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ABSTRACT Advantages of using cohesive-ended double-strand DNA moleculea as monomers in experimental 
polymer studies are pointed out. These include the ability to simulate a variety of linear and cross-linked 
polymeric systems, wide range of monomer sizes, accurate and powerful synthetic methods, low excluded 
volumes, reaction control with temperature regulation, and direct interpretation by EM and electrophoresis. 
Desirable work in the areas of distributions of catenanes and knots, nonequilibrium systems, and cross-linked 
systems containing catenanes is called for. Ends are most effective with 10-20 bases, which give convenient 
melting points for the cohesion reaction. Monomers should be in the 3-5 kilobase pair range, with non- 
self-complementary ends, to maximize ring and catenane formation without effects of rotational alignment 
or need for wormlike, rather than free-link, statistics. Shorter monomers allow the study of DNA-specific 
polymer problems, particularly those involving small rings. 

General Considerations 
An extremely useful and controllable experimental 

system for measuring equilibrium or nonequilibrium 
distributions of chains, rings, catenanes, and knots can be 
set up in a polymerizing mixture in which the “monomers” 
are double-strand DNA segments with natural or synthetic 
cohesive ends (CEs) of reasonable size. As we are aware, 
CE “bonds” are merely geometric groupings of H bonds 
and London attractions, hardly qualifying the resulting 
aggregates as condensation polymers or as double-bond 
type addition polymers. In distributions, kinetics, and 
statistics, however, they mimic condensing mixtures, 
reversible unless the cohesion is made permanent by 
ligation or cross-linking. This paper will preview possi- 
bilities for extension of polymer chemistry using CE DNA. 

Natural CE DNAs, like that of h-phage, and restriction- 
generated CEs have long been known;II2 both have been 
studied e~tensively.~?~ Polymeric studies with CEs were 
first made by Wang and D a v i d s ~ n , ~ ! ~  who measured the 
equilibrium and kinetics of the transition between mon- 
omeric linear and cyclic forms of h-phage DNA. Further 
studies were performed by Baldwin and co-workers7 whose 
work on restriction-cut DNA segments of variable size 
bearing short CEs has supplied important information on 
ring closure of DNA, verification that DNA observes 
wormlike chain  statistic^^.^ (or with longer chains, its as- 
ymptotical result, Gaussian chain statistics), and has given 
evidence for a periodic rotational alignment factor.1° 
Extensive work has been reported on the kinetics of ligation 
of restriction ends.I1-’3 Cosmids, hybrid cycles with h-CEs 
and plasmid DNA inserts,14J5 are also well-known and 
have been utilized for DNA library packaging. With the 
explosive growth in DNA synthetic and recombination 
techniques, however, more detailed studies can now be 
undertaken, using monomers and CEs with far more 
variable sizes and compositions. For such studies, his too 
large, restriction fragment CEs too weakly bonded, and 
cosmids limited by their CEs. 

Such polymeric systems can do the following: (1) Use 
homogeneous monomers with controlled parameters, made 
with standard recombination-technology methods, suit- 

+ Editor’s note: This unusual paper contains neither new exper- 
imental results nor theory, but the editors and the reviewers believe 
that it will stimulate the imagination and broaden the perspective 
of ita readers. 

ably modified to make cohesive ends. (2) Attain the 
desired overall fraction of reaction at  equilibrium (p) by 
temperature regulation. (3) Irreversibly polymerize using 
ligases, or molecules which cross-link a t  the cohered CEs. 
(4) Produce closed circular (doubly) nicked double- 
stranded (CCND) DNA in high yield, along with equi- 
librium amounts of catenanes and knots, by annealing at  
high dilution. (5) Produce distributions of (nicked) chain 
polymers with low content of CCND DNA, by equilibrating 
a t  high concentrations. (6) Produce closed-circular co- 
valent double-stranded (CCCD) DNA after total ligation. 
(7) Produce negatively supercoiled CCCD DNA mixtures 
by using gyrase after ligation, and positively supercoiled 
mixtures by ligation in the presence of intercalators with 
subsequent removal. (8) Produce cross-linked polymers, 
using stabilized DNA three-way or four-way junctionswith 
CEs. 

An equilibrium experiment starting with any form or 
mixture of monomers, chain or rings, must be run at  a 
practical annealing temperature. The monomer with its 
CEs is the primary variable. Varying temperature about 
the cohesion midpoint (T,) causes the value o f p  to run 
the gamut between unity and zero and thus produces a 
wide set of molecular distributions. Varying the concen- 
trations similarly gives a range of ring/chain/catenane 
ratios.16 

Given these variables, DNA chain flexibility17 is the 
primary contributor to size distributions. Its high stiffness 
furnishes a minimal though significant contribution of 
chain thickness to steric hindrance.18 Solvent variability, 
particularly ionic strength, influences the thermodynamics 
of cohesive-end pairing6 and, less dramatically, the effective 
chain diameterlg and persistence length;20 after ligation, 
effects of supercoilingz1 become apparent. 

