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Replacement of the active site tyrosine of vaccinia DNA
topoisomerase by glutamate, cysteine or histidine
converts the enzyme into a site-specific endonuclease
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ABSTRACT of the protein within a motif SKxxY that is conserved among all
o ) ) type IB family members3). Mutations of vaccinia Tyr-274 that
Vaccinia topoisomerase forms a covalent protein—-DNA eliminate nucleophilicity, e.g., Ala-274 and Phe-274, completely
intermediate at5 -CCCTT/ sites in duplexDNA. The T | aprogate catalytic activity, but have no apparent affect on the
nucleotide is linked via a 3 '-phosphodiester bond to non-covalent interaction of the topoisomerase with duplex DNA
Tyr-274 of the enzyme. Here, we report that mutant (2,4-6). We have also replaced the active site Tyr-274 with serine
enzymes containing glutamate, cysteine or histidine in and threonine, either of which might conceivably serve as an
lieu of Tyr-274 catalyze endonucleolytic cleavage of a alternative nucleophile. The Ser-274 and Thr-274 mutants were inert
60 bp duplex DNA at the CCCTT | site to yield @ 3 ' jn covalent adduct formation on a CCCTT-containing suicide
phosphate-terminated product. The Cys-274 mutant substrate under reaction conditions that could have detected as little
forms trace levels of a covalent protein—DNA qomplex, as 167 the activity of the wild-type topoisomerasd. (
suggesting that the DNA cleavage reaction may The proposed mechanism for covalent adduct formation by
proceed through a cysteinyl-phosphate intermediate. vaccinia topoisomerase entails general base catalysis of the attack
However, the His-274 and Glu-274 mutants evince no of Tyr-274 at the scissile phospha#® (NMR analysis excludes
detectable accumulation of a covalent protein—-DNA the presence of an ionized tyrosine in the wild-type protein over
adduct. Glu-274 is the most active of the mutants the pH range 5.1-8.8) The moiety responsible for abstraction
tested. The pH dependence of the endonuclease of the proton from Tyr-274 remains to be identified. Serine and
activity of Glu-274 (optimum pH = 6.5) is distinct from threonine might be unable to engage in covalent catalysis because
that of the wild-type enzyme in hydrolysis of the they are less prone than tyrosine to deprotonation. Steric issues
covalent adduct (optimum pH = 9.5). At pH 6.5, the may also come into play, i.e., the hydroxyl of Ser-274 or Thr-274
Glu-274 endonuclease reaction is slower by 5-6 orders may be situated at greater distance from the scissile phosphate or
of magnitude than the rate of covalent adduct formation the general base.
by the wild-type topoisomerase, butis  [20 times faster Here, we have constructed a new set of topoisomerase mutants in
than the rate of hydrolysis by the wild-type covalent which Tyr-274 is replaced by cysteine, lysine, histidine or glutamate.
adduct. We discuss two potential mechanisms to There is ample precedent in the literature to indicate that these side
account for the apparent conversion of a topoisomerase chains can engage in nucleophilic attack on phosphate esters or
into an endonuclease. phosphoanhydrides. For example, cysteine acts as the nucleophile in
formation of a phosphoenzyme intermediate by protein
INTRODUCTION phosphatase®). Lysine forms a phosphoamide intermediate with

