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Abstract A figure-eight (4^ knot, containing two positive and two negative nodes, has been synthesized by ligating a single-stranded 
DNA molecule into a closed cycle. The molecule consists of two single-turn double-helical domains connected by four d T u 

or dT,5 linkers. One of the domains contains the sequence (dCpdGp)6, which is capable of forming left-handed Z-DNA. Ligation 
yields a trefoil O1) knot or a 4, knot, depending upon the conditions in solution. A 4, knot results if Co(NH3)6

3 + is present 
in the solution to promote the formation of Z-DNA; a 3, knot is the product in the absence of Co(NH3)V+ . Both domains 
of the 3] knot are susceptible to restriction endonuclease digestion, but only the domain of the 4, knot expected to be right-handed 
can be digested by a restriction endonuclease. The 4, knot has both a higher gel-electrophoretic mobility at low polyacrylamide 
concentrations and a higher friction constant than the S1 knot, when analyzed by Ferguson plots under denaturing conditions. 

Introduction 

The knotting of DNA molecules is a prominent phenomenon. 
Living cells contain topoisomerases that can perform strand 
passage operations on single-stranded1 or double-stranded2 DNA 
to knot1,3 or unknot2,45 the molecules. In addition to topo
isomerases, site-specific recombination systems are capable of 
forming knotted DNA molecules: The integration system of 
bacteriophage X;6-8 the n,9 Gin,10 and Hin11 transposition appa
ratus; and the transposon Tn3 resolvase1213 are examples of 
site-specific recombination systems whose modes of action have 
been analyzed by examination of the knotted products of their 
action. RNA pseudoknots14"16 are a related biological motif, but 
they lack the braiding interactions of true knots. 

Beyond the biological realm, knots have been a concern of 
chemical topology at least since Frisch and Wasserman proposed 
their existence in polymers 30 years ago.17 Attempts to achieve 
deliberate knotting in small molecular systems have been made 
by numerous investigators;18,19 this goal has been achieved recently 
by Sauvage and his colleagues.20,21 Synthetic schemes for con
structing knotted molecules are not predicated on the enzymatic 
strand passage strategy used by the living cell. Rather, they rely 
on the ability to braid deliberately one part of the molecule about 
another. 

It is not necessary to depend on strand passage enzymes to form 
knotted single-stranded DNA molecules. Indeed, the plectonemic 
nature of double-helical DNA makes it an ideal molecule to use 
in forming chemical knots by means of deliberate braiding. It 
is easy to include Watson-Crick pairing sequences that generate 
double helices within a linear molecule, in order to produce the 
braiding sought. For example, we have reported recently the 
synthesis of a trefoil Q1) knot from single-stranded DNA.22 This 
knot is a cyclic 104-mer, with the sequence A-T-B-T-A'-T-B'-T, 
where A and B represent 11 nucleotides complementary to A' and 
B', respectively, and T represents a dT15 segment. The paired A 
and B regions form double-helical domains, and the T segments 
are single-stranded spacers between them. 

When a knotted object is projected onto a plane, the figure 
contains nodes where the curve crosses itself. If the curve is given 
an arbitrary directionality along its length, nodes of two senses, 
positive and negative, may arise. Naturally occurring B-DNA 
is right-handed, and right-handed helices generate topological^ 
negative nodes, as shown in Figure 1. Hence, the DNA knot we 
reported earlier corresponds to the topological enantiomer con
taining negative nodes.22 Many knots contain mixtures of positive 
and negative nodes, so it is desirable to be able to create them 
in DNA molecules. Fortunately, DNA can exist in a left-handed 
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Figure 1. Nodes and DNA handedness. The upper part of this drawing 
shows positive and negative nodes, with their signs indicated. It is useful 
to think of the arrows as indicating the 5' - • 3' direction of the DNA 
backbone. Below the negative node is a representation of about one and 
one-half turns of a right-handed B-DNA molecule. Note that the nodes 
are all negative. Below the positive node is a left-handed Z-DNA 
molecule. Note that the nodes are all positive. The Z-DNA molecule 
has been drawn so as to appear to be a left-handed version of B-DNA. 
This has been done to clarify the relationship between the handedness 
of a double helix and the signs of the nodes generated. This drawing is 
not intended to represent accurately the structural nature of the Z-DNA 
helix, in which the minor groove is less exposed than in the B-DNA 
helix, the major groove is nonexistent, and the backbone has a zig-zag 
character.21 

