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Simplification of DNA Topology Below 
Equilibrium Values by Type II Topoisomerases 

Valentin V. Rybenkov, Christian Ullsperger, 
Alexander V. Vologodskii, Nicholas R. Cozzarelli* 

Type II DNA topoisomerases catalyze the interconversion of DNA topoisomers by trans- 
porting one DNA segment through another. The steady-state fraction of knotted or 
catenated DNA molecules produced by prokaryotic and eukaryotic type II topoisomer- 
ases was found to be as much as 80 times lower than at thermodynamic equilibrium. 
These enzymes also yielded a tighter distribution of linking number topoisomers than at 
equilibrium. Thus, topoisomerases do not merely catalyze passage of randomly juxta- 
posed DNA segments but control a global property of DNA, its topology. The results imply 
that type II topoisomerases use the energy of adenosine triphosphate hydrolysis to 
preferentially remove the topological links that provide barriers to DNA segregation. 

Randomly- cyc1i:ed D K A  ~nolecules can be 
found in three topological forms (1  ): super- 
coils, knots, and catenanes (Fig. 1). If cy- 
clization is sufficiently slow, the distribu- 
tion of topological isoforms of circular 
D N A  will be at therinodynarnic equilibri- 
um. This equilibriuin distribution depends 
solely on  the confor~nations adopted by 
D K A  during its thernlal fluctuations in so- 
lution ( 2 ,  3 ) .  T h e  study of topological equi- 
librium has pro~.ided valuable information 
about D N A  superhelical energy- (4 ,  5) ,  
D N A  effective diameter ( 6 ) ,  and the con- 
formations of supercoiled D N A  (3) .  
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A videlv held belief is that. with the 
obvious exception of D N A  gyrase and re- 
verse gyrase, which introduce supercoiling 
in circular D N A  (i), topological equilibri- 
urn is also achieved in the reactions cata- 
17-zed by D N A  topoisomerases. Accordingly, 
topoisoinerases mere described as enzymes 
that convert a real D N A  chain into a phan- 
tom chain that freely- passes through itself 
to generate the  equilibriuin set of topolog- 
ical isomers. In support of this \-iew, a 
mouse type I topoisomerase (topo I )  gener- 
ated the same Gaussian distributlon of linli- 
ing number (Lk) topoisoiners as did llgation 
of a nicked circular D N A  (5). Type I1 to- 
poisomerases (topo 11) can also relax super- 
coiled DNA.  They can  unlink lcnotted (8, 
9 )  or catenated D N A  (10, i i ) and promote 
catenation if the  D N A  concentration is 
high enough ( I  1 ). In all these reactions, the 
systems approach equilibrium. Howel-er, 
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the question of whether the enzy-mes create 
a n  eauilibriuin distribution of relaxed, cat- 
enated, or knotted molecules has not  been 
carefully examined. 

Our  previous studies of equilibriu~n 
D N A  confor~llations ( 3 ,  6 )  u r o ~ i d e d  the 
tools to deterinine whether the  product dis- 
tributions of the reactions catalvzed by Dro- , A 

liaryotic and euliaryotic type I1 topoisomer- 
ases inatched those at eauilibrium. First, we 
measured the eq~ l i l ib r i~ l~n  fraction of cat- 
enanes between t ~ v o  niclced circular D N A  
molecules ( 3 ,  6) .  Bacteriophage P4 D N A  (2 
pg/ml) was cyclized by means of its long 
cohesive ends in the presence of excess (50 
yg/inl) nicked plasmid pAB4 DNA,  and 
the fraction of heterodi~neric catenanes 
ainono all cyclized lnolecules was measured. 
;\iloreL;han 90% of the catenanes were sin- 
gly linlied dimers. T h e  probability of cate- 
nation was proportional to  the concentra- 
tion of pAB4 DNA. Previous experimental 
data strongly support the  conclusion that 
cyclization of D N A  by its cohesive ends 
results in an eauilibrium distribution of to- 
pological species, and this lvas confirlned by 
Monte Carlo simulations (2. 3 1. , , 

