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ABSTRACT

Vaccinia topoisomerase, a eukaryotic type IB enzyme,
catalyzes relaxation of supercoiled DNA by cleaving
and rejoining DNA strands through a DNA-
(3'-phosphotyrosyl}-enzyme intermediate. We have
performed a kinetic analysis of mutational effects at
four essential amino acids: Arg-130, Gly-132, Tyr-136
and Lys-167. Arg-130, Gly-132 and Lys-167 are
conserved in all members of the type IB topoisomerase
family. Tyr-136 is conserved in all poxvirus topoiso-
merases. We show that Arg-130 and Lys-167 are
required for transesterification chemistry. Arg-130
enhances the rates of both cleavage and religation by
105, Lys-167 enhances the cleavage and religation
reactions by 10 3 and 104, respectively. An instructive
distinction between these two essential residues is that
Arg-130 cannot be replaced by lysine, whereas
substituting Lys-167 by arginine resulted in partial
restoration of function relative to the alanine mutant. We
propose that both basic residues interact directly with
the scissile phosphate at the topoisomerase active site.
Mutations at positions Gly-132 and Tyr-136 reduced the
rate of strand cleavage by more than two orders of
maghnitude, but elicited only mild effects on religation
rate. Gly-132 and Tyr-136 are suggested to facilitate a
pre-cleavage activation step. The results of compre-
hensive mutagenesis of the vaccinia topoisomerase
iluminate mechanistic and structural similarities to
site-specific recombinases.

INTRODUCTION

DNA—(3'-phosphotyrosyl)—protein intermediate, strand passage
and strand religation.

The 314 amino acid vaccinia virus topoisomerase is the
smallest topoisomerase known and likely constitutes the minimal
functional unit of a type IB enzyme (2). The cellular type 1B
enzymes vary in size from 765 to 1019 amino acids (3) Our aim
is to understand the structural basis for transesterification reaction
chemistry via mutational analysis of the vaccinia protein. Four
strategies have been employed: (i) random mutagenesis followed
by in vivo genetic selection of mutations that adversely affect
enzyme activity{4,5); (i) serial delgon of amino acids from the
C-terminus (6); (iii) targeted mutagenesis of a specific class of
amino acid side chains irrespective of location within the protein
(7,8); and (iv) comprehensive mutagenesis of specijioms of
the enzyme (9-12).

In applying the regional mutagenesis strategy, we previously
targeted 103 amino acids within three conserved protein
segments: from residues 126-167, 181-207 and 213-274,
respectively. Six amino acids in addition to the active site Tyr-274
were defined as essential, i.e., substitution by alanine elicited at
least a 167 effect on activity in DNA relaxation and the formation
of the covalent DNA—protein intermediate. The six essential
residues are Arg-130, Gly-132, Tyr-136, Lys-167, Arg-223 and
His-265. Three other residues, Ser-204, Lys-220 and Asn-228,
were defined as important for catalysis, i.e., alanine substitution
slowed the rate of covalent adduct formation by at least one order
of magnitude. Six of the essential and important amino acids
(Arg-130, Gly-132, Lys-167, Lys-220, Arg-223 and His-265) are
strictly conserved in every member of the eukaryotic type 1B
enzyme family. Tyr-136, Ser-204 and Asn-228 are conserved
among the poxvirus-encoded topoisomerases.

In the present study, we present a detailed kinetic analysis of the
mutational effects at four essential positions: Arg-130, Gly-132,
Tyr-136 and Lys-167. We analyzed the effects of alanine

The type IB DNA topoisomerase family includes eukaryoticsubstitutions and conservative substitutions on the rates of DNA
topoisomerase |, a ubiquitous nuclear enzyme, and the tomtrand cleavage and religation under equilibrium and single-
isomerases encoded by vaccinia and other cytoplasntigrnover conditions. We show that Arg-130 and Lys-167 are
poxviruses (1). These proteins relax supercoiled DNA via assential for both cleavage and religation chemistry and suggest
common reaction mechanism, which involves noncovalerda model for their action at the scissile phosphate. In contrast,
binding of the topoisomerase to duplex DNA, cleavage of on@ly-132 and Tyr-136 are required for strand cleavage, but
DNA strand with concomitant formation of a covalentmutations at these positions elicit only mild effects on religation.
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MATERIALS AND METHODS thereafter. The samples were digested with proteinase K and
. processed for electrophoresis as described in the preceding
Mutant proteins section. The decrease in the abundance of the covalent complex

Wild type topoisomerase and mutant proteins R130A, R130KEXPressed as percent of input DNA) was plotted as a function of
G132S. G132A. Y136S. Y136A. K167A and K167R werelime. The data were norr_nallzed t.o.the time zero and endpomt
expressed in bacteria and purified from soluble bacterial lysat gjles arldklf%'a"ﬁf determined by fitting the data to the equation
by phosphocellulose column chromatography as described™~norm= '

