
in 200 µL of buffer containing 10 mM Tris-HCl (pH 7.9),
10 mM MgCl2, 50 mM NaCl, 1 mM dithiothreitol, and 100
µg/mL BSA. The reactions contained either H2

16O or H2
18O

(isotopic purity in the reaction∼95%). The reactions were
overlaid with a drop of mineral oil and incubated at 50°C
for 19 h. After stopping the reaction with 20 mM EDTA,
samples were extracted with phenol and chloroform and
DNA was precipitated with ethanol. TheEcoRI reaction
contained 150 pmol of the substrate and 6000 units ofEcoRI
in 200µL of buffer containing 100 mM Tris-HCl (pH 7.5),
10 mM MgCl2, 50 mM NaCl, and 0.025% Triton X-100.
The isotopic purity was∼96% for the reaction in H218O.
The reactions were overlaid with a drop of mineral oil and
incubated at 37°C for 19 h. Reactions were stopped and
DNA precipitated as above. TheHpaII reaction contained
150 pmol of the substrate and 200 units ofHpaII in 200 µL
of buffer containing 10 mM bis-Tris-propane-HCl (pH 7.0),
10 mM MgCl2, and 1 mM dithiothreitol. The isotopic purity
was∼87% for the reaction in H218O. After incubation at 37
°C for 19 h, reactions were stopped and DNA precipitated
as described above. DNA samples were annealed with
approximately 300 pmol of appropriate ligation partners, and
ligation reactions were carried out in 50µL of buffer
containing 50 mM Tris-HCl, 10 mM MgCl, 10 mM dithio-
threitol, 1 mM ATP, 25µg/mL BSA, and 400 units of T4
DNA ligase at 25°C overnight. After ethanol precipitation
and drying, half of the samples were digested with 10µg/
mL of nuclease P1 in 50µL of buffer containing 20 mM
sodium acetate (pH 5.2), 0.1 mM zinc acetate, and 10%
glycerol at 56°C for 60 min.

The avidin beads (10 mg/mL suspension) for isolation of
the biotinylated mono- and dinucleotides were washed three
times with 2 M ammonium acetate and resuspended in the
original volume of the washing buffer before use. The
nuclease P1 digested DNA samples dissolved in 100µL of
water were mixed with an equal volume of the avidin beads
suspension at room temperature for 30 min with occasional
gentle shaking. The beads were washed three times with 0.5
mL of 1 M ammonium acetate and then three times with
0.5 mL water. To liberate the nucleotides from the beads,
the beads were washed with two 100µL aliquots of
concentrated ammonia, each for 45 min at room temperature,
and the aliquots combined. The eluted nucleotide samples
were dried by lyophilization. A small fraction of the sample
at each stage was used to monitor the reaction by denaturing
polyacrylamide gel electrophoresis and autoradiography.

MuA Reaction.The Mu end cleavage reaction by MuA
contained approximately 240 pmol of the Mu end substrate
and 600 pmol of MuA in 500µL of buffer containing 25
mM Tris-HCl (pH 8.0), 10 mM MgCl, 130 mM NaCl, 15%
glycerol, 15% DMSO, and 0.05% Triton X-100. The isotopic
purity was∼80% for the reaction in H218O. The reaction
was incubated at 30°C for 7.5 h and stopped by the addition
of 0.2% SDS. The extent of the cleavage reaction was
between 10 and 15%. Samples were boiled for 2 min, and
DNA was ethanol precipitated and resuspended in 50µL of
10 mM Tris-HCl (pH 7.6) 0.5 mM EDTA. One-half of the
DNA sample was annealed with 200 pmol of the ligation
partner, and the ligation reaction was carried out as described
for the restriction endonuclease samples. DNA was ethanol

precipitated, dried, digested by nuclease P1, and biotinylated
nucleotides were isolated as described above.