T o  measure the  fraction of catenanes in 
a topoisoinerase-catalyzed reaction, we 
used the  same mixture of p 4 B 4  and P4 
D N A  inolecules as a substrate but n-ith 
twice the  equilibrium fraction of cat- 
enanes 11 2 ) .  T h e  fraction of catellanes as 
a f ~ ~ n c t i o n  of the  amount of Exherichin coli 
topoisomerase IV was measured by agarose 
gel electrophoresis (Fig. 2A) .  This  fraction 
decreased to  0.204 when the lnolar ratio of 
enzyme to  D N A ,  s ,  was 2.1 t o  1 (Fig. 2B). 
Over this range of s ,  lve fo~und the same 
fraction of catellanes in the  re!-erse reac- 
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tion, in which the substrate was a com- 
pletely unlinked mixture of circular P4 
and pAB4 DNA (Fig. 2B). In both the 
forward and reverse reactions, the fraction 
of catenanes did not change with in- 

Supercoils 

Catenanes 

Fig. 1. Generation of topological equilibria in cir- 
cular DNA. During the random cyclization of a 
linear duplex DNA with cohesive ends (circle and 
wet), a population of numerous topologically dis- 
tinct species is formed. The relative abundance of 
these species, which may be knotted, catenated, 
or, after ligation of the nicks, supercoiled, is de- 
fined entirely by the conformations of circular DNA 
in solution. The equilibrium distribution obtained is 
the same as that produced by free strand passage 
of corresponding phantom polymer chains. 

creased reaction time. Hence, the reaction 
reached its-steady state at these values of s. 
We use the term "steadv state" to ac- 
knowledge the continuous adenosine 
triphosphate (ATP) hydrolysis in the en- 
zymatic reaction and. to distinguish it from 
thermodvnamic eauilibrium. The steadv- 
state fraction of catenanes was 16 times 
lower than the value at topological equi- 
librium. Because the reaction reached the 
steady state at substoichiometric enzyme 
to DNA ratios, the lower fraction of cat- 
enanes reflected the mechanism of the 
topoisomerase rather than distortion of 
DNA conformations caused by the bind- 
ing of several enzyme molecules. In fact, 
the binding of several enzyme molecules 
to DNA resulted in an increase in the 
complexity of the products (see Fig. 2 for 
s r I), as has been shown previously for 
knotting (8). 

After treatment with topo IV, the frac- 
tion of knotted DNA molecules was re- 
duced even more (Fig. 2, A and C). Under 
these reaction conditions, 3.1% of nonen- 
zymatically cyclized P4 DNA are trefoil 
knots (6). After treatment of the eauilibri- 
um mkture with t o p  IV, the fraciion of 
trefoils decreased by more than a factor of 
50 (Fig. 2C). Similarly, the steady-state 
fraction of knots in pAB4 DNA treated 
with top0 IV was more than 90 times lower 
than the corresponding equilibrium value 
(Fig. 2D). 

We also studied the Lk distribution gen- 
erated by t o p  IV in pAB4 DNA. The 
variance of the distribution <U2> was 
1.7, a 1.8 times decrease compared with its 
equilibrium value, 3.1 (Fig. 2, E and F). 
Thus, the deviations from equilibrium for 
the t o p  IV-catalyzed reactions involved 
all aspects of topological equilibrium in cir- 
cular DNA. 

Topoisomerases from bacteriophage, 
yeast, Drosophifu mefunogaster, and human 
cells were also tested. Some of the data for 
unknotting as a function of s are shown in 
Fig. 2, C and D. All the results are summa- 
rized in Fig. 3 in terms of R, the ratio of the 
equilibrium fraction of catenanes, knots, or 
<U2> to those at the enzymatic steady 
state. All five type I1 topoisomerases tested 
reduced the fraction of catenanes and 
knots, and narrowed the Lk distribution in 
DNA compared with the equilibrium level. 
Although the magnitude of the effect var- 
ied among the topoisomerases, there was a 
strong correlation between the steady-state 
fractions of catenanes, knots, and <U2> 
found for each enzyme (Fig. 3). Thus, a 
highly conse~ed mechanistic feature of 
type I1 topoisomerases seems to be respon- 
sible for preferential removal of all topolog- 
ical links from DNA. 

For all cases, the reaction was complete 
at substoichiometric amounts of enzyme. 
The free energy required to simplify DNA 
topology must be provided by ATP hydrol- 

Fig. 2. Type I I  topoisomerases remove topological links from -a 
DNA to levels below equilibrium. (A) Gel electrophoresis anal- A _Ox 2x C 

9 7 m - m o 5 z % , n  
4 

ysis of DNA decatenation by topoisomerase N from E. coli. Q O O D  
~ g m m  9 ~ ~ ~ 2 %  Mixtures containing either no heterodimeric catenanes (Ox) of 

bacteriophage P4 and plasmid pAB4 DNA circles, or twice the OCD, ,,,, Cm -0.0 
equilibrium amount of these catenanes (2x) were treated with Cat+ 2 5 . 2  
increasing amounts of topoisomerase (12), and the DNA prod- 0 * - = 0.0 
ucts were resolved by gel electrophoresis. The DNA was visu- = [\\i, 