(5,9,10). Thedpoisomerase polypeptide constituted the major

species in each protein preparation, as determined by SDS8Uicide cleavage assays

PAGE, and the extents of purification were essentially equivale[&tn 18mer CCCTT-containing DNA oligonucleotide was
(5,9,10). The protein concentians of the topoisomerase 5'-3%p.labeled, then gel-purified and hybridized to a comp-

preparations were determined by using the dye-binding meth%’mentary 30mer strand. Cleavage reaction mixtures containing

(BioRad) with bovine serum albumin as the standard. (per 20ul) 50 mM Tris—HCI (pH 7.5), 0.3 pmol of 18mer/30mer
o DNA and 38-76 ng of topoisomerase were incubated ‘at.37
Equilibrium cleavage assays The cleavage reactions were initiated by the addition of

opoisomerase to prewarmed reaction mixtures. Aliquotglj20

ere withdrawn at various times and the reaction was quenched
mmediately by adding SDS to 1%. The samples were electro-
horesed through a 10% polyacrylamide gel containing 0.1%

, ; s X S. Free DNA migrated near the bromophenol blue dye front.
strand. Reaction mixtures containing (pepd%0 mM Tris—HCl Covalent complengormation was revegled by tran)s/fer of
(PH 7.5), 0.3 pmol of 60mer DNA duplex and 38-76 ng Of ;jjp|aheled DNA to the topoisomerase polypeptide. The extent
topoisomerase were incubated at’@7 The reactions were

e - . . of covalent adduct formation (expressed as the percent of the
|n|.t|ated by the addition of topoisomerase to prewarmed re""Ct'c?Hput 5-32p-Jabeled oligonucleotide that was transferred to
mixtures. Aliquots (2Ql) were withdrawn at various times and

. : : . protein) was quantitated by scanning the dried gel. A plot of the
¥f reactloln was que;]nchg_d mmgofhatzlg by agggﬁg. ﬁDl(S) 10 0.5%urcent of input DNA cleaved versus time established endpoint
e samples were then digested for 60 min Ith 10Ug  \5yes for cleavage. The data were normalized to the endpoint

of proteinase K. The volume was adjusted to iD@nd the )65 andc, was determined by fitting the data to the equation
digests were then extracted with an equal volume of phen(g[foo — %Chom) = 106Kt
N s

chloroform. DNA was recovered from the aqueous phase
ethanol precipitation. The pelleted material was resuspended
formamide and the samples were electrophoresed through a 1

polyacrylamide gel containing 7 M urea in TBE (90 mMcleavage reaction mixtures containing (peul9.3 pmol of the
Tris-borate, 2.5 mM EDTA). The cleavage produégralabeled  18mer/30mer DNA and 38 ng of topoisomerase were incubated
30mer bound to a short peptide, was well-resolved from the inpgt 37 C to form the suicide intermediate. Religation was initiated
60mer substrate. The extent of strand cleavage was quantltatecbpythe simultaneous addition of NaCl to 0.5 M and'a 5
scanning the wet gel using a FUJIX BAS1000 Bio-Imaginghydroxyl-terminated 18mer acceptor strand-AbTCCGA-
Analyzer. A plot of the percent of input DNA cleaved versus timgAGTGACTACA) to a concentration of 30 pmol/6 (i.e., a
established endpoint values for cleavage. The data we{@o-fold molar excess over the input DNA substrate). Aliquots
normalized to the endpoint values akghs for approach to (16 ul) were withdrawn at the times indicated and quenched
equilibrium was determined by fitting the data to the equatiojimmediately in an equal volume of buffer containing 2% SDS,
(100 — %Ghorm) = 10GK. The cleavage equilibrium constant 769 formamide and 20 mM EDTA. A time zero sample was
(Ke) is defined as the ratio of covalently bound DNA towithdrawn prior to addition of the acceptor strand. The samples
noncovalently bound DNA at the reaction endpoint undefere heat-denatured and then electrophoresed through a 17%
conditions of saturating enzyme and was calculated accordinggglyacrylamide containing 7 M urea in TBE. Religation of the
the equatiorKc = %Cl/(100 — %Cl). Enzyme titration experi- covalently bound 12mer strand to the 18mer acceptor DNA will
ments established that the conditions used for measuripgpld a 3-32P-labeled 30mer strand transfer product. The extent
approach to equilibrium were saturating with respect to inpuf religation (expressed as the percent of the input labeled 18mer
topoisomerase. The experimental valueskfgs andKc) were  strand recovered as 30mer) was plotted as a function of reaction
used to calculate the rate constants for the cleavage and religatighe. The data were normalized to the endpoint valuegand
steps ke and kre) according to equationk¢ = kelkel and  was determined by fitting the data to the equation
kobs= Kl + Krel- (100 — %R ,orm) = 10GKt,