a nucleoside monophosphate during catalysis by polynucleotide
DNA relaxation by the vaccinia virus type | topoisomerase entailigases and mRNA capping enzym#s,{1). Histidine engages in
a series of partial reactions common to all eukaryotic type IBrmation of a phosphoamide intermediate during catalysis by
enzymes. These are: (i) non-covalent binding of the protein teexose-1-phosphate  uridylyltransferase 12)(  nucleoside
duplex DNA, (ii) cleavage of one DNA strand with formation ofdiphosphate kinasel®) and polyphosphate kinasé4j. Acyl-
a covalent DNA-(3phosphotyrosyl)—protein intermediate, phosphate intermediates have been identified for pyridoxal phos-
(iii) strand passage and (iv) strand religation. A distinctive featunghatase and cation transport ATPasésl().
of the vaccinia topoisomerase is that it binds and cleaves dupleXVe report that the Glu-274, Cys-274 and His-274 mutants of
DNA at a specific target sequence(B/C)CCTT] (1). The T|  vaccinia topoisomerase have the capacity to cleave CCCTT-
nucleotide is linked to Tyr-274 of the enzyndg (The active site  containing DNA endonucleolytically. Mutants Lys-274, Ser-274 and
tyrosine of vaccinia topoisomerase is situated near the C-termintisr-274 have no detectable endonuclease activity.
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Y FCHEK substrate. Reaction mixtures containing (pqul260 mM buffer
(as specified), 0.3 pmol of 60 bp DNA, and topoisomerase as
specified. The mixture was incubated at@7The reaction was
66— halted by addition of SDS to 0.5%. The denatured samples were
digested for 60 min at 4& with 10ug of proteinase K. The
volume was adjusted to pDand the digests were then extracted
45 with an equal volume of phenol/chloroform. DNA was recovered
from the aqueous phase by ethanol precipitation. The pelleted
material was resuspended in formamide and the samples were
electrophoresed through a 17% polyacrylamide gel containing
°1 7.5 M urea in TBE (90 mM Tris—borate, 2.5 mM EDTA).

e —

2 RESULTS

Covalent adduct formation and hydrolysis by wild-type

. . L _ topoisomerase
Figure 1. Topoisomerase purificatioThe phosphocellulose preparations of

‘C’"dgaezéapgisomgaﬁ? 9’23741 'af)‘e ?b T‘”%TﬁtamsE)Cys'z” ('Ianedcb)'V\ﬁId-type topoisomerase was reacted with a 60 bp duplex DNA
ys-274- ane K), His- ane H) and Glu- ane E) were analyzed by e 320 e ;
SDS—-PAGE. Protein (g) was applied to each lane. Polypeptides were visualized containing a 5 ?P-labeled scissile strand with a centrally placed

by staining the gel with Coomassie Brilliant Blue dye. The positions and moleculaCCCTT cleavage site. At saturating levels of topoisomerase,
weights (in kDa) of co-electrophoresed protein standards are indicated on the lefl.8—20% of the input 60mer is converted to covalent addayt (
This reflects the establishment of a cleavage—religation equilibrium
that favors the non-covalently bound state. Equilibrium is attained
within 10 s, which is in keeping with the fast rates of the component
MATERIALS AND METHODS cleavage and religation stepg € 0.28 slandky = 1.2 s1) (19).
The reaction product is d 5%P-labeled 30mer oligonucleotide
linked to the enzyme through aghosphotyrosyl bond. Digestion
of the covalent adduct with proteinase K liberates tfé&slabeled
30mer linked to a short peptide of heterogeneous size. The protease

Mutations Cys-274, His-274, Lys-274 and Glu-274 were introducedigestion products migrate more rapidly than the input 60mer strand
into the vaccinia virus topoisomerase gene by using the two-stagfing denaturing gel electrophoresis (Bjg-Their apparent size is
PCR-based overlap extension methbd).(Gene fragments with [B2-35 nt. Omission of the proteinase K digestion step eliminates
overlapping ends obtained from the first stage reactions were paifg@ prominent cluster of bands derived from the covalent adduct
and used as templates in the second stage amplification. Prod(ig- 2). However, a discrete’ 5%P-labeled 30 nt fragment is
containing the entire topoisomerase gene were cloned into tfdeased very slowly over 72 h at pH 7.5 (Fy. We showed
T7-based expression vector pET11b to generate plasmids pEeTeviously that vaccinia topoisomerase catalyzes transfer of the
Y274C, pET-Y274H, pET-Y274K and pET-Y274E. All mutations covalently bound CCCTT strand to hydroxyl ion to generate a 3
were confirmed by dideoxy sequencing. The entire coding regigiiosphate-terminated product?).( A second minor species

was sequenced to exclude the introduction of unwanted changeigrating just above the 30mer hydrolysis product results from
during amplification and cloning. transfer of the 30mer strand to glycerol present in the reaction buffer

(7). A time-dependent increase in the hydrolysis product can also be
appreciated in the proteinase K digested samples2jFig.

