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ABSTRACT. We have previously shown [Straub et al. (1998Biol. Chem. 27326261] that the pyrimidine

tract binding protein associated splicing factor PSFIf34inds and stimulates DNA topoisomerase |.
Here we show that cleavage and religation half-reactions of topoisomerase | are unaffected by PSF/
p54™ whereas the propensity of the enzyme to jump between separate DNA helices is stimulated. To
demonstrate such an effect, topoisomerase | was first captured in suicidal cleavage of an oligonucleotide
substrate. Subsequently, a cleavage/ligation equilibrium was established by adding a ligation donor under
conditions allowing recleavage of the ligated substrate. Finally, a second oligonucleotide was added to
the mixture, which also allowed suicidal cleavage by topoisomerase |, but did not accommodate the ligation
donor of the first oligonucleotide. Thus, topoisomerase | was given the choice to engage in repeated
cleavage/ligation cycles of the first oligonucleotide or to jump to the second suicide substrate and get
trapped. PSF/p3# enhanced the cleavage rate of the second oligonucleotide (11-fold), suggesting that
it stimulates the dissociation of topoisomerase | after ligation. Thus, stimulation of topoisomerase | catalysis
by PSF/p54® seems to be affected by mobilization of the enzyme.

Recently, we reportedl] a direct interaction of topo-  DNA relaxation activity summarizes several distinct steps
isomerase | with PSFand its smaller homologue p32 comprising the catalytic cycle of topoisomerase |. These
Interactions between these proteins, which copurified in a include association with the DNA duplex, cleavage of one
1:1:1 ratio from nuclear extracts, could be demonstrated by strand, passage of the other strand, religation of the cleaved
several biochemical procedures. A physiological role of the strand, and dissociation from the resealed DNS duplex. The
interaction seemed feasible, since topoisomerase | and PSKtimulatory effect of PSF/p3#% could be exerted at several

showed a patched colocalization in cell nuclei, which varied
with cell cycle. We also demonstrated a functional effect:
the DNA relaxation activity of topoisomerase | was 16-fold
higher when the enzyme was complexed with PSFIp54
The DNA relaxation activity of pure recombinant topo-
isomerase | could be stimulated up to 12-fold by addition of
recombinant PSF or PSF/g5% Since the RNA splicing

factors did not have an endogenous DNA relaxation activity,

positions of the cycle. In each case, the DNA relaxation
activity would be increased, whereas the biological properties
of the enzyme might be affected quite differently, depending
on which step is modulated: Increases in cleavage and/or
ligation rates would affect the cellular levels of covalently
DNA-linked catalytic intermediates, thus altering the poten-
tial of the enzyme for disturbing the integrity of the genome
(2). Changes in DNA avidity, on the other hand, would affect

we concluded that topoisomerase | gets stimulated by thethe way in which topoisomerase | accesses DNA sites for

interaction with the PSF/p3#% heterodimer.
However, the biological implications of the interaction

processing. To gain more insight into the precise mechanism
and the putative physiological consequences of the stimu-

investigation of the influence of PSF/g84 on defined
segments of the catalytic cycle of topoisomerase |.
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Proteins. Recombinant human topoisomerase | was ex-
pressed irS. cereisiaeand purified as decribed i18(4). A
typical example is shown in Figure 1a, lane 3. The PSF/
p54" heterodimer was copurified with DNA topoisomerase
I from human A431 epidermoid cells (ATCC 1555) as
described previously1j. Briefly, nuclear extracts were
adsorbed to Ni-NTA-agarose (Qiagen, Hilden, Germany),
eluted with 200 mM imidazole, and passed through a Source-
15Q column (Pharmacia, Uppsala, Sweden). A typical
preparation of the trimeric protein complex is shown in
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Figure 1a, lane 1. Subsequently, the PSF/j3%terodimer suicidal cleavage ofubstrate 1by addition of 50 pmol of
was precipitated wit 1 M ammonium sulfate, whereas AG. Reactions continued at 3T for various time periods
topoisomerase | remained soluble. Precipitated PSFp54 and were finally stopped by ethanol precipitation. Precipitates
was renatured and further purified by gel permeation were trypsinized and subjected to denaturing polyacrylamide
chromatography (Superdex 200 HR30/10, Pharmacia, Upp-gel electrophoresis. Reaction products were visualized by
sala, Sweden). Peak fractions were dialyzed against 15 mMautoradiography.

