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Topoisomerases are important enzymes in DNA replication. 
They promote the relaxation of supercoiled DNA (Figure 1) by 
creating a transient break in the polynucleotide backbone that 
allows the passage of the intact strand through the gap.'q2 Eu- 
karyotic and prokaryotic type I topoisomerases are activated by 
divalent magnesium. Understanding the catalytic mechanism 
has proven to be a difficult experimental problem, and the general 
features of thereaction pathway, especially the roleof theessential 
metal cofactor, are poorly understood.3 Previous studies on ri- 
bonuclease H have shown that the inert complex Co(NH3)b3+ is 
an effective mimic of Mg(H20)62+.4 We have found that topoi- 
somerase I is activated by CO(NHJ)&+, and so the essential metal 
cofactor must act as an outer-sphere complex. This may serve 
either a structural role (stabilizing theenzyme-substrate complex 
by formation of bridging hydrogen bonds and reducing electro- 
static interactions between the negatively-charged polynucleotide 
chain and residues at the active site) or a catalytic role (by 
promotion of nucleophilic or base catalysis by an outer-sphere 
me~hanism) .~  Herein we describe a strategy to obtain further 
insight into the functional role of the metal cofactor by employing 
a series of inert cobalt-ammine derivatives: 

Ll L, = NH,, L, = H ~ O ,  HO, CI', CO,'., /NH31 n+ NO,, C201- 

whereby rational design of the inner coordination sphere may be 
used to probe the chemistry of the outer coordination sphere. 
Previously Cleland and Mildvan have used inert cobalt(II1) and 
chromium(II1) nucleotide complexes to test the stereochemistry 
and regiochemistry of enzymatic reactions employing ATP che- 
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lates as  substrate^.^ Our approach is quite distinct inasmuch as 
cobalt(II1) complexes, in particular C O ( N H ~ ) ~ ~ + ,  are used as 
probes of the outer-sphere chemistry of Mg2+(aq) in enzymes 
that do not necessarily have a requirement for ATP; i.e., the 
focus is on the intrinsic chemistry of the metal cofactor. 

The cobalt derivatives used in this work were synthesized and 
purified by literature procedures.6 Activation of topoisomerase 
was determined from the fraction of relaxed (and partially relaxed) 
plasmid DNA by agarose gel electrophoresis (Figure 1). Table 
I summarizes important observations resulting from the use of 
a variety of inert complexes to promote activity of topoisomerase 
I. First, there is no direct correspondence between the level of 
activity and the net charge on the complex, and so electrostatic 
stabilization of the enzyme-substrate complex may play a minimal 
role. Chemical and steric interactions of the inner-sphereligands 
with functionality in the enzyme-substrate pocket appear to 
dominate. Second, cobalt-ammine complexes appear to activate 
topoisomerase more readily than Mg2+(aq), irrespective of net 
charge. This is unlikely to result from nonsaturating binding by 
magnesium at the active site since the enzyme is optimally 
activated a t  the magnesium concentration used,2 while similar 
reaction profiles wereobtainedovera rangeof [Mn+] (3-10mM). 
The increased number of hydrogen-bond donors on NHJ  relative 
to H20 is most likely responsible. The enhanced reactivity of the 
carbonato complex may arise from the ionizable ligand (pK, 7.1, 
0 "C), which can promote ionization of a catalytic residue. 
Nonionizable ligands (Cl- and NOz-) are better probes of 
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T8ble I. Relative Trends for Activation of Topoisamerase I by Inert P 1 2 3 4 5 6 7  
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a Experimental conditions and a typical data set are detailed in the 
caption to Figure 1. Reactions with [Co(NH3)5H2Ol3+ were obtained 
at pH 5.5 to obviate ligand ionization (pK. = 6.4). Control experiments 
show no relaxation of supercoiled plasmid in the absence of enzyme for 
any of these complexes. Reactions were repeated at least thrcc times 
with different batches of enzyme. and on two distinct plasmid systems.’ 
Theprogressofeach reaction wasmonitoredatavarietyoftimeintervals. 
b en = ethylenediamine. 

electrostatic and H-bonding interactions.lo Third, steric hin- 
drance from the en ligands on [Co(en),])+ Id to loss of activity 
relative to [ C O ( N H ~ ) ~ ] ~ + ,  in contrast with previous observations 
for ribonuclease H.4 

From these results we conclude that the metal cofactor acts 
as an outer-sphere complex and does not serve as a Lewis acid 
by direct mrdination to the phosphate backbone, nor does it 
activate an inner-sphere nucleophile. Previously it has been 
demonstrated that formation of an intermediate tyrosine phos- 
phateester isacriticalstepon thereaction pathway.” It islikely 
that the metal cofactor promotes ionization of tyrosine (by 
lowering the pKJ to form the nucleophilic tyrosinate anion, and 
also serves to stabilize this anion and the enzyme-polynucleotide 
complexvia electrostatic interactions and bridging hydrogen bonds 
from Mg-bound HzO. The metal ion may help to position the 

(IO) For trans-ICo(NH3).L.l+. L = N O i  is better than CI- since the latter 

Figure 1. The relaxation of supercoiled plasmid (pAXHP) by topoi- 
somerasz I was monitored by agarose gel electrophoresis (S = super- 
coiled, R = relaxed).’ Each lane represents activation by a different 
metalcofactor: (I) Mg”(aq), (2) [CO(NH,)~]~+, (3) [Co(NH3),(C0,)]+, 
(4) [CO(NH~)S(NO~)I’+, (5)  [Co(NHi)sCIl”, ( 6 )  [Co(NHdr(OH)12+. 
(7) [Co(NH3)~(C~04)]+. A control lane (P) shows the unreacted plas- 
mid. Reactionswithcomplexesin theabsenceofenzymegaveno reaction. 
Each reaction mixture (IO rL) contained the following: 6 mM M*; 50 
mM Tris (pH 8); 50 mM KCI; topoisomerase I (Bethesda Research 
Laboratory, 2 units); pAXHP (0.5 gg). After incubation at 0 OC for 30 
min, the reaction was terminated with I pL of gel-loading buffer (5% 
bromophenol blue, 5% xylene cylanol EE, 5% orange C, 60% glycerol) 
and run on a 0.8% agorose gel in 1 X TAE buffer at 100 V for 45 min. 
As expsfted, the data support a processive rather than a distributive 
mechanism.” 
substrate for nucleophilic attack by tyrosine but is not active as 
a Lewis acid toward either the phosphate backbone or bound 
water. 

In this paper, we have described a logical elaboration of the 
use of inert cobalt complexes to study outer-sphere activation of 
DNA-proccssing enzymes by essential metal cofactors. Sys- 
tematic manipulation of the inner coordination sphere is straight- 
forward forcobalt+nuninecomplexes. When coupled to rigorous 
analyses of thermodynamic and kinetic steady-state parameters 
(k,,, K,, and this approach should provide greater 
mechanistic insight into the structural and catalytic details of the 
outer-sphere reaction pathways for these enzymes. 
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