Amino acid substitutions at the active site of vaccinia
topoisomerase

Expression and purification of mutant proteins

The pET-based topoisomerase plasmids were transformed iidfe specific endonucleolytic cleavage of DNA by
Escherichia colBL21. Topoisomerase expression was induced bybpoisomerase mutant Cys-274

infection with bacteriophag@dCE6 as describedl®). Mutants

Cys-274, His-274, Lys-274 and Glu-274 were purified from solubléitial experiments addressed whether cysteine might function in
bacterial lysates by phosphocellulose column chromatograghy ( lieu of tyrosine as the active site nucleophile of vaccinia
The protein concentrations of the phosphocellulose preparatioi@oisomerase. We though that cysteine, with an unperturbed pKa
were determined by using the dye-binding method (Biorad) witaf [B.5, might be more effective than serine in attacking the
bovine serum albumin as the standard. Topoisomerase purity wadpsphodiester backbone. Also, cysteine is known to engage in
assessed by SDS-polyacrylamide gel electrophoresis 1frig. formation of a covalent cysteinyl-phosphate intermediate during

Purification and SDS-PAGE analysis of topoisomerase mutaritydrolysis of phosphomonoesters by protein phosphataes (
Ser-274 and Thr-274 has been descrified ( Stivers et al (8) had previously drawn mechanistic parallels

between the reactions catalyzed by type IB topoisomerases and the
Reaction of topoisomerase with CCCTT-containing duplex ~ Protéin  phosphatases, ie.,  both = enzymes catalyze
DNA transesterification to phosphate without a requirement for a

divalent cation cofactor. In parallel, we examined the effects of
A 60mer CCCTT-containing DNA oligonucleotide wadsebd  replacing Tyr-274 with lysine, a potential nucleophile with a
labeled by enzymatic phosphorylation in the presence gfredicted pKa higher than that of cysteine.
[y-32P]ATP and T4 polynucleotide kinase, then gel-purified and The Cys-274 and Lys-274 mutant proteins were expressed in
hybridized to complementary 60mer strand to form the 60 bp.coli and purified from soluble bacterial extract by
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Figure 2. Reaction of wild-type and Cys-274 topoisomerases with a 60 bp CCCTT-containing DNA. Reaction mixtures containipd) G&n@ Tris—HCI, pH
7.5, 0.3 pmol of 60 bp DNA and 38 ng of wild-type (Tyr-274) or Cys-274 topoisomerase were incub&gt€d aligiots (2qul) were withdrawn at the times indicated
and the reactions were quenched by adding SDS. The samples were processed as described in the Materials and Methbdsivptloteinaise K digestion as
indicated. The reaction products were electrophoresed through a 17% polyacrylamide gel containing 7.5 M urea. An autof#ubogghis shown. The positions
of the input 60mer scissile strand and the free 30mer cleavage product are denoted by arrows on the left.

phosphocellulose chromatography. The topoisomerase polypeptide 100
constituted the major species in the protein preparations, as
determined by SDS—PAGE, and the extent of Cys-274 and Lys-274
purification was equivalent to that of the wild-type protein (Ejg.
A native gel mobility shift assay5(19) was used to analyze the
binding of the Cys-274 and Lys-274 mutants to ¥felabeled
CCCTT-containing 60 bp DNA (Fig.3). The wild-type
topoisomerase (Tyr-274) was analyzed in parallel. Cys-274 and
Lys-274 each formed a single discrete protein-DNA complex of
retarded mobility (not shown), the yield of which was proportional
to the amount of input topoisomerase (Blg.The DNA binding
affinities of the Cys-274 and Lys-274 mutants were essentially
equivalent to that of the wild-type enzyme.

