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yield gene-sized macronuclear DNA molecules to which
telomeric repeats are added by telomerase. This release of
macronuclear molecules is accompanied by elimination
of the long spacers between genes in the micronuclear
DNA. Spacer DNA accounts for around 95% of the
SEQUENCE COMPLEXITY of micronuclear DNA (in O. nova);
the gene-sized macronuclear molecules, which encode
all nuclear RNA,have around 5% of the sequence com-
plexity present in micronuclear DNA. In the final stage
of macronuclear development, each gene-sized molecule
is amplified to give one to several thousand copies. The
mature macronucleus contains about 25 ! 106 short
DNA molecules (in O.nova); these are the smallest DNA
molecules known to occur in nature. The 25! 106 mole-
cules provide 50 ! 106 telomeres per macronucleus,
which makes hypotrichs particularly useful for studying
telomere structure.

In hypotrichous species from the Euplotes genus,
excision of macronuclear molecules from micronuclear
DNA seems to be guided by a 10-bp sequence that is 17
bp upstream or,more usually, 17 or 18 bp downstream
of the cutting points for excision10,11.No such consensus
sequence is present in other hypotrichs (such as
Oxytricha, Stylonychia, Gastrostyla, Pleurotricha,
Paraurostyla and Uroleptus), which are distantly related
to Euplotes. This implies that the specificity of gene
excision is achieved by different molecular mechanisms
in the two groups of organism.

In the Oxytricha/Stylonychia group (but not in
Euplotes), the ends of macronuclear molecules just
inside the telomeres have an anomalous base composi-
tion. The 50 bp at the two ends (excluding the telomere
repeats) violate ‘PARITY RULE 2’ (see also PARITY RULE 1). This
rule, which is borne out by extensive observations on
DNA base composition13, states that A = T and G = C
within a strand of DNA12, and follows logically if the
substitution rate for each base is equal in the two
strands. Violation of parity rule 2 occurs, for example,
when codon usage is biased towards codons rich in a
particular base — commonly A or G. In the 50 bases at
the two 5" ends of macronuclear DNA molecules, which
are part of the non-coding 5" leaders and 3" trailers, A >
T and G > C (D.M.P. and S.J. Dizick, unpublished
observations). This anomaly is not observed in the rest
of the 5" leaders and 3" trailers, or in DNA immediately
flanking a macronuclear sequence, as it resides in a
micronuclear chromosome. So the ends of macronu-
clear molecules in micronuclear DNA are characterized
by 50-bp islands of anomalous base composition and
may function to direct excision of macronuclear genes
from micronuclear chromosomes.

These DNA-processing events raise fundamental
questions.How is the excision of the thousands of gene-
sized macronuclear sequences from micronuclear DNA
achieved? How is the spacer DNA between the excised
genes marked for elimination? Furthermore,micronu-
clear versions of genes are generally transcriptionally
silent and become activated during macronuclear devel-
opment.How is this achieved? How is the amplification
of gene-sized molecules regulated? What controls and
directs destruction of superfluous haploid micronuclei

stretches of spacer DNA (FIG. 2). The telomeres of
micronuclear DNA are made up of hundreds of repeats
of the sequence 5"-CCCCAAAA-3" and end with a t-
loop8,9. The t-loop is formed by a foldback of a single-
stranded 3" tail that invades a short stretch of the dou-
ble-stranded telomere region.

Macronuclear DNA, in sharp contrast to micronu-
clear DNA, exists as short molecules that range in size
from a few hundred base pairs (bp) to around 15,000
bp, with an average of about 2,000 bp. With few excep-
tions, each of the thousands of macronuclear molecules
comprises a single gene, and has a consistent structure
— a 5" non-coding leader, an open reading frame and a
3" non-coding trailer. The ends consist of a repetitive 20-
bp telomere sequence (5"-C4A4C4A4C4-3") and a single-
stranded 3" tail. A heterodimeric protein binds tightly to
the single-stranded tail, forming a protective telomere
cap. So micronuclear and macronuclear DNAs use two
very different mechanisms to form the telomere: a t-
loop for the long micronuclear DNA molecules and a
protein cap for the short macronuclear DNA molecules.