A 60mer oligonucleotide containing a centrally placed CCCT
element was'send-labeled by enzymatic phosphorylation in thq
presence of \f32P]JATP and T4 polynucleotide kinase, then
gel-purified, and annealed to an unlabeled complementary 60

%jpogle-turnover religation by the suicide intermediate

Single-turnover religation on the 60 bp DNA Native gel mobility shift assay of DNA binding

Equilibrium cleavage reaction mixtures containing (peull8 Reaction mixtures (2Ql) contained 50 mM Tris—HCI (pH 7.5),

0.3 pmol of the 60 bp DNA and 3876 ng of topoisomerase wefe3 pmol of 60 bp duplex DNA &2P-labeled on the scissile
incubated at 37C for a period sufficient to attain equilibrium. At strand) and topoisomerase as specified. The reaction mixtures
this time (time zero), an aliquot (48) was removed and wereincubated at 3€ for 5 min. Glycerol was added to 10% and
guenched with SDS. The reaction mixtures were then adjustedttee samples were electrophoresed through a 6% native polyacryl-
0.5 M NaCl and aliquots (2l) were taken at various times amide gel in 0.285 TBE (22.5 mM Tris-borate, 0.6 mM EDTA)
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Figure 1.Domain structure and essential residues of vaccinia topoisomerase. The tripartite domain structure of the 314 amimécoidoisorierase is illustrated.
The protease-resistant structural domains are punctuated by protease-sensitive interdomain bridge and hinge segmentsiteThg-23is situated within the
C-terminal domain. The amino acid sequence of vaccinia virus topoisomerase (vv) from residues 126 to 168 is aligned mitlogbesheegments of viral
topoisomerases encoded by Shope fibroma virus (sf), molluscum contagiosum virus (mc), orf virus (ov) and fowlpox virdswih),tlae cellular type |
topoisomerases @chizosaccharomyces ponm($®), Saccharomyces cerevisiggc), Candida albicangCa), Physarum polycephaluif?h),Homo sapiengHu),
Drosophila melanogastgiDm), Xenopus laevigXe), Gallus gallus(Ga), Arabidopsis thaliangAt), Daucus carotgDc), Ustilago maydigUm), Caenorhabditis
elegangCe) andPlasmodium falciparunPf). Sequence gaps are indicated by dashes (-). A non-conserved 29 amino acid insert in the sequefateijdithm
protein was omitted from the alignment and is simply abbreviated as (—29-). Residues conserved in all of the polypegiidesdby ian asterisk above the vaccinia
sequence. The four residues of the vaccinia protein that were mutated in this study are demarcated by the shaded bbresuitsiteriedsidues are conserved
in other topoisomerases, they are also shaded.

at 100 V for 2 h. Topoisomerase—DNA complexes of retardedrders of magnitude, but substitution by arginine had less severe
mobility were visualized by autoradiographic exposure of theffects (10). Preliminantsdies suggested that all these mutants
dried gel. The extent of protein~DNA complex formation,proteins were defective in formation of the covalent topoisomer-
expressed as [Bound DNA/(Bound DNA + Free DNA)100, ase-DNA intermediate, as determined by the yield of covalent
was quantitated by scanning the gel with a Bio-Imaging Analyzeadduct formed by the mutant protein on a short DNA duplex
containing a single CCCTT cleavage site for the vaccinia
RESULTS topoisomerase. We have since developed substrates and assay
suitable for the determination of the kinetic and equilibrium
The 314-amino acid vaccinia topoisomerase consists of threarameters of the transesterification reactions under single-turn-
protease-resistant structural domains demarcated by proteageer and equilibrium conditior{8,11,15,16). This has peitted
sensitive interdomain segments referred to as the bridge and hingeto gquantitate the catalytic contribution of several functional
(Fig. 1)(13,14). The amino acid sequence in thénitic of the  groups on the enzyme to the estimate¥-10'%-fold enhance-
hinge region (vaccinia residues 126-168) is conserved at 21/agnt of the rate of transesterification by topoisomdidé,15).
positions in other cellular and viral type IB topoisomerases (FigVe have now applied these methods to assess the roles played by
1). Four residues that are essential for DNA relaxation are locatedccinia residues Arg-130, Gly-132, Tyr-136 and Lys-167.
within this segment of the vaccinia enzyme: Arg-130, Gly-132, The two types of substrates used for this study are shown in
Tyr-136 and Lys-167. The essential residues are shown in shadédure 2. A 60 bp duplex containing a centrally placed CCCTT
boxes in Figure 1. Our initial studies indicated that replacementeavage site is employed to assay transesterification under
of Arg-130 with alanine or lysine abolished activity in DNA equilibrium conditions (Fig. 2A). We determined by enzyme
relaxation (9). Substitution of Gly-132 by Ser caused a 100-foltitration that wild type vaccinia topoisomerase cleaved 19% of the
decrement in relaxation activity, as did replacement of Tyr-13®put substrate at saturation. The cleavage—religation equilibrium
with either Asp or Alg5,9). Rephcement of Lys-167 by either constantK = covalent complex/noncovalent compleigik e
Ala or Glu reduced topoisomerase activity by more than twwas thus 0.23. The individual rate constants for DNA cleavage



