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Effects of Vinylphosphonate Internucleotide Linkages on the Cleavage Specificity
of Exonuclease IIl and on the Activity of DNA Polymerase |
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ABSTRACT. We have previously reported the synthesis of vinylphosphonate-linked thymidine dimers and
their incorporation into synthetic oligonucleotides to create vinylphosphonate internucleotide linkages in
the DNA. Such linkages have a profound effect on DNA backbone rotational flexibility, and we have
shown that the PcrA helicase, which requires such flexibility, is inhibited when it encounters these linkages
on the translocating strand. In this study, we have investigated the effects of these linkages on the dsDNA
specific exonuclease Il and on the ssDNA specific mung bean nuclease to establish whether our
modification confers resistance to nucleases making it suitable for antisense therapy applications. We
also investigated the effect on DNA polymerase | to establish whether we could in the future use this
enzyme to incorporate these linkages in the DNA. Our results show that a single modification does not
affect the activity of DNA polymerase I, but four vinylphosphonate linkages in tandem inhibit its activity.
Furthermore, such linkages do not confer significant nuclease resistance to either exonuclease Il or mung
bean nuclease, but unexpectedly, they alter the cleavage specificity of exonuclease lll.

The use of short oligonucleotides to disrupt the expression synthetic oligonucleotides). Such vinylphosphonate inter-
of disease-related genes forms the basis of antisense therapiesaicleotide linkages could be used in therapeutic oligonucleo-
and is an idea potentially applicable to many genetically tides since they offer minimal steric hindrance and do not
based diseaseq)( The theoretical goal is straightforward, disturb the formation of normal duplex DNA. However, they
but because it must be achieved in vivo, within a living cell have a profound effect on DNA backbone rotational freedom.
it becomes harder in practice than in theory. One of the most This unique property also makes these modifications poten-
important hurdles to overcome is the susceptibility of tially useful in studying the enzymatic mechanism of nucleic
therapeutic oligonucleotides to a variety of nucleases. To acid metabolizing enzymes, particularly those requiring DNA
make potentially therapeutic nucleic acids resistant to nu- backbone rotational flexibility. One such enzyme is the
cleases, different strategies have been employed. Chemicamonomeric DNA helicase PcrA frorBacillus stearother-
modification is one strategy, and various chemically modified mophilus and we have previously shown that vinylphos-
nucleic acids, like for example phosphorothioates, have beenphonate internucleotide linkages inhibit the activity of this
synthesized?). Another approach is to use oligonucleotide enzyme, as long as they are positioned on the translocating
analogues, with peptide nucleic acids (PNAming the best-  strand, either at a single strandouble strand junction or
known example. In PNAs, the entire nucleic acid backbone within the DNA duplex 6). Although the molecular mech-
is replaced with a chain resembling a peptide, with the end anism of this inhibitory effect is not known, it is likely to
result being a macromolecule that retains the correct align-be due to the restriction of the DNA backbone rotational
ment of the bases but is resistant to nucleagsRase flexibility with a consequent inhibition of the “Mexican
analogues have also been explored as tools for DNA Wave” mechanism of translocation of this enzynte §).

modifications with various applicationg)( In this study, we examined the effects of these modifica-

Exploring alternative chemical modifications, we have tions on the activities of the commercially available nu-
previously reported the chemical synthesis of vinylphos- cleases, exonuclease Il and mung bean nuclease, as well as
phonate thymidine dimers and their incorporation into DNA polymerase |. Exonuclease Ill is the major repair

dsDNA specific nuclease iBscherichia coliwhereas mung
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merase |; PNA, peptide nucleic acid; PNK, polynucleotide kinase; CIP, placed positions to study their effects on the activities of

calf intestinal phosphatase; dNTPs, deoxynucleotide triphosphates;these enzymes. Our results show that one modification does
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(A)

OL1 3 -ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-S'
d ke Kk %
OL2 3-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTITITITCGAGCTTAAGCATTAGTACCAGTA-S'
OL3 5-TGCATGCCTGCAGGTCGACTCTAGAGGATCCCCAAAAAAAAA GCTCGAATTCGTAATCATGGTCATTTTTTTTT-3'

OL4 5-16CAGGTCGACTCTAGAGGATCCCCAAARAAAAA GCTCGAATTCGTAATCATGGTCAT -3'

OLS 5-AGCTCGAATTCGTAATCATGGTCAT -3'