The mutant proteins were tested for their ability to cleave the
60mer DNA (Fig4). The amount of input protein (38 ng/gal) Figure 3. DNA hinding by mutant topoisomerases. Reaction mixturegulj20
was sufficient to bind nearly all the input DNA as determined bycontaining 50 mM Tris—HCI, pH 7.5, 0.3 pmol 6f8P-labeled 60 bp DNA, and
the gel shift assay. We found that Cys-274 cleavetffhtabeled incrﬁ‘;s";? ag;%mt_sr r?; thniiigsirzzte\?v ;‘;gogggsetgsetgref&;aﬁorSczvriqe ;f;]%“bt?]t;? for

. . 0

CCCTT strand to form a discrete 30mer p rOd",JCt that accumulate ctrophoresed through a native 6% poIJyacryIamide gel goyntaining 225 mM
steadily over 72 h. Lys-274 was unreactive with the 60mer DNArisorate, 0.6 mM EDTA. Free 60 bp DNA and topoisomerase—DNA
as were Thr-274 and Ser-274 (Hy. complexes of retarded electrophoretic mobility were visualized by

It was Striking that although the Cys-274 reaction product Wagutoradiographif: exposure of the dried gel. The extent of topoisomeras_e—DNA
(E mplex formation (% of input DNA bound) was quantitated after scanning the
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.dlge.Sted with pr_otelnase K prior to ele_c trophoresis in the ?Xpe_”me | with a FUJIX BAS1000 phosphorimager. DNA binding is plotted as a function

in Figure4, we did not detect the prominent cluster of peptide-linkedyf input protein. The structure of the 60 bp DNA ligand is shown; an asterisk
32p-Jabeled 30mer formed by wild-type topoisomerase. To clarifydenotes the’Sabel on the CCCTT-containing strand.

the origin of the Cys-274 product, the kinetic analysis of cleavage

was repeated with and without the proteinase K treatmenjFig.

We found that formation of th&P-labeled 30mer was unaffected

by omission of the proteolysis step. Moreover, Fhe glectrophoreu?ys_zm forms trace levels of a covalent protein-DNA adduct
mobility of the Cys-274 cleavage product was identical to that o

the hydrolysis product generated by wild-type topoisomerasg/e were able to detect a covalent interaction between Cys-274
(Fig. 2). We surmise that Cys-274 cleaved the 60mer DNA at thend CCCTT-containing DNA using an alternative asgai/9)
CCCTT site to generate a freehosphate terminated 30mer that measures label transfer from 8%9-labeled 18mer scissile
without accumulating significant amounts of a covalenstrand to the topoisomerase to form an SDS-stable adduct
topoisomerase-DNA intermediate. In effect, introduction ofdetectable by SDS—PAGE (F). In this electrophoretic system,
cysteine at the active site converted the topoisomerase into e labeled DNA strand migrates near the dye front at the bottom
endonuclease, albeit a weak one. of the gel. The electrophoretic mobility of the (Cys-274)-DNA
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Figure 6. Formation of a hairpin strand transfer product by Cys-274. Reaction
Figure 4. Assay of DNA cleavage by topoisomerase mutants Cys-274, mixtures containing (per 2Ql) 50 mM Tris—HCI, pH 7.5, 0.3 pmol of

Lys-274, Thr-274 and Ser-274. Reaction mixtures containing (pgy 20mm 18mer/30mer DNA and 38 ng of Cys-274 or WT topoisomerase were incubated
Tris—HCI, pH 7.5, 0.3 pmol of 60 bp DNA, and 38 ng of Cys-274, Lys-274, at 37C. Aliquots (20ul) were withdrawn at the times (h) indicated above the
Thr-274 or Ser-274 topoisomerase were incubated “&E.3&liquots (20ul) lanes and the reactions were quenched by adding SDS to 0.5%. The samples

were withdrawn at the times indicated and the reactions were quenched bywere deproteinized by extraction with phenol/chloroform. Aliquots of the
adding SDS. The mixtures were digested with proteinase K, then deproteinizedaqueous material were adjusted to 50% formamide and then electrophoresed
and ethanol-precipitated. The reaction products were electrophoresed througlthrough a 17% polyacrylamide gel containing 7.5 M urea in TBE. An

a 17% polyacrylamide gel containing 7.5 M urea. An autoradiogram of the gel autoradiogram of the gel is shown. The position of the 42 nt hairpin strand
is shown. The positions of the input 60mer scissile strand and the free 30metransfer product is denoted by an asterisk on the right.

cleavage product are denoted by arrows on the left.