From chromosomal DNA to gene-sized DNA
The gene-sized molecules in the macronucleus are
derived from micronuclear DNA when a copy of the
new diploid micronucleus formed during cell mating
develops a new macronucleus. A micronucleus begins
this development by forming POLYTENE CHROMOSOMES. The
polytene chromosomes are subsequently destroyed to
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Figure 1 | The behaviour of ciliate nuclei. a | The life cycle of Oxytricha trifallax (two

macronuclei (cream) and two micronuclei (blue)). When food organisms (usually the alga

Chlorogonium) are available, ciliates proliferate continuously. Starvation induces cyst formation or

cell mating. Only one macronucleus and one micronucleus are retained in a cyst. Dried, frozen

cysts remain viable for decades; cysts hatch in water containing food organisms and resume

proliferation. In mating, two cells join, undergo meiosis of micronuclei (eight haploid micronuclei

are shown in each cell in a mating pair) and exchange haploid micronuclei. A diploid micronucleus

is formed by the fusion of two haploid micronuclei. The new diploid micronucleus divides

mitotically and one of them develops into a new macronucleus. The unused haploid micronuclei

(not shown) and old macronuclei (X’s) degenerate. The remaining new diploid micronucleus

divides again to give two micronuclei. At the end of development, the macronucleus divides so

that the nuclear complement of two macronuclei and two micronuclei is reconstituted. The cells

resume proliferation if food is present or otherwise form cysts. b | Light micrograph of Oxytricha

nova, stained to show the four micronuclei (mi) and the two macronuclei (ma).

POLYTENE CHROMOSOME

A giant chromosome formed by
many replications of the DNA.
The replicated DNA molecules
tightly align side-by-side in
parallel register, creating a non-
mitotic chromosome visible by
light microscopy.

SEQUENCE COMPLEXITY

The number of different DNA
sequences in a genome,
originally measured by the rate
of reassociation of heat-
denatured DNA.

PARITY RULE 2

This rule derives from parity
rule 1. In the absence of strand
bias for mutation or selection, A
= T and C = G within a strand
of the double helix.

PARITY RULE 1

In the absence of strand bias for
mutation or selection, the 12
substitution rates between all
four bases reduce to six rates,
that is A#T = T#A, G#C =
C#G, A#G = T#C, G#A =
C#T, C#A = G#T and A#C
= T#G.
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A Scrambled Gene



How does the ciliate turn a scrambled 
micronuclear gene into a functional 
macronuclear gene?



My Tools

TopologyFormal Language Theory

Σ = {a, b, c, d}

aaa ∈ Σ+

abbdcdc ∈ Σ+

ddccccddaaa ∈ Σ+

L = {a, aab, bdcc, ddaa, cc} ⊆ Σ+

L = {w | w has a even number of ‘a’s} ⊆ Σ+

1

Σ = {a, b, c, d}
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Introduction Those Crazy Ciliates Kari-Landweber Model Templates Wetware

If a gene has n MDSes and we have a function γ(i) which
gives the multiplicity of pointer pi there are:

n∏

i=1

C (γ(i), 2)

possible descramblings for the gene.

For S. lemnae this means the organism will, on average, have
to attempt 14,445,331,655,040 combinations to get a
functional protein

Whoops

The naïve model



S. lemnae DNA pol. α gene, on average:

14,445,331,655,040 
attempts to get a functional protein.
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Ciliate Gene Descrambling Algorithm

P = ordered set of all pointers
while Gseq is not descrambled do
Remove from P any pointers that appear in
•Gseq in the form pnpn

p = P0

excise(p)
Find minimal i such that pi ∈ P − {p}, pi ∈ Gseq

and pi ∈ Gplasmid

insert(pi)
append (p, pi) to d-vector
P = P − {p, pi}

end while



hi/dlad/ld

4 Harju et al.

also be made. The gene may be represented by the sequence of its pointers
only, thus ignoring the markers and the parenthesis above – this representa-
tion still gives enough information to trace the gene assembly process. Details
on model forming can be found in [6].