OL6 5-TGCATGCCTGCAGGTCGACTCTAGAGGATCCCC -3'

*
OL7 3-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTITCGAGCTTAAGCATTAGTACCAGTA-5'

(B)

3'-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-S' L N1
5-TGCATGCCTGCAGGTCGACTCTAGAGGATCCCCAAAAAAAAAGCTCGAATTCGTAATCATGGTCATTTTTTTTT-3'

* Kk k %k
3'-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTITTTTTCGAGCTTAAGCATTAGTACCAGTA-&' . Nz
5'-TGCATGCCTGCAGGTCGACTCTAGAGGATCCCCAAAAAAAAAGCTCGAATTCGTAATCATGGTCATTTTTTTTT-3'

3'-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-§' N3
. 5'-TGCAGGTCGACTCTAGAGGATCCCCAAAAAAAAA GCTCGAATTCGTAATCATGGTCAT-3"

* % % %
3'-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-5"

® $'-TGCAGGTCGACTCTAGAGGATCCCCAAAAAAAAA GCTCGAATTCGTAATCATGGTCAT -3" N4
3'-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-5' @ N5
5'-AGCTCGAATTCGTAATCATGGTCAT -3'
* k d K .
3-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTITTITCGAGCTTAAGCATTAGTACCAGTA-5' N6

5'-AGCTCGAATTCGTAATCATGGTCAT -3*

*
3-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-5' L N 7
5'-TGCATGCCTGCAGGTCGACTCTAGAGGATCCCCAAAAAAAAAGCTCGAATTCGTAATCATGGTCATTTTTTTTT-3'

3-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-S' P1
Y 5'-TGCATGCCTGCAGGTCBACTCTAGAGGATCCCC -3'

* %k k *
3-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-5" P2
.5'—TGCATGCCTGCAGGTCGACTCTAGAGGATCCCC -3

*
3'-ACGTACGGACGTCCAGCTGAGATCTCCTAGGGGTTTTTTTTTCGAGCTTAAGCATTAGTACCAGTA-S' P3
.5'-TGCATGCCTGCAGGTCGACTCTAGAGGATCCCC -3

Ficure 1: Synthetic oligonucleotides (A) and the DNA substrates (B) used in this study. The vinylphosphonate internucleotide linkages
are denoted with asterisks, whereas the positions of the radioactive phosphate labels are denoted with bullets. SubstdatesiNN7

were used for exonuclease lll digestions and substrates N5 and N6 for mung bean nuclease digestions. SubftBatesr®lised for

primer extension reactions catalyzed by Klenow and DNA polymerase |I.

such linkages into the DNA directly. Furthermore, our (Amersham Pharmacia Biotech) according to the manufac-
modifications do not confer significant resistance to either turer's instructions. The labeled DNA substrates were
exonuclease Il or mung bean nuclease, suggesting that theydissolved in 10Q:L of 5 mM Tris (pH 8.2) al 1 M NaCl
will not confer any advantage on antisense therapy strategiesto give a final concentration of 0.07 pmel/ for stock
but unexpectedly, they induce an activity on exonuclease Ill solutions (assuming 100% recovery from the S200 mini-spin
that was previously undetected. columns). The high ionic strength stabilizes duplex formation

With the help of already available structural information, and prevents duplex destabilization during storage. Subse-
we discuss the molecular basis and implications of thesequent addition of the labeled substrates to the reaction
effects and suggest that they are mediated by restriction ofmixtures resulted in a 1/20 dilution of the salt. Substrates
the rotational flexibility of the DNA backbone. N3 and N4 were prepared in a similar manner, but with OL4
labeled radioactively and annealed to either OL1 or OL2 to
give N3 or N4, respectively. Oligonucleotides of known sizes
(16, 22, 25, 32, and 38 bases long) were also labeled
radioactively and used as size markers.