Mass Spectrometry.A 1.2-meter MALDI-TOF mass
spectrometer with delayed extraction (Voyager-DE, Persep-
tive Biosystems, Framingham, MA) was used. Data were
collected with an external 2-GHz digital oscilloscope (Tek-
tronix, Houston, TX). The working matrix solution was a
2-fold dilution of a saturated solution of 2,5-dihydroxyben-
zoic acid in acetonitrile/water (1:1). The lyophilized nucle-
otide samples were dissolved in 50% acetonitrile in water.
Aliquots of 0.5 µL of nucleotide sample, 0.5µL of the
working matrix solution, and 0.5µL of 50 mM NH4HCO3

were mixed on the sample plate and dried in air prior to MS
analysis. The addition of 50 mM NH4HCO3 improved the
quality of the mass spectrum. Spectra were taken in the
negative mode; therefore, the measured peaks corresponded
to m-H. The mass spectrometer was carefully tuned so that
a unit resolution could be maintained. A high-resolution
MALDI-TOF mass spectrometer with delayed extraction and
a reflector (Voyager-STR, Perseptive Biosystems, Framing-
ham, MA) was also used, but no spectrum could be obtained
despite that many different matrixes were tested.

RESULTS AND DISCUSSION

For a large number of enzymatic phosphoryl transfer
reactions, the stereochemical course of the reaction has been
analyzed by using substrates containing either a chiral
phosphorothioate or a chiral phosphate with17O and 18O
isotopes (1, 3). All of the evidence currently available
indicates that each transfer reaction at a phosphorus center
proceeds with inversion of stereoconfiguration. Knowledge
about the stereochemical course of a phosphoryl transfer
reaction is thus a powerful tool in assessing whether the
enzymatic reaction involves a covalent intermediate, linked
to either the enzyme or a cofactor. A single-step substitution
reaction without a covalent intermediate should lead to
inversion of configuration, while a reaction involving a
covalent intermediate should proceed with two inversions
and thus result in overall retention of configuration.

We were particularly interested in the mechanism of DNA
cleavage by two dissimilar endonucleases: a restriction
endonuclease,SfiI, and a transposition endonuclease, the
MuA protein.SfiI differs from orthodox restriction enzymes
in that, instead of being a dimeric protein that attacks an
individual recognition site (18), it exists as a tetramer that
has to bind to two copies of its recognition site simulta-
neously before being able to cut the DNA (19). The demand
for the pairing of two recognition sites, followed by the
excision of the intervening loop of DNA (20), is reminiscent
of site-specific DNA recombination reactions. Thus, even
though the biological function ofSfiI appears to be in DNA
restriction rather than rearrangements (21), it seems possible
that this endonuclease might, at some time during its
evolutionary history, have been involved in recombination
reactions between pairs of recognition sites. If this were the
case, then its reaction pathway may include a covalent
DNA-protein intermediate, as in the strand exchange
reactions of site-specific recombinases such asλ integrase
(22, 6). Other restriction enzymes, such asNaeI andHpaII,
are also activated by additional copies of their recognition
sequences (23), though the way these enzymes utilize two
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recognition sites differs fromSfiI (24). However, DNA
cleavage byNaeI has been reported to involve a covalent
protein-DNA intermediate (25).

In the case of MuA, a member of the transposase-retroviral
integrase family of proteins, two dissimilar chemical reac-
tions are catalyzed by the same active site of the protein
(26, 27). The first is the endonucleolytic cleavage of the 3′-
ends of the transposon sequence, and the second is joining
of the newly liberated 3′-OH groups to a target DNA, in a
reaction termed DNA strand transfer. Previously, it has been
shown that DNA strand transfer by MuA takes place by a
single-step transesterification without the involvement of a
covalent intermediate (6). However, the stereochemical
course of the 3′ cutting has not been directly determined.
For a closely related HIV1 integrase reaction, however, a
side reaction was found in which a nearby 3′-OH, instead
of a water molecule, participated in the 3′ cutting reaction.
This reaction was shown to proceed with inversion of
stereoconfiguration at the scissile phosphate, again indicating
a single-step mechanism (7). While this result suggested that
the normal 3′ cutting reaction also proceeds via a single-
step mechanism, other interpretations were also possible.
Therefore, it was of interest to directly examine the stereo-
chemical course of the hydrolysis reaction at the 3′-ends of
the transposon.

For the reactions ofSfiI (24) and MuA (6), it is difficult
to generate sufficiently large quantities of the reaction
products, in sufficiently pure form, for the determination of
product stereochemistries by the NMR method. We therefore
developed a new method based on the stereoselectivity and
the known mechanism of action of DNA ligase to follow
the stereochemistry of endonuclease reactions. In this
method, the endonuclease of interest is used in H2

18O to
generate a reaction product carrying a 5′-thiophosphoryl end
and this is then joined by DNA ligase to an appropriate
oligonucleotide. In the ligation process, we show below that
of the two nonesterified oxygens, which are stereochemically
distinct in the thiophosphate (proS andproR oxygens), one
(proS oxygen) is stereospecifically removed from DNA. We
determine by MS whether or not the18O atom incorporated
during DNA cleavage is retained in the ligation product. This
in turn will tell us at which of the two possible positions in
the original 5′-thiophosphoryl moiety the18O atom was
located. Therefore, we can deduce the stereochemical path
of the endonuclease reaction.