product that was larger than the input 18mer strand and identical in
Cys-274 Lys-274 Thr-274 Ser-274 electrophoretic mobility to the 42 nt hairpin DNA molecule formed
0 S12M4364872 61224364872 6 12283648 72 6 12243648 72 by wild-type topoisomerase in a parallel reaction with the
18mer/30mer substrate (F@). The hairpin is formed by enzyme-

2 catalyzed transfer of the covalently held 12mer strand
(5-pCGTGTCGCCCTT) to the '50H-terminus of the 30mer
bottom strandZ0,21). This implies that the covalent protein-DNA
adduct formed by Cys-274 is an intermediate in DNA strand

Endonuclease activity of mutants His-274 and Glu-274
*CGTGTCGCCCTTATTCCC

GCACAGCGGGAATARGGCTATCRCTGATGT After detecting DNA cleavage activity by Cys-274, we examined
the effects of replacing Tyr-274 by two other nucleophilic amino
- 5 A " lent broein-DNA adduct formation by topol acids, histidine and glutamate. The purity of the recombinant
igure 5. Assay of covalent protein— adduct formation by topoisomerase -~ .y ; . -
mutants Cys-274, Lys-274, Thr-274 and Ser-274. Reaction mixtures containingzG l.u 274 and His-274 protelns W_aS conflrm_eq by SDS-PAGE
(per 20ul) 50 mM Tris—HCI, pH 7.5, 0.3 pmol of 18mer/30mer DNA and 38 ng (-1d- 1). Both mutants displayed wild-type affinity for the 60mer
of Cys-274, Lys-274, Thr-274 or Ser-274 topoisomerase were incubaté€Cat 37 CCCTT-containing DNA as determined using the gel-shift assay
Aliquots (20pl) were withdrawn at the times indicated and the reactions were (Fig_ 3)_ Reaction of the 60mer substrate for 72 h at pH 7.5 with
qule”CheId b3é addilng SDS. The mixtures were e'ecg"phoresefd hthrgugg a |10°§8 ng of the His-274 and Glu-274 proteins resulted in the formation
polyacrylamide gel containing 0.1% SDS. An autoradiogram of the dried gel is . . .
shown. Free DNA migrated near the dye front at the bottom of the gel. The positiorqf afree _30mer cleavage prog:luct, which Qom'grated W'th the 30mer
of the protein-DNA adduct is denoted by asterisk on the left. The structure of thélydrolysis product of the wild-type topoisomerase (Fjg.The
5' 32P-labeled 18mer/30mer substrate is depicted at the bottom of the figure. ~ extent of 30mer formation was unaffected by inclusion or omission
of a proteinase K digestion step and no cluster of peptide-linked

) ] _ _ products was detected when digested and undigested samples wer
adduct was identical to that formed by wild-type topoisomerase @halyzed in parallel (data not shown). We were also unable to detect
the 18mer/30mer DNA (not shown). The level of covalent addugf covalent adduct by label transfer from'&%-labeled 18mer

formed by the Cys-274 enzyme was extremely low; only 0.1-0.3%issjle strand to the topoisomerase to form covalent adduct
of the input labeled strand was transferred to the topoisomerag&ectable by SDS—PAGE (data not shown).
polypeptide. In the case of the wild-type topoisomerase, 95% of the
5 32p-Jabeled strand became covalently linked to the pratén (
The Lys-274 mutant formed no detectable covalent adduct with t
18mer/30mer DNA, nor did mutants Thr-274 and Ser-274§rig. We showed previously that the rate of hydrolysis of a suicide
The DNA products formed by the Cys-274 protein on theovalent intermediate by wild-type topoisomerase was pH
18mer/30mer substrate were also analyzed by electrophoredependent, with optimal activity seen at pH 9)5\(Ve suggested
through a 17% polyacrylamide gel containing 7.5 M urea @Fig. that the hydrolysis reaction occurs via the attack of a hydroxide
Although unreacted 18mer strand accounted for nearly all of then on the suicide intermediate and that the alkaline pH optimum
labeled DNA, we did detect the release of trace amounts of a fresflected the dependence of the reaction rate on hydroxide ion
12mer cleavage product over the 72 h incubation a&E3Wot  concentration in the range of 6.5-9.5. Analysis of the amount of
shown). In addition, we detected trace amounts of a labelede 30mer hydrolysis product formed by wild-type topoisomerase