--. 
C------- 

alized by Southem (DNA) blotting with P4 DNA as a probe, IV Dm H= 
then quantiied with a Phosphorlmager. The enzyme to DNA OC- a L k  3- - 
molar ratio, s, is indicated above each lane. The arrows on the K"- 0 0.03 
left indicate positions of topological isoforms of P4 DNA cir- m o ~ o l  
cles: uncatenated unknotted (OC), uncatenated but knotted B 

I 
F 

(Kn), and catenated with pAB4 DNA (Cat); OCD, dimeric cir- 1.5 

cular P4 DNA. Controls: lane Q, P4 DNA nonenzymatically ( 

cyclized in the presence of pAB4 DNA, which contains cat- 
enanes and knots at their equilibrium levels; lane R, DNA from 

. o [ , ,  , q 
' 4 0.5 zO.voj \ 1 $ o . o l ~ ~ ~  1 3 0 

lane Q cut with Eco 0109 restriction endonuclease, which Q' 0.02 
L cleaves pAB4 but not P4 DNA. (B) Quantitative analysis of the o,ol 

- 
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gel shown in (A). The final fraction of catenated P4 DNA mol- ,-- .... 
v HS 

ecules (P,) after reaction with Ox (0) or 2x (0) catenane 0 0 /A 
0 0.03 0.30 3.0 0 0.03 0.30 3.0 1 - 2 0 2 4  

concentrations is plotted as a function of the topoisomerase to [Topo IWDNA] ~ O P ~ ~ [ D N A I  A Lk, DNA molar ratio, s. Except for the no-enzyme point, the values 
of s are shown on a logarithmic scale. The reaction reached its steady state DNA. plasmid pAB4 was relaxed to equilibrium with wheat germ topo I 
(dotted line) at substoichiometric values of s. The equilibrium fraction of under standard topo IV assay conditions (lane Q). We treated 125 fmol of 
catenanes is shown with an intermittent dashed line. Unknotting of 10-kb this relaxed DNA for 20 min with top0 IV (12); the stoichiometric ratio, S, is 
P4 DNA (C) and 7-kb pAB4 DNA (D) by type I I  topoisomerases. The extent indicated above each lane. (F) Linear transformation of Lk topoisomer 
of knotting is shown for top0 IV (0), Drosophila top0 I I  0, and human topo distributions from (E) generated by topo I (0) and 40 fmol topo IV (x) (4). The 
I I  a (A). Also shown are the fractions of knots found for topo Il l ,  a type I slopes of the lines correspond to thevariance of the distribution, <AM2>. 
topoisomerase from E. coli with an efficient decatenation activity (x). The hlk,  is the linking number of a topoisomer relative to that of a reference 
equilibrium fractions of knots in P4 and pAB4 DNA are indicated by inter- topoisomer close to the center of the distribution; p, is the amount of a 
mittent dashed lines. (E) Nonequilibrium removal of supercoils from circular given topoisomer. 
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ysis. Type I topoisomerases, except for re- 
verse gyrase, do not use high-energy cofac- 
tors in their reactions (7). Therefore, in 
compliance with the second law of thermo- 
dynamics, the topological distributions in 
reactions with type I topoisomerases must 
approach thermal equilibrium. Indeed, we 
found that top0 111 from E. coli (7), a type I 
topoisomerase which can change the topol- 
ogy of nicked or gapped DNA circles, gen- 
erates the equilibrium amounts of catenanes 
(R, = 1.2) and knots (Rkn = 1.1) (Fig. 
3A). We also observed the equilibrium dis- 
tribution of Lk for wheat germ top0 I (RU = 
1.0), as was found before with mouse topo I 
(5).  

Whereas ATP hydrolysis allows type I1 
topoisomerases to remove topological links 
from DNA below their equilibrium values, 
how this is achieved mechanistically re- 
mains a puzzle. Free strand passage during 
the thermal motion of circular DNA mole- 
cules should establish an equilibrium distri- 
bution of topological forms. This distribu- 
tion would not change even if only a frac- 
tion of the segment collisions results in 
strand passage, as long as the probability of 
passage is independent of DNA topology. 
We conclude that the enzvmes not onlv 
transport DNA segments thrbugh each 0 t h  
er but also assess DNA topology during the 
reaction. 

