
296 / . Am. Chem. Soc. 1982, 104, 296-297 

Sequence-Selective Inhibition of Restriction 
Endonucleases by the Polyintercalator 
Bis(methidium)spermine 

Richard A. Ikeda and Peter B. Dervan*,+ 

Contribution No. 6364 
from the Division of Chemistry and Chemical Engineering 

California Institute of Technology 
Pasadena, California 91125 

Received June 29, 1981 

The design of site-specific probes of double helical nucleic acid 
is complicated by the fact that the critical recognition features 
of a defined base sequence are still not well understood.1"4 We 
recently reported that the nucleic acid binding affinity of the 
polyintercalator5"9 bis(methidium)spermine (BMSp)5 was sub
stantially increased over that of the corresponding monomer, 
ethidium bromide (EB).10 In addition, from binding studies with 
nucleic acid homopolymers and copolymers, BMSp was found to 
have substantially increased sequence specificity." If this se
quence-selective binding is found in heterogeneous DNA, BMSp 
might selectively inhibit DNA-dependent enzymes. To test for 
selectivity with a noncovalently binding molecule, a "kinetic 
sampling" assay was devised.12"15 We report that the dimer, 
BMSp, selectively inhibits restriction sites on the pBR322 plas-
mid,16 while the monomer, EB, shows no selective action in 
competition with any of the restriction enzymes utilized. 
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Table I 

PBR322 
restriction plasmid order of 

endonucleasea position6 reactivity0 

Rsa I 164 2 
2 281 3 
3 846 1 

BgI I 928 1 
1 162 2 
3481 2 

Mst I 260 3 
1355 1 
1453 2 
3 587 4 

a Recognition sites: Rsa I, GTAC; BgI I, GCCNNNNNGGC; 
Mst I, TGCGCA. b Base pair position from Eco RI cleavage posi
tion as zero. c Determined from partial digestion fragments by 
gel electrophoresis on 5% poly aery lamide. 

Figure 1. Restriction map of pBR322 for Rsa I, BgI I, and Mst I. The 
Eco RI cut defines the zero position on the plasmid. Arrows indicate sites 
corresponding to BMSp inhibition. 

Complete cleavage of closed circular DNA by a sequence-
specific endonuclease produces a unique set of DNA fragments 
that can be characterized by gel electrophoresis. Although the 
restriction sites of a given enzyme are identical, each site is 
uniquely located on the plasmid. Consequently, the rates of 
cleavage are not equal, and the order of reactivity may be de
termined by monitoring the appearance of partial and final 
fragments. Site-selective inhibition by some DNA binding 
molecule is then reported as a change in the partial restriction 
pattern, whereas nonselective inhibition would only affect the rate 
of digestion and not the order of cleavage. 

The restriction enzymes, Rsa I,17 BgI I,18"21 and Mst I,22 were 
chosen because they produce a small number of final DNA 
fragments (3, 3, and 4, respectively). Accordingly, Rsa I and BgI 
I could only produce four partial digestion fragments, a three-
fragment linear (Rsa I/Bgl I = 4361 bp;bp = base pair) and three 
two-fragment partials (Rsa I = 3682, 2796, and 2244 bp; BgI I 
= 4127, 2553, and 2042 bp), while Mst I could possibly produce 
nine partial digestion fragments, a four-fragment linear (4361 bp), 
four three-fragment partials (approximately 4263, 3327, 3266, 
and 2227 bp), and four two-fragment bands (approximately 3168, 
2232, 2129, and 1193 bp).23 
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The intercalator free fingerprints of Rsa I and BgI I show all 
the partial fragments; however, Rsa I produces a weak 2244-bp 
band, whereas the fragments produced by BgI I appear equally. 
From these fingerprints the relative cutting order may be assigned 
for each set of restriction sites. Using the Eco RI cleavage site 
to define the zero point, the order for Rsa I is 3846 > 164, 2281 
and for BgI I is 928 > 1162,3481. Finally, Mst I displays a 
prominent set of partial bands, the 4263-, 3266-, and 3168-bp 
fragments, which correlates with an order of reactivity for Mst 
I of 1355 > 1453 > 260 > 3587 (Table I). 

In a typical run, BMSp (or EB), DNA, and assay buffer (50 
mm of tris/HCl, pH 7.4, 6 mm of NaCl, 6 mm of dithiothreitol, 
6 mm of MgCl2, and 100 Mg/mL bovine serum albumin) were 
mixed and allowed to equilibrate for 1 h. The restriction enzyme 
was added at time 0. At the proper intervals a \0-fiL sample was 
withdrawn and terminated with 5 /itL of 5% sodium dodecyl sulfate. 
The ethidium and intercalator free samples were then prepared 
for electrophoresis. Because BMSp can affect the mobility of 
DNA, BMSp was removed on a BioRad AG 50W-X8 column 
before preparing the samples for electrophoresis.24 The samples 
were then electrophoresed in 5% polyacrylamide. 