ﬁg‘ dependence of endonucleolytic cleavage
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Figure 7. pH-dependent cleavage of the CCCTT-containing DNA strand. L:
Reaction mixtures (20l) containing 50 mM buffer [either sodium B-(norpho- L
lino)ethanesulfonic acid (MES), pH 6.5; Tris-HCI, pH 7.5 or 8.5; or sodium -
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), pH 9.5], 0.3 pmol of 60mer 2
DNA, and 38 ng of the indicated topoisomerase preparation were incubated for e
72h at 37C. The reaction products were electrophoresed through a 17% 2
polyacrylamide gel containing 7.5 M urea. An autoradiogram of the gel is shown.

during a 72 h reaction with the 60mer equilibrium substrate also
revealed an alkaline pH optimum (Fig). The extent of
hydrolysis at pH 9.5 was 3.7% of the input scissile strand; 0.5%
of the substrate was hydrolyzed at pH 6.5. Figure 8. pH-dependence of the rate of cleavage by Glu-2¥}Reaction
In stark contrast, the endonuclease activity of Glu-274 Wa@gt%fre%icso”:iaéﬁ“”% (F;e(; 3;“)553 rg'\é' bgf;er Eﬁglhg; ZgﬂléTé\f\liséﬁdH géonf” o

hlgh.eSt at pH 6'5. (9.9% cleavage of the scissile strand) ar/%lu’-zm topoiso’nﬁerasé Wére incu'bgted art)(,‘.S?Aquuots were withdrawn atg
declined progressively at pH 7.5 (4.2% cleavage), pH 8.5 (1.7%:e times indicated and the reactions were quenched by adding SDS. The
cleavage) and pH 9.5 (0.6% cleavage). At pH 6.5, Glu-274 wagaction products were resolved by gel electrophoresis and the gel was scanned
20-fold more effective than the wild-type enzyme in forming thewith a phosphorimager. The extent of cleavage (expressed as the percent of the
free 30mer product. We surmise that the endonuclease reactiongfut 60mer strand converted to 30mer) is plotted as a function ofjriéné

. . L . rates of hydrolysis (% of input DNA hydrolyzed per second) were determined
the Glu-274 _mmant pCCUI‘S via a,d'ﬁerent kinetic meChamsm thaﬂom the plotin (A) and are plotted as a function of the pH of the reaction buffer.
the hydrolysis reaction of the wild-type covalent intermediate.

The endonuclease reaction of the His-274 mutant was also

optimal at pH 6.5, although the yield of 30mer product (0.5%bpy end-point dilution, beginning with 100 ng of the phospho-
was much less than that of Glu-274. The levels of cleavage Iogllulose topoisomerase preparation and decreasing by serial 10-fold
Cys-274 at pH 6.5, 7.5 and 85 were 0.4, 0.5 and 0.3%ecrements. Whereas 10 ng of wild-type topoisomerase relaxed the
respectively (Fig7). input DNA to completion in 15 min, and 1 ng relaxed about half the
DNA, the Cys-274, Lys-274, Glu-274 and His-274 proteins were
inactive even at 100 ng of input protein (data not shown). In light of
the findings that alternative nucleophiles confer a novel, albeit weak,
The effects of pH on the rate of cleavage by Glu-274 are shovemdonuclease activity on the vaccinia enzyme, we tested the most
in Figure8A. The amount of 30mer product formed at pH 6.5active of the mutants, Glu-274, for its ability to introduce nicks into
increased linearly up to five days, at which time 15% of the inpudlosed circular DNA. Glu-274 was reacted with pUC19 DNA for
DNA was cleaved. (Longer reaction times were not tested.) THige days at pH 6.5. The products were analyzed by agarose gel
rate of DNA hydrolysis at pH 6.5 was 3410~ percent of the  electrophoresis in the presence ofj@Bnl ethidium bromide. The
input strand converted to 30mer per second. The 30mer prodeeidonuclease activity of Glu-274 was evinced by the time-
accumulated linearly at pH 6.0 and pH 5.5, albeit more slowlgependent conversion of the more rapidly migrating closed circular
than at pH 6.5 (Fig8A). Lower pH values were not tested. plasmid DNA into more slowly migrating nicked circles (Bjy.No
Activity declined as pH was increased above pH 6.5. A plot of thendonuclease activity was detected in congattions containing
reaction rate versus pH is shown in Fig8iBe the Phe-274 mutant of vaccinia topoisomerase.