3004 Nucleic Acids Research, 1997, Vol. 25, No. 15

A Alanine substitutions at Lys-167 and Arg-130 profoundly
' decrease the rates of the cleavage and religation reactions

AGTATGATTCAACATATCCGTGTCGCCCTTATTCCGATAGTGACTACAGCGGCATGAGTG
TCATACTAAGTTGTATAGGCACAGCGGGAATAAGGCTATCACTGATGTCGCCGTACTCAC

The K167A mutant displayed a slow approach to equilibrium
over 4 h (Fig. 3, left panel). Remarkably, 74% of the input 60mer
was covalently bound at equilibrium. Hence, the observed

equilibrium constantg = 2.9) was more than 10 times higher
B ' than that of the wild type enzyme. The rate constapy for
CGTGTCGCCCTTATTCCE approach to equilibrium by K167A was X204 s 1. Knowing

GCACAGCGGGAATAAGGCTATCACTGATGT

thatKq = 2.9 and thatops= kg + Krel, We calculated thag) = 2.8

x 104 s1andke = 9.5x 10 s1. Because neither the extent of
Figure 2. CCCTT-containing DNA substrates for vaccinia topoisomerase. Cléavage at equilibrium nor the observed rate constant for
(A) Equilibrium cleavage. The structure of the 60 bp duplex is shown.approach to equilibrium was affected significantly by a 2-fold
Topoisomerase bound at the CCCTT site establishes a cleavage-religatiopgriation of the amount of input protein (data not shown), we

equilibrium. B) Suicide cleavage. The structure of the 18mer/30mer suicidesurmise that the mutation did not affect pre-cleavage binding
substrate is shown. Transesterification to the scissile phosphate results '

| . . o . .
dissociation of the 6mer leaving group, which effectively traps the topoisomer-{lrhIS was confirmed by additional experiments described below.)
ase in the covalently bound state. We measured single-turnover religation on the 60mer substrate
by allowing the cleavage reaction to reach equilibrium and then

(ko) and religationke)) on the 60mer can be determined from theadjusting the reaction mixtures to 0.5 M N&a8|11). This
rate constantkf,d of the approach to the equilibrium cleavageconcentration of salt blocks both equilibrium cleavage and single
value. In practice, it is not feasible to manually meakggefor  turnover-cleavage by interfering with DNA binding. Topo-
the wild type topoisomerase on the 60mer duplex because tisemerase pre-bound to an equilibrium cleavage substrate at low
rates of the component steps are too tapt=(0.28 sl andk,e ionic strength is dissociated when the salt concentration is raised
M.2 s1). However, approach to equilibrium is an assayo 0.5 M. Hence, topoisomerase molecules that have catalyzed
well-suited to the analysis of mutant proteins for which the ratetrand closure on the 60mer DNA will be dissociated from the
is much slower than that of the wild type enzyme (8,11). DNA by salt and will be unable to rebind and recleave. The

A suicide cleavage substrate consisting of an 18mer CCCTdlecrease in covalent complex as a function of time after addition
containing strand annealed to a 30mer strand is used to examiieNaCl is plotted in Figure 3 (right panel). K167A covalent
transesterification under single turnover conditions (Fig. 2B)complex declined slowly over 8 kg = 9.9x 10-°s1). Note that
Upon formation of the covalent topoisomerase—DNA adduct, thbe observed rate constant for K167A in single-turnover religa-
distal cleavage product-BTTCCC is released and the enzymetion on the 60mer agreed with the value calculated from the rate
becomes covalently trapped on the DNA; we refer to this complext approach to equilibrium on the 60mer (8.30° s1). By
as the suicide intermediate. The cleavage rate corigiqwof (he  comparing these values to those for wild type topoisomerase, we

wild type enzyme on this suicide substrate is 0:288). surmise that elimination of the basic side chain at position 167
K167A
Approach to Equilibrium Single-turnover Religation
80 F 80 |
~ !
&
5 6o 60
=%
g
O 40 | Kq =29 40 kie1 =99x 105 s-1
fé kops = 3.7 x 104 571
2 20 kq =28x104s1 20 |
5 krep =95x10°51
0 & 1 1 1 L 0
0 2 4 6 8 0 3 6 9 12
Time (h) Time (h)