ReactiVity and Product Stereospecificity of T4 DNA Ligase
with 5′-Thiophosphoryl DNA Termini.For the experimental
approach outlined above to work, DNA ligase must be able
to join a DNA end carrying a 5′-thiophosphoryl group to a
ligation partner with a 3′-OH group. To test whether DNA
ligase can join thiophosphoryl ends, an35S-labeled thiophos-
phoryl group was added to the 5′-end of aHindIII restriction
fragment by using [35S]ATPγS and T4 polynucleotide kinase
prior to ligation with T4 DNA ligase. Ligase acted readily
on this substrate. To determine the chirality of the resulting
phosphorothioate linkage, the ligation product was digested
with nuclease P1, which cuts the phosphorothioate linkages
in their Sp but not in theirRp configuration. Nuclease P1
yielded an35S-labeled dinucleotide as its limit product (Figure
1, lanes i-k). Further digestion of this dinucleotide by snake
venom phosphodiesterase, which can cut theRp form of
phosphorothioate linkages but not theSp form, converted the

dinucleotide to mononucleotides (Figure 1, lanes l, m). We
therefore conclude that T4 DNA ligase can stereospecifically
ligate 5′-thiophosphoryl termini to produce exclusivelyRp

phosphorothioate linkages. The phosphorothioate linkages
formed by T4 ligase have the same properties as those
generated by DNA polymerase with dNTPRS, which also
yields theRp diastereomer (28; also see Figure 1, lanes d-h).
The strict stereoselectivity of T4 ligase was maintained when
the ligation reaction was carried out in the presence of Mn2+

instead of Mg2+ (data not shown).
DNA end joining by DNA ligase proceeds through a

succession of phosphoryl transfer reactions (13, also see
Figure 2). First, the enzyme is adenylated at its active site
lysine by ATP, or NAD in the case of theE. coli enzyme.

FIGURE 1: T4 DNA ligase joins a 5′-thiophosphoryl DNA end to
generate anRp phosphorothioate linkage. Autoradiogram of a 20%
sequencing gel is shown. The pUC19 DNA was linearized by
HindIII, dephosphorylated, and then thiophosphorylated using
[γ-35S]ATP and T4 polynucleotide kinase. Digestion byMspI
produced a 5′-thiophosphoryl 77-bpHindIII-MspI fragment (lane
a). The thiophosphorylatedHindIII fragment was self-ligated using
T4 DNA ligase in the presence of ATP, digested withMspI, and
run on a sequencing gel, from which a 111-bp fragment corre-
sponding to the “head-to-tail” ligation product was purified (lane
i). Radiolabeled phosphorothioate linkages were also made by
extending the 3′-ends of theHindIII-linearized pUC19 DNA by
Sequenase (Amersham Pharmacia Biotech) in the presence of
[R-35S]dATP and unlabeled dG,C,TTP. This DNA was also digested
with MspI and the 77(+3∼4)-bp fragment was purified (lane d).
Digestion of the 5′-thiophosphoryl fragment (lane a) with nuclease
P1 produced a labeled mononucleotide p[35S]-dA (lanes b and c, 2
and 30 min reactions, respectively), as indicated by “sA.” P1
digestion of the DNA polymerase filled-in fragment (lane d)
produced a labeled dinucleotide p-dA-p[35S]-dA (lanes e and f, 2
and 30 min reactions, respectively), as indicated by “pAsA”, the
results consistent with the fact that the polymerase produces anRp
phosphorothioate linkage exclusively. Further digestion of these
nuclease P1 products with snake venom phosphodiesterase produced
a labeled mononucleotide p[35S]-dA (lanes g and h, 15 and 60 min
reactions, respectively). The ligated fragment (lane i) was digested
with nuclease P1 (lanes j, k) or P1 plus snake venom phsphodi-
esterase (lanes l, m) as in lanes e, f, or g, h. The DNA ligase-
generated phosphorothioate linkage responded to the nucleases
identically as did that made by DNA polymerase. (The top bands
of the doublets of undigested fragments, lanes a, d, and i, most
likely reflect double-stranded forms.)
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The adenyl group is then transferred to the 5′-phosphoryl
end of the DNA, forming a phosphoryl anhydride bond. In
this process, one of the nonbridging oxygens in the 5′-
phosphate acts as the nucleophile that attacks the adenyl-
lysine bond and becomes the bridging oxygen between the
two phosphorus atoms. Next, the 3′-OH of the second DNA
fragment acts as the nucleophile that attacks the pyrophos-
phate bond and joins itself to the 5′-end of the first fragment,
thus releasing AMP. In this last stage, the bridging oxygen
in the pyrophosphate bond, which originates from the 5′-
phosphate, is released with the AMP. With 5′-phosphoryl
DNA, three nonbridging oxygens on the 5′-phosphate are
equivalent and have an equal chance of becoming lost from
the ligated DNA. On the other hand, when 5′-thiophosphoryl
DNA carrying 16O and18O atoms and a sulfur atom at the
nonbridging positions are ligated, potentially either the16O
or 18O atom will become the bridging oxygen for the
adenylated intermediate and thus will be lost from the final
ligation product. Which one will be lost depends on the
chirality of the 5′-thiophosphoryl group. According to the
stereoselectivity of DNA ligase determined above, the
ligation of a 5′-thiophosphoryl DNA results in the loss of