EXPERIMENTAL PROCEDURES

Construction of DNA Substrates for Exonuclease llI .
Digestions. Vinylphosphonate synthetic oligonucleotides _ Construction of DNA Substrates for Mung Bean Nuclease

were prepared as described previously Qligonucleotides Digestion§Substrates N5 and N6 were .prep.ared as described
OL1, OL2, and OL7 (7 pmol) were radioactively labeled at above, with OL1 and OL2 Iab_eled radioactively and subse-
the B-end using §-32PJATP and T4 polynucleotide kinase quently annealed to OL5 which gave N5 and N6, respec-
(T4 PNK) and subsequently annealed to 50 pmol of oligo- Vel

nucleotide OL3 to construct substrates N1, N2, and N7, Construction of DNA Substrates for Primer Extension
respectively, as shown in Figure 1. The labeled DNA Reactions.Substrates P2P3 were prepared by annealing
substrates were purified away from unincorporaje¢fP]ATP radioactively labeled OL6 to OL1, OL2, and OL7, respec-
by gel filtration through S200 Sephadex mini-spin columns tively.
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Purity of Commercially Aailable EnzymesThe purity of Mung Bean Nuclease Digestioriime course digestions
the commercially available enzymes, exonuclease Ill, mung were carried out at 30C in a buffer containing 50 mM
bean nuclease, DNA pol I, and Klenow, was assessed bysodium acetate, 30 mM NaCl, 1 mM ZngGnd 3.5 nM
SDS-PAGE (data not shown). Exonuclease Il enzymes DNA substrate. All reaction mixtures were preincubated at
from Hybaid-AGS, New England Biolabs, and Amersham 30 °C for 5 min, and the reactions were initiated by the
Pharmacia Biotech as well as Klenow and DNA polymerase addition of mung bean nuclease (1 unit, New England
| from New England Biolabs appeared to be very pure, as Biolabs). At appropriate time intervals, 2. aliquots were
only single bands corresponding to approximately 28 kDa removed, and the reaction was terminated as described above.
for exonuclease lll, 68 kDa for Klenow, and 103 kDa for Different size oligonucleotides were resolved by electro-
DNA polymerase | were visible after Coomassie blue phoresis, and gels were dried and visualized, as described
staining. No protein bands could be detected for mung beanabove.
nuclease enzymes obtained from New England Biolabs and Primer Extension by Klenow and DNA Poiymerase 1.
Amersham Pharmacia Biotech, presumably because theprimer extension reactions were carried out in 50 mM
concentrations were very low and could not be detected by KHPQ, (pH 7.0), 5 mM MgC}, 1 mM DTT, 14 nM DNA
SDS-PAGE. TherEfore, we cannot be certain of the purlty substrate (P]_, P2, or P3), and the appropriate mixture of
of this enzyme. dNTPs (312.5uM each) at 37°C for 30 min in a total

In addition, to eliminate the possibility that very low reaction volume of 2QiL. The reactions were terminated
concentrations of spurious contaminant proteins were re- py addition of 7L of stop buffer [formamide loading buffer,
sponsible for the effects we were detecting (see below), we.19% (w/v) bromophenol blue, and 0.1% (w/v) xylene
performed our exonuclease IlI digestions and primer exten- cyanol] and 2uL of 0.5 M EDTA. The products were

sion experiments using commercially available enzymes from resolved by electrophoresis, and gels were dried and visual-
different suppliers (exonuclease Il from Hybaid-AGS, jzed, as described above.