structure, Z-DNA, which, in principle, enables one to introduce 
positive nodes into a DNA knot (Figure 1). In order to do so, 
one must select a sequence amenable to forming Z-DNA and then 
perform the ligation under conditions that promote the Z-DNA23"25 

structure. 
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Figure 2. Synthetic scheme for the single-stranded DNA knots. The starting material is the 104-mer illustrated on the far left. A = (A-C-T-G-G-
A-C-C-T-C-T), B = (dCpdGp)6, and A' and B' refer to sequences that are expected to pair to A and B by Watson-Crick hydrogen bonding. Each 
side of the square figure shown corresponds to a quarter of the molecule. The projections represent the regions that will pair according to the letter 
codes; they are flanked by the oligo(dT) linkers. The arrowhead within the A projection represents the 3' end of the strand. There are two routes 
to the structures shown in the central portion of the figure: the bottom route, including the addition of Z-promoting Co(NH3J6

3+, and the top route, 
without Co(NH3V+ . The central section of the figure represents a version of the molecule distorted from its expected structure, in order to illustrate 
the interlinking of the strands. The regions corresponding to the left part of the figure are indicated. The double-helical linking is concentrated in 
one portion of each helical domain, for clarity.32 Both helices are viewed from the minor-groove side at the middle. The expected B or Z structures 
are indicated for each domain. The oligo(dT) linkers are represented here by the curved portions of the strand; two have been enlarged, and two have 
been shrunk, to place the vertical helix in a position where it is unoccluded by the horizontal one. The vertical helix is further from the viewer than 
is the horizontal one, as indicated by its lighter lines. The upper right drawing illustrates the denatured trefoil structure in an idealized fashion. Note 
that the handedness of the trefoil shown here is the correct one for right-handed double-helical DNA. The lower right drawing represents the Ax knot 
similarly. Note that reversing the sense of all the nodes of this knot results in no change in handedness, as this knot is amphichiral.7 

Here we report the construction of a knot containing both 
positive and negative nodes. The same A-T-B-T-A'-T-B'-T cyclic 
pairing motif used earlier will generate the figure-eight (4i) knot 
if the nodes in one of the helical domains are positive and the nodes 
in the other domain are negative. Accordingly, we have replaced 
each side of the undecamer B-B' domain of the 3, knot22 with the 
dodecamer sequence (dCpdGp)6 , which is capable of forming 
Z-DNA. We promote the B - Z transition by adding Co(NH 3 ) 6

3 + , 
which is convenient26 for enzymatic ligation. This is the first time 
that a chemical 4, knot has been assembled deliberately. This 
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knot is termed amphichiral, because the same knot is obtained 
when the signs of its two positive nodes and two negative nodes 
are reversed.7 

Materials and Methods 

Synthesis and Purification of DNA. All DNA molecules in this study 
were synthesized on an Applied Biosystems 380B automatic DNA syn
thesizer, removed from trie support, and deprotected, using routine 
phosphoramidite procedures.27 Molecules were synthesized with a 5' 
phosphate added chemically, using 2-[[2-[(4,4'-dimethoxytrityl)oxy]-
ethyl]sulfonyl]ethyl 2-cyanoethyl N.iV-diisopropylphosphoramidite from 
Glen Research (Sterling, VA). DNA strands were purified by denaturing 
gel electrophoresis. 

Enzymatic Reactions. A. Kinase Labeling. Two picomoles of an 
individual strand of DNA was dissolved in 10 uL of a solution containing 
66 mM Tris-HCl, pH 7.6, 6.6 mM MgCl2, and 10 mM dithiothreitol 
(DTT) and mixed with 1 ̂ L of 2.2 nM [7-32P]ATP (10 mCi/mL) and 
5 units of polynucleotide kinase (Boehringer) for 2 h at 37 °C. The 
reaction was stopped by heating the solution to 90 0C. We find that 
previous chemical phosphorylation results in increased specific activity 
of the radioactively labeled material, because no chase reaction with 
unlabeled ATP is necessary. 
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Figure 3. Synthesis and characterization of the 4, knot. This is an autoradiogram of a denaturing 10% polyacrylamide gel containing the ligation 
and digestion products of the 104-mer species. Lanes 10-13 contain eleclrophoretic size standards for comparison with the experimental lanes, 1-9. 
Lane 10 contains the products of treating with T4 DNA ligase the previously reported 3, knot-producing strand," and lane 11 contains the exonuclease 
HI digestion products of the material in lane 10. Lanes 12 and 13 contain linear (L) and circular (C) length markers generated by ligating a three-arm 
DNA branched junction containing 21 nucleotide pairs between vertices;" lane 13 contains the exonuclease III digestion products of the material in 
lane 12. Bands corresponding to the linear (L) reactant and circular (C) and knotted (K) products of the current construction are indicated on the 
left side of the figure. Lane I contains the unligated strand reported herein, lane 2 contains its ligation products, and lane 3 contains the same strand 
subjected to both ligation and exonuclease III. Compare the major exonuclease Ill-resistant band in lane 3 with the knot in lane 11, and the 
slower-moving, exonuclease Ill-resistant band with the 105-mer circle in lane 13. Lanes 4, 5, and 6 contain the same strand ligated and exonuclease 
Ill-treated in the presence of 0.1, 1.0. and 10 mM Co(NH,)6", respectively. Note the emergence of the more rapidly moving band in response to 
the presence of Co(NH3J6'*. Lane 7 contains the same strand ligated in the presence of 10 mM Co(NHj)6