The addition of EB at 30% saturation ([EB]/[BP] =0.16) 
induces no changes in the Rsa I and BgI I fingerprints. There 
is only a reduction in the rate of restriction; therefore, no selective 
action is indicated. Conversely, the addition of BMSp at 30% 
saturation ([BMSp]/[BP] = 0.08) alters the fingerprints of all 
three enzymes. The 2244-bp partial of Rsa I disappears. The 
order of appearance of the 2553- and 2042-bp partials of BgI I 
is reversed (the 2042-bp fragment now appears before the 2553-bp 
fragment), and Mst I shows a new set of prominent partials. The 
Mst I 2232/2227- and 2129-bp fragments appear in preference 
to the 4263, 3266, and 3168-bp partials. These changes correspond 
to inhibition at 164 for Rsa I, at 928 for BgI I, and at 1355/1453 
for Mst I (Figure 1). 

Why BMSp can selectively compete with a restriction enzyme 
while EB shows no selective effects may simply be a demonstration 
of the enhanced sequence selectivity of a dimer (BMSp) over a 
monomer (EB).11 Alternatively, BMSp and EB may both bind 
selectively, but only BMSp competes effectively with the restriction 
enzyme as a consequence of the relative binding affinities of the 
enzyme, BMSp, and EB.10" BMSp seems to preferentially inhibit 
restriction sites in the first third of the plasmid.25 This corresponds 
to the BMSp saturation (30%) and suggests that the entire region, 
base pairs 164-1453, may be the preferred binding site of BMSp. 
A third interpretation is nonselective binding with sequence se
lective alteration of the plasmid DNA by BMSp (but not EB) 
which inhibits enzyme cleavage. Previous evidence that BMSp 
and EB bind rAdT in preference to dAdT suggests that the 
specificity of the intercalators may be due to the preferential 
binding of specific conformations of the nucleic acid double he-
JJx 10d,e,ll,26 

Acknowledgment. We are grateful to the National Institutes 
of Health (GM27681) for support of this research and to the 
Fanny and John Hertz Foundtion for a fellowship to R.A.I. We 
thank M. M. Becker and D. M. Crothers for helpful suggestions. 

Registry No. BMSp, 79919-41-8; EB, 1239-45-8. 

Supplementary Material Available: Electrophoretic data for 
Rsa I, BgI I, and Mst I (2 pages). Ordering information is given 
on any current masthead page. 

(23) Gingeras, T. R.; Milazzo, J. P.; Roberts, R. J. Nucl. Acids Res. 1978, 
5, 4105-4127. 

(24) Control experiments show that removal of the BMSp does not affect 
the fingerprint of the digestion. 

(25) Studies with 32P end labeled linear pBR322 DNA show that BMSp 
protects a region in the first third of the plasmid from DNase degradation. 

(26) (a) Krugh, T. R.; Reinhardt, C. G. J. MoI. Biol. 1975, 97, 133-162. 
(b) Krugh, T. R.; Wittling, F. N.; Cramer, S. P. Biopolymers 1975, 14, 
197-210. (c) Kastrup, R. V.; Young, M. A.; Krugh, T. R. Biochemistry 1978, 
17, 4855-4865. (d) Patel, D. J.; Carmel, J.-L. Proc. Natl. Acad. Sci. U.S.A. 
1976, 73, 3343-3347. 

Titanacyclobutane: Structural Considerations 

Anthony K. Rappe and William A. Goddard III* 

Contribution No. 6454 from the Arthur Amos Noyes 
Laboratory of Chemical Physics 

California Institute of Technology 
Pasadena, California 91125 

Received June 22, 1981 

Metallocyclobutane complexes have been implicated in several 
organometallic reactions including olefin dimerization,1 polym
erization,2 and metathesis.3 Indeed, such complexes have been 

1 

isolated,4,5 and a few platinum complexes5 have been structurally 
characterized. However, for early transition metals where the 
catalytic processes occur, the structural characterization is less 
complete.6 

Herein we report the structure for a simple metallocyclobutane 
obtained from ab initio theoretical studies and provide relative 

H2 

2 

energetics for its equilibrium with free ethylene plus the metal 
alkylidene complex. 

3 

For the metallocyclobutane 2 we find7 a planar, symmetric ring 
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