Amersham Pharmacia Biotech, and New England Biolabs,
DNA pol I and Klenow from New England Biolabs, ABgene, RESULTS
Sigma, and Amersham Pharmacia Biotech, and mung bean
nuclease from New England Biolabs). In all cases, the results EXonuclease Ill DigestioriThe effect of the vinylphos-
were the same (data not shown). phonate internucleotide linkages on the activity of exo-
Exonuclease Ill Digestiongiime course digestions were huclease Il was studied using DNA substrates N1 and N2.
carried out at 37°C, in a buffer containing 66 mM Tris-  The 3-d(T)s single-strand tail blocks the activity from one
HCI, 0.66 mM MgCh, and 3.5 nM DNA substrate. All  end of the duplex and directs the enzyme specifically on the
reaction mixtures were preincubated at°®7for 5 min, and modified strand. Time course reactions revealed that there
the reactions were initiated by the addition of exonucleaseis @ delay as the enzyme encounters the stretch of the
Il (5 units). At appropriate time intervals, 26L aliquots modified thymidines (Figure 2). The delay is apparent-37
were removed, and the reaction was terminated by addition28 nucleotides away from the radioactively labeléeebd
of 7 uL of stop buffer [formamide loading buffer, 0.1% (w/  Of the modified oligonucleotide. Since the four vinylphos-
v) bromophenol blue, and 0.1% (w/v) xylene cyanol] and 2 phonate linkages are situated between nucleotides 26 and
uL of 0.5 M EDTA to the aliquot, which was then 27,28 and 29, 30 and 31, and 32 and 33, it is apparent that
temporarily stored on ice. Different size oligonucleotides the enzyme is partially delayed approximately four nucleo-
were resolved by electrophoresis through a 12% polyacryl- tides prior to the first linkage as it moves in thée-3'
amide denaturing gel inx TBE electrophoresis buffer at  direction. Prolonged incubation results in complete digestion
2000 V. Gels were dried and visualized using an FX of the modified substrate N2 (data not ShOWﬂ). The Crystal
molecular imager and associated software (Bio-Rad), ac-Structure of exonuclease Il suggests that the DNA blndlng
cording to the manufacturer’s instructions. site is four to six nucleotides ahead of the active s&e (
Treatment with T4 polynucleotide kinase (T4 PNK, New The enzyme binds to the duplex DNA ahead and cleaves
England Biolabs) was carried out by pooling all the exo- four to six nucleotides behind as it moves along the33
nuclease Il time course reaction mixtures together, ethanoldirection (see the Discussion). This mechanism is also
precipitating the DNA fragments’ Washing the pe”et with consistent with the |nab|I|ty of exonuclease Il to dlgeSt 3
70% cold ethanol to remove excess salt, and then treatingoverhangs of four or more nucleotides. The apparent delay
with 1 unitiuL T4 PNK in 70 mM Tris-HCI (pH 7.6), 10 in the progression of the enzyme over the modified stretch
mM MgCl,, and 5 mM DTT at 37C for 3 h. The reaction of thymidines is evident only over the first three vinylphos-
was terminated by addition of stop buffer, and electrophoresisPhonate linkages, and it does seem to resume normal
and visualization were carried out as described above. ~ Progression over the last linkage. As it reaches the last
In similar experiments, the pooled exonuclease Ill frag- linkage, the duplex DNA ahead of it is normal (unmodified),
ments were prepared as above and then treated with 20 unit@nd thus, there is no apparent effect on its progression.
(New England Biolabs) of calf intestinal alkaline phosphatase Interestingly, when the modification is placed in the “non-
(CIP) for 90 min at 37°C. CIP was inactivated by heating digested” strand in substrate N4, no effect on exonuclease
at 94°C for 15 min, followed by cooling on ice. The DNA Il can be detected compared to control substrate N3 (data
fragments were extracted with a phenol/chloroform mixture, Not shown).
ethanol precipitated, washed in 70% ethanol, dried, and then An intriguing observation was the appearance of four
relabeled radioactively using T4 PNK, as described above. “triplet bands” (triplets), apparently between nucleotides 28
Electrophoresis and visualization of the relabeled DNA and 29, 30 and 31, 32 and 33, and 34 and 35 (Figure 2A,B).
fragments were carried out as described above. Their appearance was time-dependent as they became visible
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Ficure 2: Time course reactions of exonuclease Il digestions using substrates N1 and N2. The precise positions of the cleavages are
shown by wiggly arrows, whereas the vinylphosphonate-induced cleavages are shown by interrupted arrows in panel A. The corresponding
triplets are denoted with asterisks in both panels A and B. The magnified region (nucleotic@8) Zbntaining the triplets is shown in

panel B. The complete gels showing the exonuclease Il time course digestions using substrates N1 and N2 are shown in panel C. Labels
1-6 indicate termination of the reactions 15, 30, 45, 60, 90, and 120 s after addition of the exonuclease lll, respectively. Lanes marked M
contained size markers. Panel D shows similar reactions with substrate N7. All the samples from the time points were pooled and run in
one lane alongside size markers. One triplet was apparent.