5+, but not treated with exonuclease III. 
Lanes g and 9 contain material like that in lane 7 except that it has been ligated in the presence of 3 mM Co(NIlJ11'*. In addition, the material in 
lane 8 has been treated with WAaI (cleavage site GCGC). and the material in lane 9 has been treated with Sau96\ (cleavage site GGNCC). Note 
that only the 3, knot is digested after treatment with WAaI. but that both knots are sensitive to treatment with San96l, suggesting that the (dCpdGp)6 
domain contains a conformation that is not sensitive to digestion. 

B. Ligations. Ligations were performed in the kination buffer, which 
was brought to 66 iiM ATP. Ten units of T4 polynucleotide ligase (U.S. 
Biochemical) was added, and the ligation proceeded at 16 "C for 10-16 
h. Co(NH)J6Cl, (Aldrich) was added to ligations for which the 4, knot 
was the target molecule. The reaction was stopped by phenol/chloroform 
extraction. Samples to be restricted were ethanol precipitated. 

C. Restriction Endonucleisc Digestions. Restriction enzymes were 
purchased from New England Biolabs and used in buffers suggested by 
the supplier. Digestion was performed at 37 "C for 2 h with 20 units of 
WAaI or Sau96I. 

D. Exonuclease III Treatment. One hundred units of exonuclease III 
(U.S. Biochemical) was added directly to the ligation mixture, and the 
reaction was allowed to proceed for 2 h at 37 0C. 

Denaturing Polyacrylamide Gel Electrophoresis. Gels contained 8.3 
M urea and 10% acrylamide (19:1 acrylamide//V,A'-methylenebis-
(acrylamide)). The running buffer consisted of 89 mM Tris-HCl. pH 
8.0. 89 mM boric acid, and 2 mM EDTA (TBE). The sample buffer 
consisted of 10 mM NaOH and 1 mM EDTA containing 0.1% Xylene 
Cyanol FF tracking dye. Gels were run on an IBI Model STS 45 elec
trophoresis sequencing gel unit at 70 W (50 V/cm) constant power, dried 
onto Whatman 3MM paper, and exposed to Kodak X-OMAT AR film 
for up to 15 h. For Ferguson analysis, denaturing gels were run at 63.5 

0C on a Hoefer SE 600 electrophoresis unit. Absolute mobilities (cm/h) 
were measured, and logarithms were calculated to base 10. 

Results 

Figure 2 indicates the synthetic scheme used to construct the 
4, knot. Each pairing region is separated by a dT,4 or dT,5 spacer. 
The 5' and 3' ends of the synthetic molecule fall between the eighth 
and ninth nucleotides of the A segment, producing a nick that can 
be sealed by T4 DNA ligase. Ligation in B-promoting conditions 
is expected to produce a 3, knot (Figure 2, top); ligation in Z-
promoting conditions is expected to generate a 4 : knot (Figure 
2, bottom). We characterize the products under denaturing 
conditions, which are sensitive to topology, regardless of molecular 
conformation.22-28 

The results of ligation are illustrated in Figure 3. Lane 1 
contains unligated material, lane 2 contains material treated with 
T4 DNA ligase under B-promoting conditions, and lane 3 contains 
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Figure 4. Ferguson plot of the 104-mer DNA molecule as a linear 
molecule, a circle, a 3, knot, and a 4, knot. The negative slopes of the 
plots are 0.081,0.132,0.132, and 0.140 for the linear molecule, the circle, 
and the 3, and 4! knots, respectively. The intercepts are 1.46, 1.71, 1.79, 
and 1.92 for the same molecules. The measuring error is about ±0.5 mm, 
or ±0.033 cm/h. This converts to a spread for the slopes of the 3| and 
4, knots of 0.130-0.134 and 0.139-0.144, respectively, so that the dif
ference between them is significant. It is important to remember that 
the relative mobilities of molecules will interchange if their Ferguson plots 
intersect. 