Figure 3. Approach to equilibrium and single-turnover religation by K167A on the 60mer DNA. (Left panel) Approach to equilibriuranRReiatires contained

(per 20ul) 0.3 pmol of labeled 60 bp DNA and 38 ng of K167A protein. Covalent complex formation is plotted as a function of tia aeedised to determine

the cleavage equilibrium constakt() and the first-order rate constakyg for approach to equilibrium; these values were used to calculate the rate constants for
the cleavage and religation steps. (Right panel) Single-turnover religation. Cleavage reaction mixtures containifipQj3gorb®l of 60mer duplex DNA and 38 ng

of K167A protein were incubated for 4 h at’&7 At this time (time 0), an aliquot (18) was removed and quenched with SDS. The reaction mixtures were then
adjusted to 0.5 M NaCl and aliquots {@Dwere taken at the times indicated. The decrease in the abundance of the covalent complex (expressed as percent of in|
DNA) is plotted as a function of time. The data were used to determine the first-order rate constant for religation.
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Approach to Equilibrium Single-turnover
Religation (60mer)

Ka  kobs(s?)  ka(s1) Krel (s1) l Krel (s1)

WT

WT 023 0.28) 12) R130K

R130A

DNA Bound (%)

K167A 29 3.7 x 104 2.8 x 104 9.5x 10-5 99x 105
K167R

K167R 053 0.019 0.0067 0012 0.022 K167A

R130A 0.22 1.3x 105 23x106 1.1x 105 6.3x106

R130K 0.42 8.0x 105 24x105 5.6x 105 42x105 100

Figure 4. Effects of R130 and K167 mutations on equilibrium DNA cleavage.
Equilibrium cleavage and single-turnover religation on the 60mer DNA were
assayed as described in Methods and Materials. For each mutant, we
determined the cleavage equilibrium constkgj)( the rate constaritdyg for
approach to equilibrium (these values were used to calculate the rate constants
for the cleavage and religation steps) and the rate constant for single-turnover
religation.

WT
G1325

G132A

DNA Bound (%)

Y1365

Y136A

resulted in a 1 decrement in the rate of cleavage and#-10
effect on religation. 0 ! ! ! I

Alanine substitution at position Arg-130 was even more 0 10 20 30 40
deleterious to reaction chemistry. The rate constants for R130A Protein (ng)
determined from approach to equilibrium wege= 2.3x 10651
andkee = 1.1x 10551 (Fig. 4). Hence, removal of this basic side
chain caused a 1®'decrement in cleavage rate and 2 &ffect Figure 5. Native gel-shift assay of DNA binding by wild type and mutant
on religation relative to wild type enzyme. The balanced mutatopoisomerases. Assays of topoisomerase~DNA complex formation on the
tional effects of R130A on the forward and reverse transesterifice{i_(r’]f:j‘ifr:r D(EXA r‘g’g;idpzfsf%“;edefcsegfzﬁfiigestigo'\r/'naetff[i)a'llSA aggsx?;?:éjaig’\iﬁe
t".)n reactions mear.]t that the equm_b fim constant (0'.22) wasn iftedgtopo?somerase—DNApcompIex) is glotted as a function of input protein.
different from the wild type value (Fig. 4). The rate of single-turn-
over religation by R130A on the 60mer (&680°s) agreed
well with the value determined from approach to equilibrium. cleavage substrate. Binding resulted in the formation of a discrete

protein-DNA complex of retarded electrophoretic mob{lity;
Effects of conservative substitutions at Lys-167 and data not shown). The extent of DNA binding was proportional to
Arg-130 the amount of input topoisomerase (Fig. 5A). The affinities of
i i i . R130A, R130K, K167A and K167R for the 60mer were similar

Changing Arg-130 to lysine resulted in a catalytic defect that Wa§ that of the wild type protein (Fig. 5A). Hence, these mutant

only marginally less severe than that caused by side chaizymes are not compromised in DNA binding; rather they are
removal (Fig. 4). The R130K mutation caused a*irate  gefective for transesterification chemistry.