HEPES, pH 7.5, 300 mM NaCl, 1 mM PMSF, 10% glycerol,  Retrieal of Quantitatve Data and Statisticg=or the data
and stored at-80 °C. Figure 1a, lane 2 shows a representa- shown in Figure 3%d and Figure 4ee, X-ray films were

tive example of the purified PSF/pB% heterodimer. The  scanned with a transilluminating flatbed scanner linked to a
trimeric complex was reconstituted by incubating a 10-fold Macintosh G3 PowerPC. Densitograms were analyzed using
molar excess of isolated PSF/34with pure recombinant  the software NIH Image. For the data shown in Figure 5c,
topoisomerase | at 37C for 15 min in assay buffer (10 MM radioactive bands were cut out of dried gels, equilibrated
Tris-HCI, pH 7.5, 50 mM KCI, 10 mM MgGl 0.5 mM for 12 h with scintillation fluid, and measured in a scintil-
EDTA, 0.3 ugluL BSA, and 0.5 mM DTT). The overall  |ation counter. Percentages of cleavage or ligation were
DNA relaxation activity of various preparations was char- determined by comparing within one lane the intensities of
acterized by relaxation of supercoiled pUC 18 plasmid DNA, radioactive bands corresponding to cleaved and uncleaved
as described irg). Figure 1b shows representative examples or cleaved and religated reaction products, respectively. Data
of ppC 18 relaxation time courses obtained with. 5 ng of of 3 (Figure 5¢) or 5 (Figure 3bd; Figure 4c-e) individual
topoisomerase | (top), 5 ng of topoisomerase | preincubatedexperiments with similar outcome were pooled for statistical
with a 10-fold molar excess of PSF/gB4(middle), or an  analysis. Apparent rate constants derived from the data by
equivalent amount of the PSF/gBudimer alone (bottom).  nonlinear regression analysis as previously describpare
Quantitative data derived from multiple determinations of stated as mean valugsstandard error. The significance of

relaxation kinetics are summarized in Figure 1c. ~  differences was tested by Wilcoxon’s signed rank test for
Synthetic DNA SubstrateSligonucleotides were supplied  ynpaired samples.