the proS oxygen, while theproR oxygen is retained in the
ligation product.

Figure 2 explains the positioning of the water-derived
oxygen depending on the hydrolysis mechanism and its fate
during the ligation reaction. If theRp diastereoisomer of a
phosphorothioate linkage is cut by an enzyme in H2

18O and
the reaction proceeds by a one-step in-line mechanism, an
18O atom will be incorporated at theproS position as shown
in panel A. On the other hand, an18O atom will be
incorporated at theproR position if the reaction proceeds
through two in-line substitution steps, as would happen if
the 5′-thiophosphoryl end is transferred first to an acceptor
in the enzyme and only later to water. Thus, with an initial
substrate for the nuclease of interest carrying anRp phos-
phorothioate at the scissile bond, loss of18O upon ligation
of the digestion product to the partner indicates a one-step
mechanism, while retention of18O indicates a two-step
scheme. Conversely, a substrate with anSp phosphorothioate
at the scissile bond yields the opposite result: retention of
18O for a one-step hydrolysis and loss for a two-step reaction.

Testing the Method with EcoRI. We first tested the method
with EcoRI that had previously been shown by the NMR

FIGURE 2: Expected stereochemical outcome of ligation of endonuclease products with a 5′-thiophosphoryl end (5′-T residue depicted here
as an example). Panel A: A single-step hydrolysis ofRp phosphorothioate linkage in H218O incorporates the18O atom at theproS position.
DNA ligase first adenylates this thiophosphoryl group with the18O atom occupying the bridging position. When the 3′-OH of the ligation
partner (shown here with a Tbio residue at the 3′-end) substitutes the adenyl group, the18O atom is released in the form of [18O]AMP. Panel
B: A two-step hydrolysis ofRp phosphorothioate linkage in H218O incorporates the18O atom at theproR position. The adenylated ligation,
intermediate with this thiophosphoryl end will have the18O atom at the nonbridging position. Thus, when the 3′-OH of the ligation partner
substitutes the adenyl group, the18O atom will be retained within the ligated DNA.b indicates18O.

4644 Biochemistry, Vol. 38, No. 14, 1999 Mizuuchi et al.



method to cut DNA with inversion of stereoconfiguration at
the scissile phosphate (12). The substrate forEcoRI shown
in Figure 3 contained anRp phosphorothioate at the site of
cleavage on the top strand. In agreement with earlier studies
(29), EcoRI cut this substrate readily, but no reaction was
detected on the equivalent substrate with anSp phospho-
rothioate at the scissile bond, with either Mg2+ or Mn2+ as
the metal ion cofactor (data not shown).