decrement in cleavage rate and a*fgffect on religation rate
relative to the wild type enzyme. We conclude that Arg-130 is

spe_cifically required for cleavage and_ r_eligation _chemistry. Alutations at Gly-132 selectively impair the DNA

position Lys-167, the conservative arginine substitution resulte@'eavage reaction

in a more substantial restoration of function relative to the alanine

mutant. The religation rate constant of K167R (0.012-0.022) wddutant G132S was originally identified through a genetic
>120-fold higher than that of K167A; the cleavage rate constagglection for catalytically defective topoisomerase alleles (4). In
of K167R (0.0067 ) was 24-fold higher than that of K167A the present study, we introduced a less bulky alanine substitution
(Fig. 4). Still, the rates of cleavage and ligation by K167R werér Gly-132 and subjected the G132S and G132A proteins to
lower than the wild type rates by factors of 40 and 100kinetic analysis of strand cleavage and religation. Both mutants
respectively. We surmise that a basic side chain is essential formed very low levels of the covalent intermediate on the 60mer

catalysis, but that lysine is required for optimal activity. equilibrium cleavage substrate; G132S and G132A cleaved <1%
of the input DNA at saturating enzyni€,(= 0.0063 for G132S;
o ; ; Kq = 0077 for G132A) (Fig. 5). The drastic decrement in the
DNA binding by catalytically defective R130 and K167 cl = U 4 =Ll
mutants g by y y equilibrium constant (t@11/30 of the wild typej) implied that

these mutations significantly decreased the rate of cleavage, but
A native gel mobility shift assay was used to analyze the bindingad a relatively modest effect on the rate of religation. A native
of the R130 and K167 mutant proteins to the 60mer equilibriurgel mobility shift assay of the binding of G132S and G132A to
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Approachto  Single-turnover Cleavage and Religation of single-turnover cleavagée( = 4.9 x 104s™) that was far
Equilibrium (18/30mer) greater than theR4-fold rate effect on single-turnover religation
- i (krel = 0.051) (Fig. 6). In contrast, the catalytically active Y136S
| Ka | [ ke el ) Ka Gtk | protein displayed only a mild}-fold) reduction in cleavage and
religation rates (Fig. 5). A native gel mobility shift assay showed
WT 0.23 0.28 505 (1.2) that Y136S and Y136A displayed nearly wild type affinities for the
substrate (Fig. 5B).

G132A 0.0077 0.0011 0.094 0.012

DISCUSSION
G132S 0.0063 89x 104 0.13 0.0068
The results presented in this study enhance our understanding of
Y136A 0.0084 49x104 0051 0.0096 the vaccinia topoisomerase in three respects: (i) they provide a
quantitative assessment of the contribution of four essential
amino acids located within and immediately flanking the hinge
XSS on 0.073 026 028 region; (i) they illuminate a clear distinction between functional
groups required for transesterification chemistry in general and
Figure 6. Effects of Gly-132 and Tyr-136 mutations on equilibrium DNA those required specifically for the cleavage reaction; and (i) the.y
cleavage, single turnover cleavage and single-turover religation. EquilibriumSUggest a model for how Arg-130, Lys-167 and other essential
cleavage on the 60mer DNA was assayed as described in Materials anéesidues act at the active site to promote catalysis.
Methods. The observed cleavage equilibrium constdfdg are shown.
Suicide cleavage and single-turnover religation by the suicide intermediate
were assayed as _desg:ribed in Materi_als_and Metho_ds. The rate constants for tfeansesterification Chemistry
cleavage and religation steps are indicated, as is the equilibrium constant
gﬁlr(]::tlgt:teg from the ratios of the experimentally determined single-turnoverratt?vlutational rate effects on the religation reaction can be viewed
as the simplest measure of the contribution of a given amino acid
residue to transesterification reaction chemistry. This is because
the 60mer DNA showed that both mutant proteins di5p|aye§|'nglle—turnover _religation entails no site-recognition step, i.e., the
nearly wild type affinity for the substrate (Fig. 5B). topoisomerase is already bound covalently to the DNA. Based on
Kinetic parameters for the G132S and G132A mutants weiBe effects of the R130A and R130K mutations on single-turnover
determined by assaying single-turnover cleavage on the suicigiéand closure by the covalent intermediate, we conclude that
substrate. The cleavage rate constants for G132S and G132p9-130 enhances the rate of transesterification by a facto?.of 10

were 8.9x 104s1land 0001l'§-’ respective|y (F|g 6) Hence, This is quantitatively similar to the 2@ontribution of another
these mutations caused an0—24 reduction in the rate of basic residue, Arg-223, to transesterification chemistry (11). The