by Carl Roth (Karlsruhe, Germany). Scissile DNA strands
were B-radiolabeled witl#?P, whereas all other strands were RESULTS
cold-phosphorylated using T4 polynucleotide kinase (Am-
ersham, Little Chelford, U.K.). Scissile and noncleaved PSF/p54® Stimulates the DNA-Relaxation Adty of
strands were mixed at a ratio of 1:1.5. Duplex-forming Topoisomerase. We purified DNA topoisomerase | from
strands of the substrates shown in FiguretZlwere added nuclear extracts of human A431 cells in a form complexed
in 2-fold excess. The mixtures were heated to°@2and  With the RNA splicing factors PSF (115 kDa) and 84
then slowly cooled to 20C. Hybridized substrates were (54 kDa). A typical example of the trimeric 1:1:1 complex
puriﬁed by nondenaturing ge| e|ectr0ph0resi5_ is shown in Figure la, lane 1. The PSF/f.’ﬁ54heterodimer
Kinetic analysis of cleaage and religation half-reactions ~ could be separated from topoisomerase | by precipitation with
followed published proceduregi{6). Cleavage reactions 1M ammonium sulfate (Figure 1a, lane 2). Figure 1b shows
were carried out in assay buffer at 5. They were started ~ representative examples of DNA relaxation kinetics obtained
by adding 1 pmol of topoisomerase | to 10 fmol of With topoisomerase | alone (top) or after preincubation with
oligonucleotide substrate and were stopped after variousPSF/p54® (middle). The bottom panel of Figure 1b attests
incubation periods by adding 500 mM NaCl and 75% to the fact that equivalent amounts of PSF/p5édlone did
ethanol. Alternatively, cleavage reactions were followed by Nnot relax the plasmid under similar conditions. Figure 1c
ligation reactions. In this case, 50 pmol of AG dinucleotide summarizes quantitative data derived form five similar
(as ligation donor) and 300 mM NaCl (to prevent recleavage €xperiments carried out with independent protein prepara-
of the ligated product) were added and incubations continuedtions. The specific DNA relaxation activity of the trimeric
at 20°C for various periods of time before stopping with complex was about 16 times higher than that of pure
75% ethanol. Ethanol precipitates were sedimented, dried,rfecombinant human topoisomerase | (Figure 1c, compare
and digested with 1 mg/mL trypsin in 10 mM Tris-HCI, 0.1 columns 1 and 3). The activity of the recombinant enzyme
mM EDTA at 37°C for 30 min. Samples were finally mixed ~could be increased to a similar extent (12-fold) by preincu-
with 1 volume of loading buffer (80% formamide, 50 mM  bation with isolated PSF/p%4 (Figure 1c, compare columns
Tris—borate, pH 8.3, 1 mM EDTA, 0.05% bromophenol 3 and “2+-3"). None of the PSF/p8# preparations used in
blue, and 0.05% xylene xyanol) and subjected to denaturingthis study had an endogenous DNA relaxation activity after
polyacrylamide gel electrophoresis. Reaction products were@mmonium sulfate precipitation (Figure 1c, column 2).
visualized by autoradiography. Therefore, ruling out additive effects, the 12-fold increase
Analysis of Enzyme “Jumping” between Separate DNA in DNA relaxation activity seen upon preincubation of
Helices.Two picomoles of unlabelesubstrate {Figure 2b) topoisomerase | with PSF/pS4seems to be due to activation
was incubated with 0.5 pmol of topoisomerase | (optionally Of the enzyme by the RNA splicing factor.
preincubated with PSF/p38) in assay buffer at 25C for PSF/p54™ Does Not Alter the Cleaage and Religation
30 min. Under these conditions, all of the enzyme became Rates of TopoisomeraseHrom our previous workl) and
trapped in suicidal cleavage, as demonstrated by the completéhe data shown in Figure #tz, we could not conclude which
absence of residual DNA relaxation activity after the step of the catalytic cycle of topoisomerase | was actually
incubation. Subsequently, 10 fmol of labeledbstrate 2 modulated by PSF/p3#%. To address this question, we
(Figure 2c) was added, and incubation was continued for dissected the catalytic cycle of topoisomerase | into cleavage
another 15 min. Topoisomerase | was then released fromand religation half-reactions7), using a partially double-
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Ficure 1: (a) Representative examples of the protein preparations used: Thepdl&crylamide gel stained with Coomassie blue shows
marker proteins (M), the heterotrimeric complex of topoisomerase |, PSF, afi# psdgurified from A431 cells (lane 1), the PSF/p%4
heterodimer isolated from the trimeric complex by ammonium sulfate precipitation (lane 2), and recombinant human topoisomerase | produced
in yeast (lane 3). (b) Representative time courses of DNA relaxation: 300 ng of completely supercoiled pUC18 plasmid DNA was incubated
with 5 ng of pure topoisomerase | (top) or 5 ng of enzyme preincubated with a 10-fold molar excess of PSgpddle), or an equivalent

amount of PSF/p3¥ alone (bottom). Panel numbers on the right margin correspond to lane numbers in (a). (c) Quantitative analysis of
DNA relaxation activity determined, as shown in (b). One enzymatic unit was defined as the amount of enzyme completely relaxing 300
ng of supercoiled pUC18 plasmid DNA at 3Z in 30 min. Column numbers correspond to lane numbers in (a). Colurh®™8hows the

activity of pure recombinant topoisomerase | reconstituted with a 10-fold molar excess of P®FAeEdrodimer. Enzymatic units in

columns 1, 3, and “32" are related to the protein amount of topoisomerase | present in these fractions. In lane 2, the amounts of isolated
PSF/p54® heterodimer tested were equivalent to those in column 1. Columns represent mean values determined with 5 independent sets
of protein preparations. Error bars indicate standard errors of the mean. For pure recombiant topoisomerase | (lane 3), the error was less
than 5% and is not indicated. For the isolated PSFIpHéterodimer (lane 2), a statistic analysis was not meaningful, because endogenous
DNA relaxation activity was not detectable in any of the preparations tested.