Cohesive ends in the 10-20-bp range (bp = base pair) 
(12-bp h-ends melt in the 50 “C range a t  low salt 
concentration5) seem the most practical size, avoiding T, 
values that are too high or too low. Low T m  causes low 
p at  room temperature, and high T m  threatens stability 
of the main helix at  reasonable values of p. 

The ideal monomer length will vary with experimental 
requirements. Both theoretical and experimental ring- 
closure optima are at  about 500 bp.7vgv22 At 3 kbp (about 
10 Kuhn segmenW), it is within 1 order of magnitude of 
optimum in producing DNA rings, large enough for the 
rotational alignment factor to become negligible in ring 
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closurelo and for simple Gaussian chain statistics to become 
nearly equivalent to those of wormlike chains.20-2z While 
the independence of cohesion-decohesion enthalpies and 
entropies on molecular size is not absolute, we can expect 
constancy when strains or steric factors are not substantial. 
For the cited ring size, neither will be large. 

Production of monomers is possible over an extreme 
range of sizes, downward to a few tens of base pairs, by 
at least up to the 50-kbp characteristic of X and the like. 
Many methods for producing these are apparent to workers 
with recombinant and synthetic DNA techniques. They 
include, among others,a extension of restriction-cut DNAs 
by sealing matched synthetic oligonucleotide adaptors with 
ligasez4-z5 or by pairing pieces cut from two batches of 
CCND DNA at  two different loci.z6 With “palindromic” 
(self-complementary) ends, the monomers follow case 127 
(polyglycol type) statistics; otherwise, polarized case I1 
(polypeptide type) polymerization results. Biological DNA 
CEs give rise to case I1 monomers; but the mostly pal- 
indromic restriction-cut CEs produce case I monomers. 
Man-made types can be producedz3 for either category 
and could create case I11 (nylon copolymer type) mixtures. 
Chain and ring distributions for these types have long 
been familiar. For statistical reasons, case I1 monomers 
lead to 2 times as many ringsz7 and 4 times as many ca- 
tenanesz8 as do case I. For the study of topologically 
complex conditions, cases I and I1 provide fewer theoretical 
problems. Similar choices of reaction types apply to 
combinations including cross-linked polymers. 

Equilibrium Distributions 
Results of the cited work on CE polymerization indicated 

small quantities of catenanes as probable products and a 
range of utility for classical ring-chain equilibrium the- 
~ r y . ~ ~  Yet, for more than 2 decades, measurements of 
chainlringjcatenane distribution have not been made with 
efficient ring and catenane producers nor have they been 
done over a range of monomer or polymer sizes. 

Chains are primarily in Flory distributions determined 
byp; cyclic polymers, catenanes, and knots are determined 
by concentrations and entropic factors. Distributions of 
molecular species are measurable with gel electrophore- 
sisB using electron microscopy to index ladders or two- 
dimensional patterns and to identify complex ~ p e c i e s . ~ ~ * ~ l  
These can furnish the true steric factors of catenane and 
knot formations, which are, in the absence of firm analytical 
models, still best settled by observing catenati0n3~ and 
k n ~ t t i n g . ~ ~ ~ ~ ~ . ~ ~  Recent but optimistic theoryl6Pz8 suggests 
that there are catenanes to be found in reasonable quantity; 
other theories3s37 give rough quantitative estimates for 
catenanes and knots. 

Species with three or more CEs are needed to cross-link 
the linear monomers described. Stable three- and four- 
arm DNA junctions have been described and characterized 
by Kallenbach, Seeman, and c o - ~ o r k e r s . ~ ~ ~ ~ ~  Four three- 
armed junctions, provided with CEs, were ligated into a 
cyclic tetramer bearing four arm~.~O While in this case 
the CEs differed, such junctions can be constructed with 
identical palindromic ends and made part of a mix of tri- 
and tetrafunctional monomers. Equilibrium systems have 
been observed at  various cross-linking ratios and reaction 
fractions, as treated by the classic theories of Flory and 
Stockmayer and by more recent treatments describing 
both equilibrium and irreversible polymeri~ations.41~3 

Under conditions which would be expected to produce 
a substantial catenane fraction, we do not predict16 a ca- 
tenane “chain mail” gel from cyclic polymers in equilib- 
rium with linear chains at any attainable value of p. 
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The relative roles of cross-linking and interpenetration 
of rings may be observable in combined systems. Inter- 
penetration, i.e., topological cross-linking, is a feature of 
catenation. Effects of catenative “trapping” and inter- 
penetrating networks have been investigated with cyclic 
p~ly(dimethyleiloxane).~~~~ They should be even more 
advantageously observable with cross-linked and cyclic 
systems from stiff DNA-based monomers. Catenation 
accelerates the gel point caused by cross-linking, while 
noninterpenetrating rings delay it. 