cleavage. magnitude of the mutational effects at Arg-130 and Arg-223

The religation reaction was studied under single-turnovetrgues that both arginine residues interact directly with the
conditions by assaying the ability of pre-formed suicide interscissile phosphate. A key distinction between the two essential
mediate to transfer the covalently held3%P-labeled 12mer argininesisthat Arg-130 cannot be replaced by lysine (this study),
strand to a Bhydroxyl-terminated 18mer strand to form a 30mehereas Arg-223 can be changed to lysine with relatively little
product (8,11). Réigation by wild type topoisomerase was catalytic cost (11). _ _
extremely fast; >90% of the endpoint value was attained in 5 s, The religation reaction entails an attack by tHeyBiroxyl moiety
This result indicated thae was at least 0.55 (For gauging ©Of the DNA strand on the DNA-{phosphotyrosyl)—protein
mutational effects, we derived a value kg of the wild type intermediate. This is likely to procede through a pentacoordinate
topoisomerase of 1.2%based on the experimental values€gr ~ Phosphorane transition state in which the attacking group'(the 5
on the 60mer an#y on the suicide substrate.) The observedH) and the leaving group (Tyr-274) are positioned apically. We
religation rate constants for G132S and G132A were 0.13 af@eculate that Arg-130 makes bivalent hydrogen bond interac-
0.094 s1, respectively, i.e[11/10 of the wild type value (Fig. 6). tions with the phosphate oxygens in the transition state. The same
Note that the equilibrium constants calculated for G132S arlidentate contacts would stabilize the transition state during the
G132A from the ratios of the single-turnover rate constants on tfi@ward cleavage reaction, which involves attack by Tyr-274 and

suicide substrate agreed well with the experimental valuggfor expulsion of a Shydroxyl-terminated DNA. Lysine at position
determined on the 60mer (Fig. 6). 130 would be less effective in transition state stabilization in this

scheme because it would contact only one of the scissile
phosphate oxygens. The side chain of Arg-223 might make an
essential contact with one phosphate oxygen in the transition
state. This monovalent interaction could potentially be sustained
We noted previously that replacement of Tyr-136 with alanindy lysine, which may account for the mild effects of the R223K
reduced DNA relaxation activity to 1% of the wild type level, mutation on catalysis. Lys-167 enhances the rates of transesteri-
whereas substitution by serine had little effect (9). Kinetic analysfication by a factor of 18-10* and an arginine at this position can

of transesterification by the Y136A protein revealed propertiesnly partially restore function. Lys-167 may interact with the
similar to those of the Gly-130 mutants. Y136A displayed a muchridging 3 phosphate oxygen of the leaving DNA strand and
reduced level of cleavage of the 60mer at saturating enzgne (serve as a general acid to promote its expulsion during the
= 0.0084). This was attributable to ad8decrement in the rate cleavage reactiofL6).

A hydroxyl moiety at position 136 is essential for DNA
cleavage, but not for religation
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DNA-bound state, which raises the possibility of a conforma-

Zis tional change upon DNA binding.3). With this in nnd, we
. nev speculate that hinge dynamics are involved in activating the
Topoisomerase | "o noncovalent protein-DNA complex for cleavage, e.g., by proper-

fov ly orienting the catalytically essential residues flanking the hinge

| epv (Arg-130 and Lys-167) with respect to the scissile phosphate.

" hpl The mutational effects at Tyr-136 suggest an important

Recombinase | int hydrogen bonding interaction. The aromatic moiety is clearly not

xer critical, because activity is preserved when Tyr-136 is replaced by

serine. In addition to the requirement for a hydroxyl at this
position, it is apparently critical that the functional group be
Figure 7.Essential residues His-265 and Tyr-274 of vaccinia topoisomerase argonstrained by the polypeptide backbone. We showed previously
conserved in site-specific recombinases. The amino acid sequence of tighat a single interruption of the polypeptide backbone by
vaccinia virus topoisomerase (vac) from residue 256 to the active site Tyr-274hymotrypsin cleavage between Tyr-136 and Leu-137 elicited

is aligned with the homologous segments of the topoisomerases encoded [ : :
other poxviruses, Shope fibroma virus (sfv), molluscum contagiosum virustyﬁeCtS similar to those described here for the Y136A mutation

(mev), OFf virus (orf), fowlpox virus (fpv) andmsacta mooreentomopox ~ (13)- The _amino and dmxyl_ fragment_s of the Singl_y nicked W”_d
virus (epv), and with the homologous segment immediately preceding thetype topoisomerase remained physically associated; the nicked
active site tyrosines of recombinase family members HP1 integrase (hpl)protein bound to CCCTT-containing DNA, but was incapable of
lambda integrase (int) and XerD recombinase (xer). Positions conserved Wi“&atalyzing strand cleavage
h ini haded. . : . . .
fespect to the vaccinia sequence are shaded The importance of the conformation of the hinge during strand
cleavage is also suggested by the effects of Gly-132 mutations.