Y
5/ —*GCCTGCAGGTCGACTCTAGAGGATCTAAA_AGACTTAGA
3’ - CGGACGTCCAGCTGAGATCTCCTAGATTTTCTGAATCTTTTTAAAAA® -5

b Substrate 1 § °ARARATTTTTAAAAAAGATCA -3’
5/ - °TCTCTAGAGGATCTAAAAGACTTAG :
3’ - AGAGATCTCCTAGATTTTCTGAATCTTTTTARAAATTTTTTCTAGT® -5

C Substrate 2 & °AAAAATTTTTAAAAAAGATCA -3
5’ - *TCTCTAGAGGATCTAAAAGACTTGG o
3/- AGAGATCTCCTAGATTTTCTGAACCTTTTTAAAAATTTTTTCTAGT® -5'

Ficure 2: Oligonucleotide substrates. (a) Partially double-stranded oligonucleotide used for kinetic analysis of topoisomerase | cleavage
and ligation half-reactions (see Figure 3). (b and c) Fully double-stranded oligonucleotides used for measuring the interhelix mobility of
topoisomerase I. (b) was the unlabeled substrate used for capturing and releasing topoisomerase I. It corresponds to the open bars in Figure
4a and is referred to in the text sgbstrate 1(c) was the labeled substrate used to trap topoisomerase | in suicidal cleavage after dissociation
from substrate 11t corresponds to the shaded bars in Figure 4a and is referred to in the sisigate 2The positions of radiolabel are

indicated by asterisks (*); sites of cold phosphorylation are marked by open superscript ejréldsgvage sites are indicated by downward

open arrows.

stranded oligonucleotide (Figure 2a) as substrate. As previ-p54™ was not notably faster than cleavage by an equivalent
ously describedd), such substrates are preferentially cleaved amount of the pure enzyme (Figure 3a, compare lanres 2
by topoisomerase | at the position indicated (Figure 2a, with lanes 9-15). This notion was further substantiated by
arrow), and the AGA trinucleotide that is cleaved off diffuses the quantitative analysis shown in Figure 3b, which sum-
away from the reaction site. Thus, the catalytic cycle cannot marizes the experiment shown in Figure 3a and four more
progress beyond the stage of the covalent DNA intermediate similar ones. Kinetics of suicidal cleavage were pseudo-first-
of topoisomerase I. It should be noted that with this type of order, which is in good agreement with previous observations
substrate cleavage efficiency is usually less than 60%, (6). Apparent time constants of initial cleavage rates derived
because the substrate dimerizes via the palindromic sequencéom the data by nonlinear regression were 0:85.08

of the protruding end of the bottom stran8).(However, min~! for topoisomerase | alone and 0.430.07 min* for

the annealing temperature of that sequence is not higher thartopoisomerase | complexed with PSF/p84These values

20 °C. Therefore, the DNA duplex downstream of the did not differ significantly from each other.

cleavage site known to be crucial for the cleavage reaction Next, we investigated the kinetics of the ligation half-
(9) is comparatively unstable. This causes the cleavagereaction. In this case, the partially double-stranded substrate
reactions to be comparatively slow, which is favorable for a shown in Figure 2a was precleaved with topoisomerase |
detailed kinetic analysis. Upon comparing representative (alone or preincubated with PSF/p%4 Ligation was
autoradiograms of cleavage time courses, it became obvioussubsequently started by adding an excess of AG dinucleotide
that cleavage by topoisomerase | reconstituted with PSF/(as ligation donor) together with 300 mM NacCl, which
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Ficure 3: (a) Cleavage kinetics, representative examples: 10 fmol of the oligonucleotide substrate shown in Figure 2a (lane 1) and 1 pmol
of topoisomerase | alone (lanes-8) or enzyme preincubated with a 10-fold molar excess of PSFp@dnes 9-15) were incubated at
15 °C. Reactions were stopped after the incubation periods indicated at the top. Reaction products were separated by denaturing gel
electrophoresis and visualized by autoradiography. Cleaved bands are shifted upward, because a trypsin-resistant peptide of topoisomerase
| remains attached. (b) Quantitative analysis of cleavage kinetics was done by densitometric scanning of the autoradiograms shown in (a)
and four more similar sets. Mean values obtained with topoisomerase | @pme preincubated with PSF/p52 (@) and corresponding
standard errors of the mean (bars) are shown. Initial rate constants derived by nonlinear regression wedeD8.85m for topoisomerase
| alone and 0.43t 0.07 mirr! for topoisomerase | complexed with PSF/fiB4Rate constants were not significantly different from each
other. (c) Ligation kinetics, representative example: 10 fmol of oligonucleotide (Figure 2a) was reacted with 1 pmol of topoisomerase |
alone (lanes 48) or preincubated with PSF/p%% (lanes 9-16). After 1 h, cleavage reactions were stopped with 300 mM NacCl, and
ligation was started by adding 50 pmol of AG. Ligation reactions were carried out & Zbr the time periods indicated at the top.
Samples were then subjected to electrophoresis and autoradiography. (d) Quantitative analysis of ligation kinetics was done by densitometric
scanning of the autoradiograms shown in (c) and four more similar sets. Mean values obtained with 5 independent preparations of
topoisomerase | alon®j or preincubated with PSF/p%S2 (@) and corresponding standard errors of the mean (bars) are shown. Initial rate
constants derived by nonlinear regression were 0086011 mirr! for topoisomerase | alone and 0.0%00.006 mirr?! for topoisomerase
| complexed with PSF/PB2. These rate constants differed insignificantly from each other.