from approximately 30 s onward in the digestion time course alternative cleavage. When the vinylphosphonate linkage is
reactions. The obvious interpretation of these data is thatthree positions (between nucleotides five and six from the
the middle bands of these triplets represent DNA fragments last one) ahead of the last internucleotide link to be cleaved,
with 3'-phosphate groups (Figure 2A). The electrophoretic it induces an alternative cleavage by the enzyme.
mobility of DNA fragments through the gel depends on the  We set out to prove the presence of gpBosphate group
charge/mass ratio. The higher this ratio is, the faster the at these alternative cleavages directly by employing T4 PNK,
mobility will be. The middle fragment of the triplet will be  which also catalyzes the removal of#hosphoryl groups
identical to the fragment immediately above it but with an from 3-phosphoryl polynucleotidesl(). We repeated the
additional phosphate group at itséhd. Its negative charge  same time course experiment with substrate N2 and pooled
will be greater, whereas its mass will be changed minimally, all the samples together, before treating them with T4 PNK.
thus making it migrate faster. Such a suggestion implies that This enzyme has a-®hosphatase activity and should have
the enzyme has acquired the ability to cleave th©B bond removed 3phosphate groups with the apparent disappear-
in addition to cleaving the PO3 bond. The positioning of  ance of the triplet bands. However, even with prolonged
these triplets allowed us to pinpoint accurately the four incubations, we observed that the triplet bands did not
P—O5 cleavages. They took place between nucleotides 29disappear upon T4 PNK treatment (Figure 3A). Our im-
and 30, 31 and 32, 33 and 34, and 35 and 36 (Figure 2A). mediate concern was that theghosphatase activity of T4
The first two are normal linkages interspersed between the PNK may also be inhibited by the presence of the vinylphos-
vinylphosphonate linkages, whereas the last two are normalphonate modification very close to theéhd. We adopted
linkages just prior to the stretch of vinylphosphonates as thea different approach, employing calf intestinal alkaline
enzyme moves in the 35' direction. It is worth noting that  phosphatase (CIP) that is also known to remoisptds-
a P-05 cleavage is not possible in the vinylphosphonate phoryl groups from DNA {1). We repeated the same
linkages. experiment as described above for the PNK, but this time
The introduction of a single modification between nucleo- we treated the DNA fragments from the exonuclease llI-
tides 26 and 27 in substrate N7 (Figure 1) resulted in a singletreated substrate, N2, with CIP to remove &l a&nd 3-
triplet between nucleotides 28 and 29 (Figure 2D). The phosphate groups from the DNA, followed by radiolabeling
additional P-O5' cleavage takes place between nucleotides of the DNA at the 5end by T4 PNK treatment. This time
29 and 30. This pattern of cleavage is consistent with that we observed that the triplets disappeared, indicating that CIP
obtained with substrate N2 and implies a footprint for was able to remove the’-Bhosphates from the DNA
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Ficure 3: Treatment of exonuclease IllI-derived DNA fragments
with T4 PNK (A) and CIP (B). DNA substrate N2 was used to

generate fragments by exonuclease Il treatment, as described ir'SiNg DNA substrates N5 and N6, as indicated. Lane® tepresent
the legend of Figure 2. All the fragments were pooled together reactions terminated 0, 2, 4, 8, 10, 12, and 14 min after addition of

and then treated with either T4 PNK (A) or CIP (B). The CIP- the nuclease, respectively. Size markers are shown in lanes marked
treated DNA fragments were then radiolabeled again with T4 PNK M- The positions of the vinylphosphonate linkages and the sSDNA
before electrophoresis through a denaturing sequencing gel. ThedSDNA boundary are marked for clarity.

regions of the gels that contain the triplets (labeled with asterisks) . , .

are magnified for clarity. The positions of the vinylphosphonate immediately after the '3end, and in the presence of both
internucleotide linkages are also shown. The lanes labeled M dATP and dGTP, the polymerization should be extended by

contained oligonucleotide size markers. T4 PNK-treated samplesgne further nucleotide; in the presence of dATP, dGTP, and
still contain the triplets, whereas in CIP-treated samples, the triplets yoTp one additional nucleotide will be added. whereas in
have disappeared. the presence of all four dNTPs, the enzyme should be able

fragments (Figure 3B). A control sample that was not treated {0 complete the polymerization of the DNA substrate. In the
with CIP clearly exhibited the triplets as before. presence of the unmodified P1 substrate, both the whole

The same results were obtained with exonuclease 1Il DNA polymerase | and the Klenow fragment were able to
enzymes from three different suppliers (Hybaid-AGS, New €xtend the primer efficiently (Figure 5A,B). However, both
England Biolabs, and Amersham Pharmacia Biotech), and €NZymes were |nh|b|te(_j by the vinylphosphonate m_ternucleo-
we were interested in finding out whether this effect is tide linkages, as manifested by the poor extension of the
observed exclusively with exonuclease Il or whether it is Primer in the modified substrate P2 (Figure 5A,B). There
also manifested in the activities of other nucleases. We Was marked stalling of the enzymes at position 5, and this
examined the effect of these modifications on the activity Stalling was particularly pronounced for the Klenow enzyme.
of mung bean nuclease. Some extension beyond the nucleotide at position 5 was