Quenching and Irreversible Distributions 
Distributions at equilibrium must have both cohesion 

and decohesion reactions stopped before measurement. A 
temperature quench is the simplest and most desirable; 
the reaction of X ends effectively stops5+3 at  4 “C. Thus, 
CEs at  least as long as X’s should cease both cohesion and 
the slower decohesion at  low temperatures. 

Comparison of distributions of nearly identical polymer 
systems, one in equilibrium and one irreversibly polym- 
erized, is possible if reverse reaction is stopped during 
cohesion, e.g., by using fast ligation or cross-linking. The 
relative dependence of cyclization and catenation on the 
reversibility of the reaction can be explored. Recent 
interest in distributions of rings and chains resulting from 
nonequilibrium reactions, especially irreversible ones, has 
led to numerous experimental and theoretical treatments 
of this With CEs, one can make direct 
experimental comparison with equivalent monomers. 

In the irreversible case, time rather than temperature 
determines the final distribution. For best comparison, 
they should both be studied at  similar temperatures, as 
well as at the same extent of reaction. 

Ligation is usually slower than the constant breakup 
and reuniting of short (i.e., restriction) ends. Cited work 
with short ends7J0 used ligation perturbing such a re- 
versible steady state. For X-DNA at ionic strength 0.13 
M, the Wang-Davidson data (eq 18 in ref 5 and their free 
energy estimates) leads to a first-order breakup rate k b  
given by log k b  (min-1) = -2.489 X 104/T + 74.8. 

This gives a time constant of 1 min at  60 “C (about 9 
“C above the T,) and time constants of 4 X lo5 and lo8 
min at  37 and 27 “C. As ligations are generally conducted 
with time constants of 10-103 min, conditions avoiding 
significant breakup of cohered but unligated ends during 
reaction can be envisioned easily. 

Optimizing the ligation/decohesion ratio thus mandates 
both sufficiently long CEs and optimal temperature and 
ionic strength for ligation. For T4 ligase, this means about 
30 “C and 0.05 mM, at which point cohesion for X-ends 
is quite slow and decohesion negligible. Lengthening the 
ends will slow the forward rate unacceptably, and short- 
ening them will risk a too rapid decohesion; the optimal 
end lengths can be established with pilot studies. Es- 
cherichia coli ligase, being reversible in the presence of 
AMP, should be avoided. Control studies using a ligase 
system missing a cofactor can show whether the presence 
of inactive ligase affects the cohesion equilibrium. 

Using a higher temperature for the equilibrium reactions 
than the irreversible ones might prove necessary; a t  the 
same values of p, comparison of distributions is still 
possible. Where decohesion is negligible, ligase is unnec- 
essary and nonequilibrium distributions can be compared 
with those at equilibrium with the same p at higher tem- 
peratures. The most interesting reaction regions, however, 
are those at  high extents of reaction and ring formation, 
i.e., where decohesion is most significant. Here, theoretical 
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results are most difficult to derive, and the distributions 
with the two reaction types are expected to diverge.4s 

DNA-Specific Problems 
The suggestions above deal with general polymer 

problems. Many further experiments are specific to either 
DNA, cohesive ends, or tiny DNA rings. Measurements 
made with short cyclizing monomers using cohesive ends 
longer than restriction-cut ones will improve the detect- 
ability of the smallest and most strained DNA rings and 
the specification of chain statistics and moduli. Below ca. 
200 bp, chain stiffness fights cyclization7 but smaller rings 
have been created by heavily kinking the chain with special 
proteins.49@ 

DNA has sequence-dependent proclivities for isotropic 
or anisotropic curving. “Fishhook” species50 show some 
of these curving sequences to be natural; other natural 
DNAs show double-strand bodies interrupted by single- 
strand segments.51 Determination of chain parameters 
and statistics for chains with deletion kinkss2 or permanent 
bendss3 has been of interest. These are constructible from 
CE monomers containing specific bender or kinker se- 
quences or single-strand or unmatched segments or other 
synthetic but flexible links on one or both ends. The 
cohesive-end system is especially suited for experimental 
observations of DNA made from monomers containing 
controlled irregularities, the polymers bearing repetitions 
of these. Current statistical theories have treated the origin 
of sequence-determined in detail, but further 
study of regularly or randomly altered chain DNA should 
be welcome, as such bends occur in the presence of 
pr0teins,5~ drugs,60 and other chemicals.61 
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