precludes recleavage of the ligated produgt As shown PSF/p54™® Stimulates “Jumping” of Topoisomerase |
in Figure 3c, ligation time courses were very similar with between Separate DNA Helices. (A) Ration@lar approach
and without PSF/p3¥ (Figure 3c, compare lanes-B with is schematized in Figure 4a. First, we trapped topoisomerase

lanes 9-16). A quantitative analysis of five such experiments | in suicidal cleavage of an oligonucleotide substrate (termed
is summarized in Figure 3d. Ligation kinetics were pseudo- substrate 1. Then we established a cleavage/ligation equi-
first-order. Apparent initial rate constants derived by non- librium by adding an excess of AG dinucleotide as appropri-
linear regression of the data were 0.066.011 min?! for ate donor for the ligation o$ubstrate 1In contrast to the
topoisomerase | alone and 0.0900.006 mirr?* for topo- experiments shown in Figure 3c, the immediate recleavage
isomerase | complexed with PSF/%4 These values did  of the ligated product was in this case not prevented by
not differ significantly from each other. Taken together, the increasing the salt concentration upon addition of the ligation
experiments shown in Figure 3 suggest that the stimulatory donor. Finally, we added a second oligonucleotide (termed
effect of PSF/p52° on topoisomerase | catalysis (demon- substrate 2, which could also be cleaved by topoisomerase
strated in Figure 1#c¢) is not exerted on the rates of DNA | in a suicidal manner, but did not accommodate the ligation
cleavage or DNA ligation. In light of these data, DNA donor of substrate 1(i.e., the AG dinucleotide). In this
association could also be ruled out as a step possiblysituation, topoisomerase | molecules dissociating from
modulated by PSF/pB3#, because it is a determinant of the substrate lafter ligation would have a chance to be trapped
cleavage reaction and changes would consequently becomén suicidal cleavage ofubstrate 2whereas those engaging
apparent in the C|eavage kinetics (Figure 3a’b). Thus, DNA in multlple Cleavage/Iigation CyCleS efibstrate would not.
dissociation seemed to be the only step of the catalytic cycle Thus, the cleavage rate etibstrate Amonitored by a 5

that could possibly be influenced by PSF/p54Since we label on the scissile strand) could be used as an indication
were unable to think of a way to measure DNA dissociation Of topoisomerase | “jumping” between separate DNA helices.
directly, we approached the problem in an indirect manner, (B) Setup and Characterizatioiio allow at the same time
studying the propensity of topoisomerase | to “jump” suicidal cleavage and multiple cycles of cleavage/ligation
between separate DNA helices. on two separate pieces of double-stranded DNA, we designed
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reaction releases a dinucleotide, while subsequent ligation
to the adjacent’send is precluded by cold phosphorylation.
The two substrates differ at thel position relative to the
cleavage site, which is an A/T isubstrate land a G/C in
substrate 2(Figure 2 btc, brackets). Therefore, suicidal
cleavage by topoisomerase | releases AG feubstrate 1

but GG fromsubstrate 2Consequently, the gap of two bases
created by suicidal cleavage @afbstrate Will accommodate