8127 93 4 6 5

Fig. 1.1. Structure of the micronuclear gene encoding actin protein in Sterkiella
nova.

1.3.2 Three molecular operations

Three molecular operations, ld, hi, dlad were conjectured in [10] and [28] for
gene assembly. In each of them, the micronuclear genome folds on itself in
such a way that certain types of folds may be formed and recombination may
take place, see Figure 1.2. It is important to note that all foldings are aligned
by pointers. We refer for more details to [6].

ld(i) ld(ii) ld(iii) hi(i) hi(ii) hi(iii)

dlad(i) dlad(ii) dlad(iii)

Fig. 1.2. Illustration of the ld, hi, dlad molecular operation showing in each case:
(i) the folding, (ii) the recombination, and (iii) the result.

It is known that ld, hi, and dlad can assemble any gene pattern or, in other
words, any sequence of MDSs can be transformed into an assembled MDS
(b, e) (in which case we say that it has been assembled in the orthodox order)
or (e, b) (we say it has been assembled in the inverted order), see [6] and [7]
for formal proofs.

1.3.3 Simple operations for gene assembly

Note that all three operations ld, hi, dlad are intramolecular, that is, a molecule
folds on itself to rearrange its coding blocks. For a different, intermolecular
model for gene assembly, see, [18], [19], and [20].

Prescott, Ehrenfeucht & Rozenberg 1999



(a) (b) (c)

Figure 5: (a) The graph Gu in Example 2; (b) hi4(Gu); (c) dlad2,3(Gu)

Example 3. Consider a double occurrence string u = 562324573467. There

are at least two reduction strategies for u: φ1 = ld7 ◦ ld4 ◦ dlad5,6 ◦ dlad2,3 and

φ2 = ld5 ◦ ld6 ◦ dlad2,3 ◦ dlad4,7. Indeed,

φ1(u) = (ld7 ◦ ld4 ◦ dlad5,6)(56457467) = (ld7 ◦ ld4)(7447) = ld7(77) = Λ,

φ2(u) = (ld5 ◦ ld6 ◦ dlad2,3)(56232635) = (ld5 ◦ ld6)(5665) = ld5(55) = Λ.

Note that the two strategies have the same number of ld operations, albeit applied

to different pointers.

The following result, adapted from [6] provides an invariant for all sorting

strategies of a given string.

Theorem 1 ([6]). Let u be a signed double occurrence string and φ1, φ2 two re-

duction strategies for u. Then φ1 and in φ2 contain the same number of ld opera-

tions.

4 First complexity measure: the minimal subset of

operations sufficient for gene assembly

We introduce in this section our first measure of gene complexity in terms of the

smallest set of (types of) operations that are capable to assemble a given gene. Our

formalism in this section will be that of signed double occurrence strings. Note

that a similar presentation may also be done in terms of signed graphs, see [5].

The concept of (gene) complexity here is the following. For a given string x,
consider reduction strategies ϕ for x, and take the set Sϕ ⊆ {Ld, Hi, Dlad} of
those types of operations that are used in ϕ. We say that Sϕ is a reduction set for

x.

Example 4. Note that a string may have several reduction sets. For instance,

if u = 23̄2̄434, then ϕ1(u) = dlad3,4 ◦ hi2 is a reduction strategy for u: ϕ1 =
dlad3,4(3434) = Λ. Thus, {Hi, Dlad} is a reduction set for u. However, {Hi} is
also a reduction set for u. Indeed, ϕ2 = hi2 ◦ hi4 ◦ hi3 is a reduction strategy for u:
ϕ2(u) = (hi2 ◦ hi4)(24̄24) = hi2(22̄) = Λ.

7



recombination models are generally based on reversible
molecular mechanisms. In the following sections we
present a detailed molecular description of the model.