the same ligated material treated with exonuclease III. The 
prominent products in these lanes are the 3t knot and the circle 
of the same sequence. The previously characterized 3, knot of 
the same length" is shown in lanes 10 and 11, and linear and cyclic 
markers22 are shown in lanes 12 and 13. Lanes 4, S, and 6 show 
the products of ligating the material in the presence of 0.1, 1.0, 
and 10 mM Co(NH3J6Cl3, respectively. The material in each of 
these lanes was treated with exonuclease III. The intensity of the 
band corresponding to the 3, knot decreases with increasing 
concentrations of Co(NHj)6Cl3; simultaneously, a faster-moving 
band appears. Single-stranded22 and double-stranded329 DNA 
knots of greater complexity are known to migrate more rapidly 
than DNA circles or less complex knots of the same length. 
Therefore, we ascribe the new product to the 4t knot. The pre
viously reported S1 knot-producing strand of the same length22 

lacks a sequence that can form Z-DNA readily; the products of 
ligating this molecule in the presence or absence of 1 mM Co-
(NH3J6Cl3 are identical and lack the band corresponding to the 
4] knot (data not shown). 

The A domain contains a Sau9€\ restriction endonuclease site, 
and the B domain contains four Hhal sites. Lane 7 of Figure 3 
contains the same material as lane 6, except that it was not treated 
with exonuclease III. The material in lanes 8 and 9 was treated 
with 3 mM Co(NH3)6

3+ prior to ligation and was not treated with 
exonuclease III. Lane 8 contains the results of digesting the 
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ligation products with Hhal: The circle and the S1 knot were 
digested, but the putative 4t knot remained intact. Lane 9 contains 
the results of treating the ligation products with Sau96l: the circle, 
3] knot, and 4) knot were all digested by this enzyme. Thus, the 
right-handed domains on both knots are digested, but one domain 
in the 4, knot is resistant to digestion, suggesting that it is left-
handed. 

Ferguson analysis30 provides a means of distinguishing the 
properties of molecules in a gel. The logarithm of the mobility 
is plotted as a function of polyacrylamide concentration; the 
resulting slope is proportional to the friction constant of the 
molecule. As seen in Figure 4, the 4, knot has a higher friction 
constant than the 3, knot of the same sequence under denaturing 
conditions. The slope of the plot for the 4, knot is about 5% greater 
than that for the S1 knot. The two plots intersect at approximately 
16% acrylamide. This suggests that the presence of more nodes 
per unit length results in a higher friction constant. Note that 
the higher mobility of the 4, knot at low acrylamide concentrations 
is likely to result from its greater compactness. The friction 
constant of this 3, knot is the same as that of the circle, although 
the friction constant of the previously reported 3, knot is about 
9% higher than that of its corresponding circle.22 The two 3, knots 
migrate similarly on these gels; it is the circle that appears to have 
a higher friction constant than the previous circle (data not shown). 

Discussion 

We have demonstrated that it is possible to construct a knot 
from DNA that contains both positive and negative nodes. The 
positive nodes are introduced into the molecule by including a 
sequence that forms Z-DNA readily, followed by enzymatic li
gation under gentle Z-forming conditions. The ability to form 
knots containing nodes of both signs vastly increases the number 
of different knots that may be engineered from single-stranded 
DNA. In addition, both topological enantiomers of many chiral 
knots are now available. The general design of knotted molecules 
from single-stranded nucleic acids will be discussed elsewhere. 

The ligation of the 4, knot under Z-promoting conditions 
proceeds as readily as the ligation of the 3, knot under conventional 
conditions. However, if the Z-forming sequence used, (dCpdGp)6, 
were the only Z-forming sequence available, it would be hard to 
engineer complex knots with Z domains: The fidelity of pairing 
in the desired fashion would be problematical because of the large 
amount of sequence symmetry.31 Fortunately, there are numerous 
sequences that will convert to the Z form under appropriate 
conditions.25 Thus, the synthesis of knots incorporating multiple 
domains that contain positive nodes appears to be feasible. 
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