Kinetic analysis of Glu-274

Reaction of mutant topoisomerases with supercoiled DNA  DISCUSSION

The Cys-274, Lys-274, Glu-274 and His-274 proteins were initiallyVe have shown that the Glu-274, His-274 and Cys-274 mutants
tested for their ability to relax a supercoiled plasmid substrate undafrvaccinia topoisomerase catalyze endonucleolytic cleavage of
reaction conditions optimal for wild-type topoisomerase activityduplex DNA at the same CCCTT target site at which the wild-type

The reaction mixtures contained 50 mM Tris—HCI, pH 7.5, 100 mMbpoisomerase transesterifies to form a covalent protein—-DNA
NaCl and 0.31g of pUC19 plasmid DNA. Activity was quantitated intermediate. Whereas the wild-type topoisomerase can also



Nucleic Acids Research, 1998, Vol. 26, No. 2 495

— Phe-274 Glu-274 considering possible mechanisms, we will focus primarily on the
Glu-274 mutant, which has the most robust endonuclease activity.
Kinetic analysis shows that the Glu-274 endonuclease reaction
was linear for at least five days. The rate of DNA cleavage by
Glu-274 at pH 6.5 (3.4 10™ percent of the input strand
converted to 30mer per second) was abouP-ithe rate of
single-turnover covalent adduct formation by the wild-type
topoisomerasel). Yet, viewed relative to the catalytically inert
Phe-274 or Ala-274 mutants, glutamate confers considerable
activity. Stiverset al (22) estimated that wild-type vaccinia
topoisomerase enhances the rate of nucleophilic attack on the
DNA backbone by10°-fold. Our limits of detection indicate that
Figure 9-|Cé%ava'ae N?égupekzcgiﬁl;edz Igasnhjlicé gﬁﬁ- (F;eaCtifonUng)l(ng,fUiomzmmg the Phe-274 and Ala-274 mutants have <lfe activity of
er 20, m , 5,25m , o) an ; ; ;
g)?Sug ol;)GIu-274 or Phef)274 protein were incubate% anAquuots (20un) Wl|d-type enzyme. Assumlng t.hat loss of a nUCIeOphIIe renders
were withdrawn after one to five days and quenched immediately by additionthe enzyme ftruly inert, we infer thf_it _the Glu-274 enzyme
of a solution containing SDS (0.3% final concentration), glycerol, xylene €nhances the rate of attack on the scissile phosphate by about &
cyanol and bromophenol blue. A control reaction lacking topoisomerase (—-factor of 1G—10%.
1 1.29% horizontal agarose gel In TBE bufer contanini@lil of eiium e, CONSidered two potential reaction pathways by which
. 0 . .
gromide. The gel wgs photggraphed under shortwavg%v illumination. GIu-274_m|ght cleave DNA: (i) enzyme'catalyzed attack by
water directly on the phosphodiester backbone of DNA
(Fig. 10A) or (ii) attack by glutamate at the scissile phosphate to
generate a free cleavage product at the CCCTT site, the kindiizm an acyl phosphate linkage to DNA, followed by hydrolysis
mechanism of the wild-type reaction is distinct from that of thef the covalent intermediate (FiOB). Reaction A is distinct
mutants. Prior work on hydrolysis of CCCTT-containing DNA byfrom the normal topoisomerase reaction in that it does not involve
the wild-type vaccinia topoisomerase showed a clear precurstiransesterification. Instead, Glu-274 acts as a general base to
product relationship between the covalent intermediate and the fiegtalyze the attack of water on the scissile phosphate. Although
CCCTTp strand®). Moreover, a Phe-274 mutant, which lacks amot illustrated in the figure, this would presumably involve the
active site nucleophile and is incapable of covalent adduct formatigparticipation of a general acid to promote expulsion of ti@+b
is inert in forming a free cleavage produg}. (This argues that terminated leaving group. General acid catalysis of this step has
formation of a free CCCTTp strand by the wild-type topoisomeradeeen proposed for the transesterification reaction of wild-type
occurs via hydrolysis of the covalent CCCTTp(Tyr-274) adduct angbpoisomerasesf; hence, we imagine that the same moiety on the