Mung Bean Nuclease DigestioMung bean nuclease isa ©OPserved, albeit very poor indeed. _ _
commercially available single-strand specific DNA and RNA  Interestingly, in similar primer extension experiments,
endonuclease which is used to remove single-strand exten{heré was no observed inhibition of either Klenow or DNA
sions from the ends of DNA molecules, leaving blunt Polymerase | activities when only one vinylphosphonate
ligatable ends¥1). However, it can also cleave double-strand Internucleotide linkage was introduced into the DNA, as
DNA at high concentrations and after prolonged digestions. Was the case with substrate P3 (Figure 5C). The same results
Utilizing its single-strand specificity, we constructed the Were obtained with enzymes from two different suppliers
partially single-stranded DNA substrates N5 (unmodified) (Boehringer Mannheim and Amersham Pharmacia Biotech).

and N6 (modified) (F|g_ure 1_B). Time course reactions pf DISCUSSION

mung bean nuclease digestions revealed that the modifica-

tions conferred partial resistance to cleavage within the Effect on Exonuclease llIExonuclease Il is a '35

modified region (Figure 4). The pattern of cleaved products exonuclease 1). It catalyzes the stepwise removal of

revealed that the specificity of cleavage of this enzyme was mononucleotides from the'-&@nd of the duplex DNA. It is

not altered. Cleavage occurred at the®3 bonds as normal.  not a processive enzyme, and thus, a limited number of
Having determined the effects of vinylphosphonate inter- nucleotides are removed during each binding event, resulting

nucleotide linkages on the exonuclease 11l and mung beanin progressive deletions of the DNA. The preferred substrates

nucleases, we proceeded to determine whether these linkage®r this reaction are blunt and'-Becessed terminil@).

serve as normal DNA substrates for DNA polymerase. Single-stranded DNA and-®verhangs, four bases or longer,
Primer Extension Studie8Ve employed a simple primer  on duplex DNA as well as thioester-linked nucleotides are

extension assay to determine the efficiency and accuracy ofresistant to exonuclease 1l cleavadel)( The enzyme has

DNA polymerase | activity on substrates P1 and P2 (Figure also been reported to have RNase HpBosphomono-

1B). The polymerase should extend the radioactively labeled esterase,'&epair diesterase, and apurinic/apyrimidinic DNA

primer (OL6) oligonucleotide from theé-&nd. We controlled repair endonuclease activitie$2( 15).

the extension reaction by limiting the availability of ANTPs  The high-resolution crystal structure of exonuclease |l

in the reaction mixture. In the presence of only dATP, complexed with MA" and dCMP revealed similarities to

extension should be observed over the nine thymidinesboth DNase | and RNase H (r& and Figure 6A). The

Ficure 4: Time course reactions of mung bean nuclease digestions
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Ficure 5: Primer extension reactions by DNA polymerase | (A)
and Klenow (B). All reactions were carried out using DNA
substrates P1 (unmodified) and P2 (modified) in the presence of
dATP (lane 2), dATP and dGTP (lane 3), dATP, dGTP, and dCTP
(lane 4), and dATP, dGTP, dCTP, and dTTP (lane 5). Lane 1 shows
the radioactively labeled substrate, whereas the positions of the
vinylphosphonate internucleotide linkages are marked with asterisks.
Panel C shows similar reactions carried out with Klenow and DNA
polymerase | but this time using DNA substrate P3 (one modifica-
tion).

structure also revealed the likely mechanism for the hydro-
lytic cleavage of the PO3 bond. The active site His259
acts as a general base and abstracts a proton from the
incoming water molecule. Asp229 forms a H-bond with
His259 and stabilizes the developing positive charge. The
resulting hydroxide acts as a nucleophile and attacks the
phosphate group, through a pentacovalent transition state
(Figure 6B). Other active site residues and a metal ion also
participate in the reaction mainly via interactions with the
phosphate group, helping to position it in the correct
orientation for cleavage, stabilize the transition state, or FIGURE6: Crystal structure of exonuclease Ill (A) (PDB entrylAKO).
polarize the P-O3 bond. Asp151 is believed to play the Three active site residues (E34, D229, and H259) are shown in

" . . bold, and thes—p loop anda-helix both suggested to be involved
role of the Bfmsted acid to protonate the G8aving group. in interactions with the duplex DNA are shown with arrows. The