IES deletion models have been proposed for the
distantly related ciliates Tetrahymena (Chalker et al.,
1999; Saveliev and Cox, 2001; Mochizuki et al., 2002)
and Paramecium (see review by Klobutcher and Herrick,
1995; Gratias and B!etermier, 2001). In Tetrahymena
Chalker and Yao (2001) have found that both strands of
IESs in the micronucleus are transcribed early in
conjugation. Mochizuki et al. (2002) propose a complex
model that these transcripts, possibly in a double-
stranded form, play a directive role in DNA processing
in the developing macronucleus. This idea is quite
different from our model of transfer of DNA from the
old macronucleus to the developing macronucleus.
Double-stranded RNA could work in our model,
although the RNA would need to be transcripts of the
full length of both strands of every macronuclear DNA
molecule in order to guide the removal of the 100 000
IESs and unscrambling of MDSs. There is as yet no
experimental evidence of transfer of DNA from the old
macronucleus to the developing macronucleus. It is
conceivable that a first step in the destruction of the old
macronucleus is release of DNA molecules into the
cytoplasm. We know that plasmid DNA injected into
the cytoplasm of newly exmated cells enters the
developing macronucleus, supporting the idea that
DNA released into the cytoplasm from the old macro-
nucleus could enter the developing macronucleus.
Obviously, experiments designed to detect DNA (or
RNA) transfer from old to developing macronucleus
would be an important test of our model.

2. Alignment and interaction of a DNA template with a
micronuclear gene

For the sake of illustration it is convenient to
represent any segment of double-stranded DNA as a
vertically standing ‘‘picket fence’’ (with the pickets
representing paired bases and a bar along the top and
a bar along the bottom representing the sugar-phos-
phodiester backbones of the two DNA strands). In this
way, for any double-stranded molecule M, we can refer
to the upper strand of double helix M as uM, and to the
lower single stranded component of M as cM: Conse-
quently, the upper backbone of M is the backbone of
uM, denoted ubM, and the lower backbone of M is the
backbone cM; denoted cbM:

Three segments of DNA, X, T, and Y, that participate
in template-guided recombination are depicted in Fig. 3.
Molecule T, the template, has a segment composed of
the sequence block 30 %a %b1 %b2 %g 50 called the template
segment of T, molecule X has a segment consisting of the
sequence block 50 a b1 b2 d 30, and molecule Y has a

segment consisting of 50 e b1 b2 g 30, such that the lengths
of a, b, and g satisfy the inequalities, jaj > C; E > jbj >
D; jgj > C for some positive integer constants C, D, and
E (these inequalities are explained later). The sequence a
is complementary to %a; b1 is complementary to %b1; b2 is
complementary to %b2; d is complementary to %d; and g is
complementary to %g; but d is non-complementary to %g;
and e is non-complementary to %a: The three molecules
X, T, and Y align as shown in Fig. 4:

(1) T is centered between X and Y.
(2) uX aligns with uT so that 50 a b1 b2 30 in uX aligns

with 30 %a %b1 %b2 50 in uT.
(3) cX aligns with cT so the 30 %a %b1 %b2 50 in cX aligns

with 50 a b1 b2 30 in cT:
(4) the alignment does not continue beyond 50 a b1 b2 in

uX, and correspondingly beyond 30 %a %b1 %b2 in cX

Fig. 3. Three molecular segments, X, T, and Y that will form a
complex (Fig. 4) in template-guided recombination.

Fig. 4. Alignment of template (T) with segments X and Y of a DNA
molecule. Segment a b1 b2 of X aligns with segment %a %b1 %b2 of T.
Segment b1 b2 g of Y aligns with segment %b1 %b2 %g of T.

D.M. Prescott et al. / Journal of Theoretical Biology 222 (2003) 323–330 325

Template-guided 
Recombination

Prescott, Ehrenfeucht & Rozenberg 2003



recombination models are generally based on reversible
molecular mechanisms. In the following sections we
present a detailed molecular description of the model.