The DNA was digested byEcoRI in the presence of either
H2

18O or, for the control, H216O. After denaturing the DNA,
the ligation partner was added and ligated with T4 DNA
ligase to the product from theEcoRI reaction (Figure 3).
The ligation partner had a 5′ single-stranded tail comple-
mentary to theEcoRI-cut strand of interest with an unphos-
phorylated 5′-terminus and a hairpin that terminated with a
biotinylated T residue at its 3′-end. The ligation product was
subsequently digested with nuclease P1 to generate a
biotinylated dinucleotide containing the phosphorothioate

linkage. This particular dinucleotide cannot arise from either
the fraction of the substrate not cleaved byEcoRI or the
unligated DNA, which yields biotinylated TMP. The bioti-
nylated components of the reaction mixture were adsorbed
to avidin-coated magnetic beads and, after washing the beads
extensively with 1 M ammonium acetate followed by water,
eluted from the beads with concentrated ammonia. The
washing steps also served to free the dinucleotide from
nonvolatile counterions such as Na+ or Mg2+, because these
can interfere with MS analysis of oligonucleotides (30). After
lyophilization, the samples were subjected to mass analysis
by MALDI-TOF.

Figure 4, left panel, compares the mass spectra of samples
obtained fromEcoRI reactions in the presence of either H2

18O
or H2

16O. The dinucleotide from the reaction in H2
18O

displayed essentially the same mass distribution as that from
the reaction in H216O; in both cases the predominant species,
which was the lightest, matched that predicted for the
expected dinucleotide containing exclusively the lightest
atomic species (m/z ) 1030.3). The accuracy of the
measurement was estimated to be within a single mass unit,
and TbioMP present in each sample served to confirm the
measurement consistency among different samples. The18O
atom incorporated during phosphorothioate hydrolysis by
EcoRI in H2

18O must therefore have been eliminated during
the ligation reaction from theproS position. Otherwise, the
most abundant species of the dinucleotide should have shifted
up by two mass units and the peaks near 1030 and 1031
should have been missing. The observed mass heterogeneity
in both samples is principally due to naturally occurring
heavy isotopes. Containing 38 C atoms with 1.1%13C, 11
N atoms with 0.4%15N, 15 O atoms with 0.2%18O, and 2
S atoms with 0.8 and 4.2% of33S and34S, nearly half of the
dinucleotide is expected to have at least one heavy isotope.
Hence,EcoRI cuts DNA with inversion of stereoconfigura-

FIGURE 3: Endonuclease substrates and ligation partners used. The
substrates of the endonuclease reactions were assembled from three
oligonucleotides (see Materials and Methods). Nuclease digestion
of the substrates in H218O produced a thiophosphorylated 5′-end
with concomitant incorporation of the18O atom. The product strand
that terminated with thiophosphoryl 5′-end was ligated with a
partner DNA carrying a Tbio residue at the 3′-end of a hairpin
segment adjacent to a single-stranded 5′-tail complementary to the
strand to be ligated. Digestion of the ligation products with nuclease
P1 generated biotinylated phosphorothioate containing dinucleotide.
Mass analysis of this dinucleotide revealed retention or release of
the 18O atom from the ligation products.

FIGURE 4: MALDI-TOF analysis of restriction endonuclease
reaction products. The mass spectra of the area of interest, together
with those corresponding to TbioMP, which originates from the
unligated partner fragments, are shown for the three restriction
endonucleases studied. Left panel: The result for theEcoRI reaction
in H2

18O (top) and in H2
16O (bottom). Middle panel: The result

for the SfiI reaction in H2
18O (top) and in H2

16O (bottom). Right
panel: The result for theHpaII reaction in H2

18O (top) and in H2
16O

(bottom). Them/z value for the highest peak of each ion species is
indicated. The expected molecular anion mass (m-H) for TbioMP,
p-Tbio-ps-dA, p-Tbio-ps-T, and p-Tbio-ps-dC made up without any
heavier isotopic species are 701.26, 1030.31, 1021.30, and 1006.30,
respectively.
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tion at the scissile phosphate, indicative of a one-step
hydrolysis reaction with H2O as the primary nucleophile. This
result agrees with the earlier observations (12) and confirms
that the method developed here yields result that are
consistent with the previous NMR method.