The same mechanism may also apply to all the other knowng'—5 irection of translocation of the enzyme along the duplex
nucleolytic activities of exonuclease lll. Modeling studies DNA is also indicated by an arrow. A schematic diagram showing
suggest that the enzyme binds the DNA duplex ahead of thethe formation of the trigonal bipyramid pentacoordinate transition
active site, via interactions of a protrudioghelix with the state in the active site of exonuclease lll is given in panel B. A

. d 88| ith th . fth conserved Aspl151 has been suggested to protonate tHea®idig
major groove and g—/3 loop with the minor groove of the g5 but repositioning of the phosphate group in the active site

duplex (Figure 6A). The whole of the DNA-interacting area may affect the geometry and favor protonation of the G®up
spans four to six base pairs and explains quite nicely the instead or even confer promiscuity in the cleavage reaction by not
insensitivity of 3-overhangs of four or more bases to preferring the P-O3 cleavage over the PO5 cleavage. Other

; ; ; active site residues also participate in the reaction, but they are
eanuclleolytlc _cleavage. These mteractlons.ahead of theomitted for the sake of clarity. The crystal structure of the Klenow
active site are likely to involve some conformational changes ragment of DNA polymerase | bound to a duplex DNA with a
of the enzyme, the DNA, or both, to enable the DNA to fit three-base '3extension is given in panel C (PDB entry 1KLN).

into the active site and also determine the specificity of The polymerase active site is situated at the bottom of the deep
cleavage. cleft in the center of the molecule. The &nd 3-ends of the duplex
Our data show that | i hat del dare labeled for clarity. Distortion of the duplex is clearly visible,
ur X ata show that exonuclease 111 1S SQmeW at delayedyng although this is an editing comple, it has been suggested that
when it encounters a stretch of four vinylphosphonate pending of the duplex will be required for the DNA to fit into the
internucleotide linkages alternating with normal linkages. It polymerase active sitel§).
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cleaves the DNA backbone at the normat®3 sites, but the alkyl chain 2, 16). For one such modification, the-2
when it encounters the vinylphosphonate linkages, it also O-aminopropy! substituent, it has also been suggested that
cleaves at POS sites in the intervening normal linkages it interferes with one of the two metal ion binding sites of
between the vinylphosphonate-linked dimers (Figure 2A). the 3—5 exonuclease domain of the Klenow DNA poly-
Somehow, it acquires a'-phosphomonoesterase activity. merase 17).
Such an activity for exonuclease 1ll has not been reported This promiscuity of the cleavage reaction in the active site
before. This alteration in the cleavage specificity seems to may be advantageous for a DNA repair nuclease like
be specific for exonuclease Ill as the same modifications do exonuclease lll. It is desirable for a repair enzyme to be able
not affect the cleavage specificity of the ssDNA specific to recognize a variety of alterations in the DNA duplex but
mung bean nuclease. However, this enzyme is also delayedht the same time to be able to cope with spatial alterations
when it encounters a stretch of four vinylphosphonate in the active site, thus avoiding inhibition of the cleavage
internucleotide linkages alternating with normal linkages reaction. Such promiscuity will enable exonuclease Il to
(Figure 4). This effect is only apparent when the modifica- recognize and deal with a variety of defects in the DNA
tions are placed on the “digesting” strand, as the enzymeduplex. It remains to be determined whether other DNA
digests the DNA normally when the modifications are in the duplex modifications also alter the cleavage specificity of
“nondigested” strand. Although this is an important observa- exonuclease Il and other repair nucleases.
tion, its significance is not clear at present. One speculative Effect on DNA Polymerase The molecular details that
suggestion is that the interactions of the enzyme with the underpin the inhibitory effect of vinylphosphonate inter-
digesting strand may determine the specificity of the cleavage nucleotide linkages on DNA polymerase activity also seem
in the active site. Such a notion would also suggest that to involve restriction of DNA backbone flexibility. Structural
important DNA—enzyme interactions with the digesting information suggests that the DNA duplex approaches the
strand have been disrupted in the modified substrate. Ourpolymerase active site from the side of the-3 exonuclease
data with substrate N7 (single modification) also suggest a domain and that significant bending of the duplex must be
“footprint” for the enzyme, as the vinylphosphonate inter- accommodated to allow for correct positioning of the DNA
nucleotide linkage between nucleotides 4 and 5 from the 3 in the polymerase active site (reff8 and19 and Figure 6C).
end of the digesting strand seems to induee€d® cleavage However, initial structural evidence for the human DNA
of the terminal nucleotide. Again, another speculative sug- polymerases suggested that the DNA adopts an orientation
gestion is that the modified linkage at this particular position opposite of that observed for the Klenow and other DNA
ahead of the translocating nuclease determines the specificitypolymerases 20, 21). This controversy about the correct
of cleavage in the active site. orientation of the duplex DNA now appears to have been
In the absence of a structure of exonuclease Il complexedsolved by a new structural alignment scheme that suggests
to duplex DNA, we can only speculate about the molecular a common DNA binding mode applicable to all polymerases
details involved in the induction of the'-phosphomono-  (22). It remains to be determined whether our vinylphos-
esterase activity. However, it is clear that the modified duplex phonate internucleotide linkages will also have an inhibitory
ahead of the active site alters the specificity of the cleavage effect on other DNA polymerases. It is clear, however, that