AG as ligation donor, whereasubstrate 2would require
GG. The control experiment in Figure 4b confirms that an
excess of AG did not induce religation @ubstrate 2
(whereas an excess of GG did). Thus, suicidal cleavage of
substrate Zould occur in the presence of a cleavage/ligation
equilibrium of substrate lestablished by addition of AG.
To use the system for comparing properties of topoisomerase
I with and without PSF/p5¥, we had to ascertain that
cleavage rates afubstrate landsubstrate 2vere the same

for both enzyme conditions. It should be noted that these
oligonucleotides were cleaved much more rapidly by topo-
isomerase | than the one used for the experiments in Figure
3, because they provide a longer and more stable DNA
duplex downstream of the cleavage site. Therefore, we could
not determine cleavage rates precisely. However, it can be
clearly seen that the cleavage time coursesuddstrate 1
(Figure 4c) andsubstrate 2(Figure 4d) were virtually the
same with @) or without (©) PSF/p54®. Moreover, the
cleavage time courses sfibstrate land substrate 2were
only marginally different from each other (Figure 4, compare
panel ¢ to panel d), indicating that topoisomerase | had a
similar cleavage avididity for both of them. Similar data, as
shown in Figure 4d, were also obtained when the cleavage
kinetics ofsubstrate 2were determined in the presence of
an excess of AG (not shown), confirming that cleavage of

Ficure 4: Experimental setup and control experiments for the .
determination of enzyme mobility between separate DNA helices. Substrate 2was not reversed by religation when AG was

(a) Setup: Topoisomerase | (open ellipsoid) is covalently trapped present (which is also corroborated by the data shown in
in suicidal cleavage osubstrate 1(open bars, corresponding to  Figure 4b). Finally, we ascertained that the religation kinetics
Figure 2b). Subsequently a cleavage/ligation equilibrium is initiated ¢ 5 pstrate Wwere the same with&) and without ©) PSF/

by adding AG as appropriate ligation donor. At the same time, b e o /
substrate 2(shaded bars, corresponding to Figure 2¢) is added, P>4~ (Figure 4€). The initial rate constants derived from

which also allows suicidal cleavage by topoisomerase |, but does ligation time courses were 0.06 0.008 min* for topo-
not accommodate AG as ligation donor. Thespstrate 2gets isomerase | alone and 0.0490.006 min! for topoisomerase

irreversibly cleaved by topoisomerase | dissociating feubstrate | complexed with PSF/p32 and did not differ significantly
1 after religation. Cleavage dfubstrate 2is monitored by the from each other. or from the values obtained with the

radioactive 5label of the scissile strand (*). (b) Challenge of . . ) .
cleavedsubstrate 2with an excess of AG or GG. 10 fmol of partially single-stranded substrate (Figure 3d). Thus, differ-

substrate 2vas 3-labeled on the scissile strand (lane 1) and reacted €nces in the religation rate stibstrate Icould be ruled out
with 1 pmol of topoisomerase | (lanes-8). After 1 h, the cleavage  as a putative cause of differences in the cleavage rate of
LiaCtiOGfE;W(?S St03|f;Ped Witgd3%0 YQM NtaCl, and t50 Pfg? of AGtr(1|a“i5substrate 20n the basis of all the data shown in Figure 4,
or ane 3) was added. Reactions continued for another - :
min, and samples were finally subjected to electrophoresis and we Con.CI.Uded that th.e experlme'ntal setup was suitable for
autoradiography. (ee) Quantitative analyses of cleavage and determining the mobility of topoisomerase | between two
separate DNA helices.

ligation kinetics ofsubstrate landsubstrate 2vere carried out as
described in Figure 3. Mean values obtained with three independent  (C) Data. The actual experiments addressing the effect of
PSF/p54™ on the interhelix mobility of topoisomerase | are

preparations of topoisomerase | alof® 6r preincubated with PSF/
p54" (@) and corresponding standard errors of the mean (bars) ized in Fi 5 Fi 5a sh tai
are shown. (c) Cleavage kineticssafbstrate 1(d) cleavage kinetics summarized In Figure 5. Figure ,a SNOWS a represeniative
of substrate 2(e) ligation kinetics ofsubstrate lusing an excess  result: An equal amount of topoisomerase | alone (lanes
of AG as ligation donor. Initial rate constants derived by nonlinear 2—8) or preincubated with PSF/p32 (lanes 9-15) was
regression of the curves in (e) were 0.0600.008 min* for trapped orsubstrate Jand then incubated witsubstrate 2
topoisomerase | alone and 0.049.0006 mir! for topoisomerase Figure 5a, lane 1 shovaibstrate lalone (5-labeled on the
| complexed with PSF/P3#%. These values differed insignificantly gurt ' -
from each other. scissile strand). Lanes 2 and 9 show that in the absence of
AG substrate 2was not cleaved within the time frame of
two fully double-stranded oligonucleotides, which are almost the experiment. Thus, trapping of topoisomerase | on
identical (Figure 2b,c). Both are cleaved preferentially at the substrate lappeared to be complete under both enzyme
position indicated by arrows. Due to a nick between positions conditions (i.e., free topoisomerase | was absent at the onset
—2 and—3 relative to the cleavage position, the cleavage of the second reaction step). Upon addition of AGbstrate
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190 2 5 10 20 60 100 180 2 5 10 S0 60180 mn guantitative analysis. Figure 5¢c summarizes in quantitative
terms the experimental data of three similar experiments as