Stereochemical Course of the Endonuclease Reactions of
SfiI and HpaII.We carried out the equivalent experiments
to those noted above on both theSfiI and HpaII restriction
enzymes (see Figure 3, panels B and C for substrate
configuration). In the presence of either Mg2+ or Mn2+, both
SfiI andHpaII cleaved DNA at their respective recognition
sequences with anRp phosphorothioate at the scissile bond,
but were unable to cut theSp diastereomer with either Mg2+

or Mn2+ as cofactor (data not shown).2 The data obtained
for SfiI and HpaII were essentially the same as those for
EcoRI (Figure 4, middle and right panels). In both cases,
the mass distributions for the dinucleotides obtained from
reactions in H218O were identical to those from reactions in
H2

16O. Hence, the18O atom incorporated during the hydrolysis
of the substrates in H218O was lost during the ligation stage.
Phosphodiester hydrolysis by bothSfiI and HpaII thus
proceeds with inversion of configuration at the phosphate,
the same outcome as bothEcoRI andEcoRV (12, 11). All
four restriction enzymes tested to date thus appear to follow
one-step mechanisms in which the scissile bond is hydrolyzed
directly by water, as opposed to the formation and subsequent
hydrolysis of a covalent intermediate.

TheSfiI restriction enzyme has to interact with two copies
of its recognition sequence, on either the same or separate
DNA molecules, before being able to cut DNA (16, 19),
while the activity ofHpaII on DNA with one recognition
site can be increased by adding a second DNA with anHpaII
site (23). The requirement for paired recognition sites in the
case ofSfiI, or the utilization of a second site as an activator
in the case ofHpaII, had raised speculations that such
enzymes might be more closely related to the site-specific
DNA recombinases than to the archetypal type II restriction
enzymes, such asEcoRI andEcoRV, that act at individual
DNA sites. However, the stereochemical outcomes of the
SfiI andHpaII reactions effectively eliminate the possibility
of covalent intermediates, of the type found withλ integrase
(6), in their reaction pathways. The enzymes that mediate
site-specific recombination generally conserve the energy of
the phosphodiester bond by forming a covalent intermediate
prior to transfer to the polynucleotidyl acceptor (27). The
absence of such an intermediate from theSfiI reaction thus
explains why this enzyme fails to mediate DNA rearrange-
ments (21).

Stereochemical Course of the Endonuclease Reaction of
MuA Transposase.We also analyzed, by the same method,
the donor DNA cleavage reaction in phage Mu transposition.
The design of the substrate is shown in Figure 3, panel D.
The MuA transposase protein was able to cut this substrate
with the Rp phosphorothioate at the scissile bond but not
with the Sp phosphorothioate (data not shown). Following
digestion of the substrate containing theRp diastereoisomer

by MuA in the presence of H218O and ligation of the cleaved
product to the biotinylated partner, MS analysis revealed that
the18O atom was not retained in the ligation product (Figure
5). Hence, this reaction also proceeds with inversion of
stereoconfiguration at the scissile phosphate.

The initial chemical step in the transposition of Mu, DNA
cleavage at the junction between transposon and host DNA,
thus occurs by a one-step mechanism involving direct
hydrolysis by water rather than via a covalent intermediate.
This result agrees with the earlier experiment on the
3′-processing step of the HIV integrase reaction in which a
nearby 3′-OH, instead of a water molecule, was used as the
nucleophile for the cleavage reaction (7). This result also
confirms the earlier assumption that the two chemical steps
of the transpositional recombination of Mu are chemically
equivalent reactions; each being a one-step nucleophilic
attack at a phosphodiester bond in DNA (26, 27). In the first
step, a water molecule is the nucleophile, and in the second
step, the 3′-OH that is generated in the first step becomes
the nucleophile. While this notion provides a convenient basis
for explaining why the same active site of the transposase
and retroviral integrase can catalyze the two apparently
dissimilar steps, it still remains to be understood how the
change of substrate can take place within a stable protein-
DNA complex in which the two steps take place successively.
In the first step, the scissile phosphodiester is at the
transposon 3′-end, and in the second step, it is replaced by
the phosphodiester at a nonspecific DNA site that functions
as the transposition target site. A question that still remains
unanswered is whether the 3′-OH that functions as the
nucleophile for the second step moves to the nucleophile
binding pocket that had been occupied by a water molecule
for the first step, or whether it remains in the leaving group
pocket for the first step and the second step proceeds
essentially as the reversal of the first step with respect to
this moiety.

2 In previous studies onSfiI, a substrate with aRp phosphorothioate
linkage at the scissile bond was cleaved with Mn2+ as the cofactor but
not with Mg2+ (23). However, the recognition site forSfiI, GGC-
CnnnnnGGCC, contains a 5 bpspacer of unspecified sequence. Changes
to the spacer sequence modulateSfiI activity, and the substrate used
here has a different spacer from that used previously.