in the active site. Major alterations of the duplex conforma-
tion in the modified region can be ruled out, as previous
NMR analysis showed that the modified duplex is virtually
identical to the normal unmodified duple®)( The suggestion
by Tainer and co-workers9) that a DNA conformational
change may be needed for the DNA to fit both onto the
protrudingo-helix and into the active site is very interesting,
and such a conformational change is likely to require
rotational freedom of the DNA backbone. It is feasible that
the DNA—backbone rotational restrictions, encountered by

in DNA polymerases complexed with primed DNA, the
duplex appears to deviate from the normal B-DNA structure.
In the HIV-1 reverse transcriptase DNA complex, five or
six base pairs proximal to the primer terminus have an
A-DNA-like geometry and the DNA is bent significantly by
40-45° (23), whereas in the DNA polymerasé DNA
complex, two or three bases assume such a conformation
(20, 21). In the latter case, the crystal structure of the complex
with a gapped DNA substrate revealed a kink in the active
site at the 5phosphodiester link of the template residue

the enzyme on the modified substrate, have prevented thewhich base pairs with the incoming dNTRj. This kink is

correct positioning of the PO3 bond in the active site. Such

formed by rotating about the-FO5 and P-O3 bonds by

mispositioning may have profound consequences on theapproximately 180each from their normal B-DNA torsion
pentacovalent transition state, and now instead of the Asp15langles. Such rotations will clearly be problematic in our

protonating exclusively the O8aving group with a resulting
inversion of configuration, it can also protonate the' O5
leaving group with a resulting-PO5' cleavage (Figure 6B).
The final result is a mixture of oligonucleotide products with
either 3- or 5-phosphate groups. This may also explain the
partial inhibition of the nuclease activity. Although at this
stage we cannot rule out directly the disruption of potentially
important proteirr DNA contacts, an inhibitory mechanism
based upon the restriction of DNA backbone rotational
freedom is novel and distinctly different from that proposed
for modifications involving 20-alkyl substituents at the2

modified DNA substrates. The B- to A-DNA conversion is
functionally significant as it was shown in the case ofhe
stearothermophiluPDNA polymerase |, which retained its
catalytic activity within the crystal with the B- to A-DNA
switch at the polymerase active si@). Although we lack
detailed structural information, it is likely that our modifica-
tions somehow restrict these DNA conformational changes
in the active site of DNA polymerase I. A single modification
ahead of the polymerase is not sufficient to inhibit its
progression, presumably because the rotational restrictions
imposed by a single vinylphosphonate internucleotide linkage

position of the deoxyribose sugar. The degree of resistancedo not impose a significant energetic barrier to the poly-
to nuclease degradation is directly related to the length of merase enzyme.
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The importance of DNA backbone flexibility has not been

examined in detail compared to other mechanistic features

of the DNA polymerization reaction such as hydrogen

bonding, base stacking, steric effects, active site tightness,

and substrate fit25, 26). The significance of DNA flexibility

on protein-DNA interactions is becoming clear with the use
of methylphosphonate modifications that neutralize the
phosphate backbone and significantly increase local flex-
ibility (27, 28). Such an increase in flexibility has been
suggested to contribute to the energetics of pretBINA
binding by allowing the DNA a greater degree of bending
and a wider range of structural conformations without
additional energetic penalty9). Vinylphosphonate inter-
nucleotide linkages offer us an additional useful tool in
studying the importance of restricting DNA backbone
flexibility. They reduce DNA “plasticity” without offering

steric hindrance. It remains to be established whether other

DNA metabolizing enzymes are also affected by this unusual
modification.
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