not via direct attack of water or hydroxyl ion on the scissileenzyme (as yet unidentified) would serve as proton donor in the
phosphate. We speculate that the endonuclease reaction of higdrolysis reaction in FigureOA. The merit of this model is that
Cys-274 mutant occurs via hydrolysis of a covalentt mandates no explanation of the inability to detect a covalent
CCCTTp(Cys-274) adduct. The mechanism of the endonuclegsmtein~-DNA adduct. However, the model does have some
reaction described for the Glu-274 and His-274 mutants is lesseakness in accounting for the spectrum of alternative nucleo-
certain, particularly in the absence of any direct evidence fghiles that supportendonuclease activity. Glutamate and histidine
accumulation of a covalent intermediate by those enzymes. fih insofar as both can serve at proton acceptors. However,
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Figure 10.Possible mechanisms of DNA cleavage by topoisomerase mutants with alternative active site nuclepgiiiasage by enzyme catalyzed attack of water
on the DNA phosphodiesteB) Cleavage by transesterification to form an acylphosphate intermediate followed by hydrolysis of the covalent adduct.
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cysteine is a very poor proton acceptor, except when ionized, rositions retained a low level of replication activity vivo,
which case we might have expected the Cys-274 mutant to evirmaggesting that glutamate may function in place of tyrosine
an increase in activity at higher pH values (which favoduring the initiation step, albeit inefficiently.
ionization), instead of the relatively broad optimum observed. Yokochiet al (27) reported recently that histidine substitution
Mechanism B is analogous to the wild-type hydrolysis reactioripr the active site tyrosine &.coli topoisomerase IV converted
insofar as it posits the enzyme-mediated attack of water ontfae enzyme into an endonuclease. Topo IV is a type Il enzyme that
covalent protein—DNA intermediate. In the wild-type reactionnormally transesterifies to both strands of DNA to form
the hydrolysis of the tyrosyl-phosphate linkage is extremely slo®NA—(5'-phosphotyrosyl)-enzyme adducts at sites staggered by
compared to the rate of attack by Tyr-274 on the DNA backborg&nt. The His mutant of topo IV introduced single-strand nicks
to form the covalent adduct)( The apparent absence of ainto supercoiled plasmid DNA to yield open circles that were
covalent intermediate in our experiments involving the Glu-274pparently not linked to the enzyme. Although the authors
and His-274 mutants, and the minuscule levels of covalestiggest a mechanism whereby the histidine side chain facilitates
intermediate formed by Cys-274, can be rationalized if the ratelrect attack by a water molecule on the DNA backbone (again
of hydrolysis of their respective acylphosphate, phosphoramidaagalogous to Figl0A), the experiments do not exclude the
and phosphorothioate intermediates are significantly greater thégimation and hydrolysis of a phosphoamide intermediate.
the respective rates of intermediate formation. Clearly, there is anin conclusion, this and other recent studies underscore the
enormous catalytic penalty when non-tyrosine side chains seregolutionary links between enzymes that break the phosphodiester
as nucleophiles in this scheme. Yet, if mechanism B applies, ittickbone of DNA by hydrolysis and those that act through a

also clear that the rate of topoisomerase-mediated hydrolysisasivalent DNA-enzyme intermediate.

the putative Glu-274 acylphosphate intermediate at pH 6.5 is

20-fold faster than the rate of hydrolysis of the phosphotyrosingck NOWLEDGEMENTS

adduct by the wild-type enzyme, presumably because glutamate
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is a better leaving group than tyrosine.
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