shown in Figure 5#&b. In the presence of PSF/g%%

000D D HSBBO® = ~ cleavage ofubstrate Zstarted within 2 min after addition

of AG and progressed in a steep (initially linear) fashion,

whereas with topoisomerase | alone cleavage had a much

a

subsirate

p— - - cleaved

T2 3 4 5 & 7 8 8 10 11 1213 14 15 LaneNo

__ Topolsomerase| C ™ lower initial rate and was preceded by a lag period 6.8
o051 38 EN, = 75 §TopolPSERSVe min. Initial rate constants derived from the data in Figure
- = a |cloaved H / 7 5c¢ by nonlinear regression were 0.0041.0001 min' for
3 5044 7 topoisomerase | alone and 0.0#2 0.001 min? for the
OODBSD = [ { 7 Topoisomerase | topoisomerase+PSF/p54® complex. The 11-fold difference
toE e e s e Tl =1 S was significant at th@ < 0.0001 level.
0 Oﬂf P R e PSF/p54™ Makes Topoisomerase | More Processiat
) _ time [min] Low Enzyme Concentration¥he experimental results in
d cowm e Figure 5a-c suggest that PSF/pB2stimulates the dissocia-
Topaisomarase | 0 1 3 103 T3 e w Tl tion of topoisomerase | from the DNA substrate after
FrYrYrrr religation has been completed. A prediction of these results

1
"

is that PSF/p54° should make topoisomerase | more

- distributive and should give rise to a wider range of DNA
T2 3 4 5 6 7 8 9 Laeho topoisomers in plasmid relaxation assays. This is actually
FiGurRe 5: Jumping of topoisomerase | between separate substratetheé case in the early time points (1 and 3 min) of the
molecules. (a) 2 pmol of unlabeleslibstrate 1(Figure 2b) was relaxation time courses shown in Figure 1b, whereas it is
reacted with 0.5 pmol of topoisomerase | for 1 h. The enzyme was |ess apparent later on. Since these assays were normalized

optionally preincubated with PSF/pB# Subsequently, 50 pmol ; ; st
of AG was added together with 30 fmol of labelsdbstrate 2 to topoisomerase | protein, we suspected that the distributive

(Figure 2c), and incubations were continued for various time '€laxation mode of the PSF/pS4bound enzyme might be
periods. Finally, the samples were subjected to gel electrophoresismasked by its 12-fold higher specific activity. Therefore, we
and autoradiography. Control reactions (lanes 2 and 9) did not repeated these experimenthis time normalizing to topo-
contain AG. Lane 1 showsubstrate Zlone. (b) Extended reaction  jsomerase | activities. Figure 5d shows a comparison of the

periods carried out with topoisomerase | alone. Lane 1 shows the - . P . . . )
control without addition of AG. (c) Quantitative analysis of the plasmid relaxation kinetics obtained with 1 unit of topo

data by liquid scintillation counting of the radioactive bands. iSomerase | alone (top) and 1 unit of topoisomerase |
Percentages of cleavage were calculated from the relative amountomplexed with PSF/pS#. Under these conditions, it
of cleaved and uncleaved reaction products within each lane. Meanbecame clear that PSF/p®4complexed topoisomerase | had