However, a single topoisomerase, given 
its small size compared to DNA, cannot 
recognize the topological state of DNA by 

binding the whole molecule. The topoisom- 
erase must use local interactions with DNA 
to affect DNA topology. Local interactions, 
however, provide only limited information 
about DNA topology. The only property of 
randomly colliding DNA segments that a 
topoisomerase might conceivably exploit to 
simplify DNA topological distributions is 
the angle in the crossing of the two seg- 
ments. In the decatenation reaction, for 
example, a topoisomerase could catalyze 
strand passage for the angles that are fa- 
vored in catenated as opposed to unlinked 
DNA molecules ( 13. 14). However. Monte 
Carlo simulation; show-;hat the prdbability 
of any angle between juxtaposed segments 
of catenated rings deviates from that of 
unlinked rings by less than 20% (15). This 
difference cannot provide the observed re- 
duction of 16 times in the fraction of cat- 
enanes by top0 IV. 

A plausible but unproven explanation of 
our results is that type I1 topoisomerases 
effectively shorten the DNA during the 
course of their reaction. -The ~robabilitv of 
knots and catenanes and the value of 
<a2> decrease with decreasing DNA 
length (3-6). Therefore, if the DNA is 
effectivelv shortened. the steadv-state frac- 
tions of Lots  and catenanes i d  the value 
of <a2> would be lower than the equi- 
librium values (16). 

The effective DNA length would be re- 
duced if several DNA segments are bound 
simultaneously by the enzyme. For example, 

Fig. 3. Correlation between 
preferential decatenation, 
unknotting, and relaxation in 
top0 I I  catalyzed reactions. 
The ratio of equilibrium to 
steady-state fractions of a pi @Sc c 3!ivi Dm 
catenaries 0, knots 10 O1.4 ~c 
(R,,,), and the variance of to- @Sc 
poisomer distribution IR,,) is 1.2 
shown for type I (x) and type 
I I  topoisomerases (0). The 1 1 .o 
enzymes shown are topo- 1 10 I 10 
isomerases 111 (111) and IV (IV) R a t  Rcat 

from E. coli, the phage T2 topoisomerase (T2), and topos I I  from Saccharomyces cerevisiae, either 
full-length (Sc) or COOH-terminal truncated (1-1 200 aa) (Sc C), D. mdanogaster (Dm), and human cells 
(Hs). 

Fig. 4. A three-binding-sites model A r' 
of type I I  topoisomerase action. 
Stable binding of the enzyme to a 
DNA crossover divides the DNA 
molecule into two smaller domains, 
shown by bold and narrow lines. As 
a the result, T-segment the local (green) concentration in the vicinity of 0.. B\:c# 

of the enzyme-bound G-segment 
(red) increases in catenated (A), 
knotted (B), and supercoiled (C) 
molecules. In addition, sliding of the protein clamp along the DNA can trap a catenane or knot node in 
a small loop, thereby facilitating removal of topological links from DNA. 

topoisomerases could bind cooperatively to 
the .same DNA molecule to bring multiple 
DNA segments together (17). However, 
measurements of DNA binding and the rate 
of ATP hydrolysis by yeast topo I1 did not 
reveal any cooperativity in the interactions 
of top0 I1 with DNA (13, 18, 19). Further- 
more, at stoichiometric amounts of topo I1 
(S > I), we observed an increase rather 
than a decrease in the fraction of topolog- 
ically complex DNA forms (Fig. 2). Thus, it 
is more likely that a single topoisomerase 
molecule simultaneously binds to several 
DNA seements. - 

We propose as a working model that a 
single type I1 topoisomerase molecule 
binds three DNA segments. The topo- 
isomerase forms an intermediate complex 
with two noncontiguous DNA segments 
(Fig. 4). The existence of such a crossover 
complex is supported by electron micro- 
scopic and biochemical studies that have 
shown that type I1 topoisomerases bind 
preferentially to DNA crossovers (1 9, 20). 
Onlv one of the two crossover seements. w 

however, has a previously assigned func- 
tion: in the nomenclature of Roca and 
Wang (21), it is the gate segment (G- 
segment) which is cleaved and religated 
during strand passage. We propose that 
the segment that is transported (T-seg- 
ment) through the gate does not consti- 
tute a part of the crossover complex (22). 
The crossover complex slides along the 
DNA (21, 23), thereby changing the size 
of the two separated DNA domains. In 
catenated and knotted DNA, formation of 
the crossover complex will concentrate 
some catenane (or knot) nodes in one of 
the domains. Movement of the enzyme 
along the DNA contour will eventually 
trap these nodes in a small loop, thereby 
facilitating the binding of a T-segment to 
the topoisomerase (Fig. 4, A and B), 
which results in strand passage. Because 
decatenation and unknotting will occur 
more often when the entrapping DNA 
loop is small, the effective length of DNA 
substrate will be shortened and the distri- 
bution of topological forms will be simpli- 
fied. To explain the large magnitude of 
the effects we observed, we suppose that 
some additional active mechanism con- 
centrates nodes in the small loop or en- 
sures preferential passage of nodes in the 
small loop. 