Vaccinia residues Arg-130, Lys-167 and Arg-223 are CorlI_ntroductlon of the methyl group in place of the glycine hydrogen

: ; licit a local conformational distortion (perhaps affecting
served in other type IB topoisomerases. Hence, we suspect Y © ; . .
these side chains play the same role during catalysis by the celId?glﬁtrctiga\?ssggé?il\/;gj:]d;i A\;\?élc%%)siég?ti t Lljnnlitkuerln tr?gtegls- fgg
and viral enzymes. Although the cellular topoisomerases have f-C 9 P : KEly Y-
been mutagenized as extensively as the vaccinia enzyme, jHetations cause a global disruption of protein conformation,
limited data available are consistent with a common structural bagﬁl en that noncovalent DNA binding is preserved and religation
for transesterification. For example, Jensen and Svejéi@)p Chemistry is affected only modestly by the G132A and G1325

mutated the residues corresponding to Arg-130 and Lys-167 a@ange_s. Vaccinia residue Gly-132 is invariant in every other type
concluded that they are essential for DNA relaxation. Yet, th topoisomerase.
deleterious changes they introduced into the human enzyme
(Arg - GIn and Lys- Glu) did not reveal the underlying structure—Mechanistic and structural similarities between
function relationships (e.g., LysGlu entails charge inversion). vaccinia topoisomerase and site specific recombinases
Levin et al (19) eported that a yeast Topl mutant containing an
Arg - Lys mutation at the position corresponding to vaccinidntegrases and other recombinase family members catalyze the
Arg-130 was defective in relaxing supercoiled DNA. same transesterification reaction as the type IB topoisomerases,
whereby attack by an active site tyrosine on one DNA strand
results in the formation of a DNA-(Bhosphotyrosyl)—protein
intermediate. Functional similarities between vaccinia topo-
The biased effects of the Gly-132 and Tyr-136 mutations oisomerase and the recombinases are probable, in so far as vaccinic
cleavage suggest that a post-binding, pre-chemical step mpoisomerase promotes sequence-specific recombiiratimo
apply during the cleavage reaction, which is not pertinent (or and catalyzes site-specific resolution of Holliday junctions
least not rate-limiting) during religation. Our results sound a notétro (22—24). Athough recombinases and type IB topoisomer-
of caution in drawing conclusions about the structural requireases have no apparent overall sequence similarity, they may well
ments for topoisomerase reaction chemistry on the basis lofve converged with respect to the functional groups at their
mutational effects in a strand cleavage assay. The mutatiorative sites. The recent reports of the crystal structures of the
effects at Gly-132 and Tyr-136 &p, are too modest to meet the catalytic domains of bacteriophage lambda and HP1 integrases
criteria we have set for essentiality in transesterification. reveal two essential arginines and an essential histidine clustered
Although the precise nature of the pre-cleavage steps remagtsthe active sites of both prote({29,21).
unclear, the location of the Gly-132 and Tyr-136 residues within We speculate that the Arg-130, Lys-167, Arg-223 triad of
the interdomain hinge suggests a post-binding alteration of tlessential residues of the vaccinia topoisomerase is functionally
protein—DNA interface. The hinge is highly susceptible taanalogous to the conserved Arg—His—Arg triad that defines the
proteolysis when topoisomerase is free in solution; in factecombinase family. Further, we suggest that the catalytically
Tyr-136 is the principal site of cleavage by chymotrypsin. Thessential His-265 of vaccinia topoisomerase (8), which is situated
hinge becomes protected from proteolysis when vaccinia topaine amino acids upstream of the active site tyrosine in all six
isomerase is bound to DNA3). Protetion of the hinge does not known poxvirus topoisomerases, is the functional equivalent of
require covalent adduct formation, indicating that it occurs priogt conserved histidine moiety present at the identical position
to transesterification. The simple interpretation is that the hingelative to the active site tyrosines of lambda integrase, HP1
makes contact with the DNA ligand and that bound DNAntegrase and XerD recombinase (Fig. 7). Indeed, the segment
excludes access by proteases. However, additional residygeximal to the active site is remarkably well conserved between
adjacent to the hinge become more accessible to proteolysis in the poxvirus topoisomerases and the recombinases; particularly

Mutations in the hinge that selectively affect cleavage
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the (V,1,L)-(V,1,L)-G-H-(T,S) motif, which includes vaccinia

4

His-265 (Fig. 7). In the crystal structures of lambda and HP
integrases, the histidine residue corresponding to vaccini

His-265 is situated at the active site po¢kéat22).
In summary, in this and other recent rep¢8d.1), we have

8

defined the catalytic contributions of essential amino acid side

chains of vaccinia topoisomerase, most of which are conserve

other type IB enzymes. We propose that Arg-130, Lys-167%,
Arg-223 and His-265 act directly on the scissile phosphate during chem272, 8263-8269.
catalysis. We speculate that vaccinia topoisomerase is relatéd Wang, L. K., Wittschieben, J. and Shuman, S. (1B#&xghemistryin

mechanistically and structurally to the catalytic domains

(0]
é
4

site-specific recombinases. Confirmation and further clarificatio

of the topoisomerase | reaction mechanism will hinge ofs

crystallization of topoisomerase in the DNA-bound state.
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