\pl)?clalijneguggtglf\?v\i{[?]glgs?:t/ga}sjg(eg) ‘;"ri]t(;‘ggﬁgisspooﬂr:g{r?;itgnﬂg?&egrors a more distributive relaxation mode than topoisomerase |
(bars) summarize the results of three similar experiments. Initial alone. At the reaction equilibrium (after 30 min), the PSF/

rate constants of cleavage derived from the data by nonlinear P54"™ -bound enzyme created a ladder of at least four
regression were 0.00Ht 0.0001 mirt? for topoisomerase | alone  partially relaxed topoisomers in addition to the completely
and 0.012k 0.002 min * for topoisomerase | complexed with PSF/ - relaxed plasmid form. In contrast, the pure enzyme produced
P54™. The 11-fold difference was significant on tpe< 0.0001  cqmpjetely relaxed plasmid as the major reaction product
level. (d) Comparison of relaxation time courses between equivalent .

activities of topoisomerase | alone and bound to PSF/E5300 and iny traces of not more than two m(:‘)re partially relaxed
ng of pUC18 plasmid DNA was incubated with 1 unit of topoisomers. To corroborate our notion that the more
topoisomerase | alone (top), or 1 unit of topoisomerase | was distributive relaxation mode of PSF/pS4complexed to-
preincubated with PSF/p34 (bottom). Determination of activity poisomerase | might actually be masked at high enzyme-

units and all other assay conditions were the same as in Figure 1'to-plasmid ratios, we compared relaxation endpoints obtained

(e) Relaxation endpoints obtained at different enzyme-to-plasmid . . - b
ratios: Various amounts of topoisomerase | protein were incubated With various amounts of topoisomerase-IPSF/pS4®. A

with 300 ng of pUC18 plasmid DNA for 60 min. All other assay typical result is shown in Figure 5e. It demonstrates that at
conditions were the same as in Figure 1. Lane 1 shows plasmidlow enzyme concentrations topoisomerase | was clearly more
alone. Lanes 25 show results obtained with various amounts of  gjstriputive, when bound to PSF/p8¥%(compare lanes 2 and
gobqg:ﬁgrdmxiftiﬁepg'g/lgggiclc_)ﬁqnpﬁz—xgdsgg\évyncgrespond|ng results 3 \ith Ianes 6 _and 7),_ whereas such an effe(_:t became less
apparent with increasing enzyme concentrations (compare
2 was cleaved in a time-dependent manner. However, lane 5 to lane 9). These results are in good agreement with
cleavage was more rapid in the presence of PSFffidnes the other data presented in this paper showing that PSE/p54
10-15) than with topoisomerase | alone (lane&. In the stimulates DNA dissociation of topoisomerase | after ligation,
presence of PSF/p34, cleavage obubstrate 2vas almost but does not influence DNA association before cleavage.
complete after 180 min, whereas with topoisomerase | aloneThus, it favors distributive relaxation only at molar excess
a similar extent of cleavage took up to 24 h (Figure 5b). It of plasmid over enzyme, where each topoisomerase |
should be noted that due to an unquenchable phosphataseiolecule has to interact with many plasmid molecules.
activity present in our PSF/p534 preparations, some of the
5'-label on the scissile strand sfibstrate 2vas lost during DISCUSSION
longer periods of incubation. However, we could ascertain  We have previously reportedl) that topoisomerase |
that 3-dephosphorylation was the same for cleaved and interacts with the heterodimeric RNA splicing factor PSF/
uncleaved DNA strands (not shown) and thus did not affect p54™ and gets stimulated by the interaction. Here we

* | Topo |+PSF/p54n™
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performed a closer investigation of the precise mechanismbehind transcription complexes. The degree of supercoiling
of stimulation. We show that the increase in DNA relaxation at these positions has been shown to control the transcription
activity is not due to changes in the rates of DNA cleavage process to some extentll). PSF/p54® is known to

or DNA ligation. It seems to be affected by an increase in coordinate the assembly of the spliceosome, which is also a
the rate by which the enzyme moves between separate DNAtranscription linked proces42, 13. Thus, PSF/p5®¥ might
helices. The most plausible interpretation of our data is that regulate the activity and spatial distribution of topoisomerase
PSF/p54™® mobilizes topoisomerase | after religation has | in the vicinity of transcription complexes in the fashion
been completed, which points to an increase in the DNA outlined in this study.

dissociation rate, although we do not have direct evidence

proving this. However, we show clearly that topoisomerase ACKNOWLEDGMENT

| alone has a pronounced inclination to subject a chosen gycelient technical assistance is gratefully acknowledged
substrate molecule to multiple cycles of cleavage/ligation. {5 sjke Feineis.
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