The model predicts only a moderate 
reduction of <ALk2> by type I1 topoisom- 
erases, because for the relaxation reaction, 
there is no entrapment of the T-segment 
by the shrinking DNA loop (Fig. 4C). The 
difference between the steady-state and 
equilibrium values of <a2> may result 
from the formation of domains too small 
to readily accept writhe (24). The smaller 
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deviation from topological equilibrium for 
relaxation predicted by the model agrees 
\n th  our expenmental results and provldes 
an explanation for the puzzling observa- 
tion that type I1 topoisomerases are much 
better at decatenation and unknotting 
than relaxation (10, 13, 14). 

The ability of type I1 topoisomerases to 
directionally simplify DNA topology is in 
accord with their vhvsioloeical role in 
DNA repllcatlon and' chromosome segrega- 
tion 125). Every turn of the double helix , . 
that is replicated introduces a positive su- 
percoil or catenane link into topologically 
constrained DNA, which must be faithfully 
and rapidly removed by topoisomerases. 
However, given the high intracellular DNA 
concentration (26) and the vresence of 
DNA condensing agents, the topoisomer- 
ases might instead be expected to ensnarl 
chromosomes (27). Our discovery that type 
I1 topoisomerases untangle DNA molecules 
against the thermal drive may help solve 
this problem. 
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A Cytoplasmic Inhibitor of the INK Signal 
Transduction Pathway 
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The c-Jun amino-terminal kinase (JNK) is a member of the stress-activated group of 
mitogen-activated protein (MAP) kinases that are implicated in the control of cell growth. 
A murine cytoplasmic protein that binds specifically to JNK [the JNK interacting protein-1 
(JIP-I)] was characterized and cloned. JIP-1 caused cytoplasmic retention of JNK and 
inhibition of JNK-regulated gene expression. In addition, JIP-1 suppressed the effects 
of the JNK signaling pathway on cellular proliferation, including transformation by the 
Bcr-Abl oncogene. This analysis identifies JIP-I as a specific inhibitor of the JNK signal 
transduction pathway and establishes protein targeting as a mechanism that regulates 
signaling by stress-activated MAP kinases. 

T h e  JNK signal transduction pathway is 
activated in response to environmental 
stress and bv the engagement of several - - 
classes of cell surface receptors, including 
cytokine receptors, serpentine receptors, 
and receptor tyrosine kinases (1). Genetic 
studies of Drosophiln have demonstrated 
that JNK is required for early embryonic 
development (2). In mammalian cells, JNK 
has been implicated in the immune re- 
sponse ( 3 ) ,  oncogenic transformation (4, 
5), and apoptosis (6,  7). These effects of 
INK are mediated, at least in part, by in- 
creased gene expression. Targets of the JNK 
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signal transduction pathway include the 
transcription factors c-Jun, activating tran- 
scription factor-2 (ATFZ), and Elk-l (1 ). 

Although JNK is located in both the 
cytoplasm and the nucleus of quiescent 
cells, activation of JNK is associated with 
accumulation of INK in the nucleus (8). 
Interaction with anchor vroteins is one 
mechanism that may account for the re- 
tention of JNK in specific regions of the 
cell. Anchor proteins participate in the 
regulation of multiple signal transduction 
pathways, including the nuclear factor 
kappa B inhibitor IKB,  the A-kinase an- 
chor protein (AKA!?) group of proteins 
that bind tyve I1 cvclic adenosine 3',5'- , 

monophosphate-debendent protein ki- 
nase, and the ~ 1 9 0  vrotein that binds 
Ca2--calmodulin-dependent protein ki- 
nase I1 19). These anchor vroteins localize , , 

their tethered partner to specific subcellu- 
lar comwartments or serve to target en- - 
zymes to specific substrates (10). Anchor 
proteins may also create multienzyme sig- 
naling complexes, such as the Stejp MAP 
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