FIGURE 5: MALDI-TOF analysis of the MuA endonuclease reaction
product. The result for the Mu end cleavage reaction by MuA
transposase protein in H2

18O (top) and in H2
16O (bottom). The areas

of mass spectra corresponding to TbioMP and pTbio-ps-T are shown.
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Conclusions and Possible Applications.The approach for
the product configuration determination used here is in
principle similar to that for sn-glycerol 3-[18O]phospho-
rothioate (31). In both cases an isotopically chiral thiophos-
phoryl group is converted to a diester form with assignable
stereoconfiguration, with accompanying loss of16O or 18O.
The method can be applied to any phosphoryl transfer
reaction that produces DNA 5′-terminal phosphate, including
polynucleotidyl kinase reactions, by using [γ-18O]ATPγS.
Given the proper design of substrate and ligation partners,
this method should be applicable to the study of many
sequence-specific DNA endonucleases; not only those in-
volved in restriction and recombination, as examined here,
but also many of those involved in replication or repair. It
may also be possible to apply this method to nucleases that
show no DNA sequence specificity, provided that partial
reaction conditions can be found in which a discrete product
cleaved at a particular phosphodiester bond is generated in
sufficient quantity. The principal limitations of the method
are that the nuclease of interest must be able to cleave a
phosphorothioate linkage in DNA, in either itsRp or its Sp

configuration or both, and it must leave a 5′-thiophosphoryl
end for utilization by DNA ligase. For example, we had
hoped to determine the stereochemical path forNaeI, because
this restriction enzyme also requires two recognition sites
for DNA cleavage and it had been reported to form a covalent
intermediate (25). However, earlier studies onNaeI had
revealed no cleavage of a DNA substrate containing the
racemic mixture of phosphorothioates at the scissile bond
(32). Using stereochemically pure substrates forNaeI, we
were also unable to find reaction conditions under which
this enzyme could cut DNA at eitherRp or Sp phospho-
rothioate linkages. We were thus unable to study this
reaction. None of the nucleases examined in this study could
cleave both diastereomers of the phosphorothioate substrates.
Thus, we could observe only the absence of18O atom in the
ligation products. If we had developed a method to purify
the AMP that is produced during the ligation reaction, we
should have been able to detect the transfer of the18O atom
to AMP. However, we have not investigated the feasibility
of this analysis. Therefore, one should be wary of possible
loss of the18O by an unexpected side reaction that mediates
thiophosphoryl-oxygen exchange with H216O during the
experiment, instead of the stereospecific loss to the AMP
molecule during ligase reaction. However, we can rule out
such a side reaction by DNA ligase. In an earlier experiment
in which we used TbiopTpTpT as the ligation partner for the
SfiI product and carried out mass analysis without P1
nuclease digestion, we performed ligase reaction in H2

18O
for an extended period. Loss of18O was observed in this
experiment also (data not shown). Thus, we conclude that
isotope washout by the solvent water does not take place
during the DNA ligase reaction.

This new method has several advantages over the previous
methods in which the 5′-nucleotide generated by endonu-
clease cleavage of the DNA was converted by a succession
of enzyme reactions to a mononucleotide triphosphate, prior
to examination by31P NMR (12, 3). Probably the most
significant advantage is the small quantity of the material
needed for the analysis. The MS analysis can be carried out
with < 100 pmole of starting material while the NMR
approach requires∼ 1 µmole of the sample to be analyzed

by NMR. While the sensitivity of the previous method can
be improved to∼ 10 nmol by using fast atom bombardment
mass spectrometry for the analysis of [18O](d)ATPγS, instead
of 31P NMR (33), this method is still less sensitive compared
to that described here. A further advantage comes from the
fact that the presence of unreacted substrate does not interfere
with the MS analysis, because unreacted substrate cannot
give rise to the biotinylated dinucleotide. In contrast, one
consequence of the conversion of the DNA to mononucle-
otides in the NMR method is that the reaction of the nuclease
under study should proceed to near 100% completion;
otherwise, the mononucleotide can arise either from the
cleaved DNA or the intact substrate, necessitating product
purification steps. However, many endonucleases cleave
phosphorothioate-containing substrates so inefficiently that
complete cleavage is difficult to achieve (11, 24). The NMR
method then requires the rigorous purification of the cleaved
DNA from the intact substrate. Finally, given the current
interest in both ribozyme and protein reactions on RNA (5),
it would be of interest to find out if a similar method could
be devised to examine the stereochemistry of RNA reactions
by using RNA ligase. This has not been investigated here.
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