IES deletion models have been proposed for the
distantly related ciliates Tetrahymena (Chalker et al.,
1999; Saveliev and Cox, 2001; Mochizuki et al., 2002)
and Paramecium (see review by Klobutcher and Herrick,
1995; Gratias and B!etermier, 2001). In Tetrahymena
Chalker and Yao (2001) have found that both strands of
IESs in the micronucleus are transcribed early in
conjugation. Mochizuki et al. (2002) propose a complex
model that these transcripts, possibly in a double-
stranded form, play a directive role in DNA processing
in the developing macronucleus. This idea is quite
different from our model of transfer of DNA from the
old macronucleus to the developing macronucleus.
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DNA released into the cytoplasm from the old macro-
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Obviously, experiments designed to detect DNA (or
RNA) transfer from old to developing macronucleus
would be an important test of our model.

2. Alignment and interaction of a DNA template with a
micronuclear gene

For the sake of illustration it is convenient to
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vertically standing ‘‘picket fence’’ (with the pickets
representing paired bases and a bar along the top and
a bar along the bottom representing the sugar-phos-
phodiester backbones of the two DNA strands). In this
way, for any double-stranded molecule M, we can refer
to the upper strand of double helix M as uM, and to the
lower single stranded component of M as cM: Conse-
quently, the upper backbone of M is the backbone of
uM, denoted ubM, and the lower backbone of M is the
backbone cM; denoted cbM:

Three segments of DNA, X, T, and Y, that participate
in template-guided recombination are depicted in Fig. 3.
Molecule T, the template, has a segment composed of
the sequence block 30 %a %b1 %b2 %g 50 called the template
segment of T, molecule X has a segment consisting of the
sequence block 50 a b1 b2 d 30, and molecule Y has a

segment consisting of 50 e b1 b2 g 30, such that the lengths
of a, b, and g satisfy the inequalities, jaj > C; E > jbj >
D; jgj > C for some positive integer constants C, D, and
E (these inequalities are explained later). The sequence a
is complementary to %a; b1 is complementary to %b1; b2 is
complementary to %b2; d is complementary to %d; and g is
complementary to %g; but d is non-complementary to %g;
and e is non-complementary to %a: The three molecules
X, T, and Y align as shown in Fig. 4:

(1) T is centered between X and Y.
(2) uX aligns with uT so that 50 a b1 b2 30 in uX aligns

with 30 %a %b1 %b2 50 in uT.
(3) cX aligns with cT so the 30 %a %b1 %b2 50 in cX aligns

with 50 a b1 b2 30 in cT:
(4) the alignment does not continue beyond 50 a b1 b2 in

uX, and correspondingly beyond 30 %a %b1 %b2 in cX

Fig. 3. Three molecular segments, X, T, and Y that will form a
complex (Fig. 4) in template-guided recombination.

Fig. 4. Alignment of template (T) with segments X and Y of a DNA
molecule. Segment a b1 b2 of X aligns with segment %a %b1 %b2 of T.
Segment b1 b2 g of Y aligns with segment %b1 %b2 %g of T.

D.M. Prescott et al. / Journal of Theoretical Biology 222 (2003) 323–330 325



because the sequences 50 d and 30 %g; and correspond-
ingly sequences 30 %d and 50 g, are non-complemen-
tary.

(5) uT aligns with uY so that 30 %b1 %b2 %g 50 in uT aligns
with 50 b1 b2 g 30 in uY.

(6) cT aligns with cY so that 50 b1 b2 g 30 in cT aligns
with 30 %b1 %b2 %g 50 in cY:

(7) The alignment does not hold for 50 e 30 in uY and 30

%a 50 in uT, or correspondingly for 30 %e 50 in cY and 50

a 30 in cT; because the sequences 50 e 30 and 30 %a 50,
and correspondingly sequences 30 %e 50 and 50 a 30, are
non-complementary.

Now, the hydrogen bonds are broken

* in X along 50 a b1 30,
* in T along 30 %a %b1 %b2 %g 50, and
* in Y along 50 %b2 g 30,

and X, T, and Y form hydrogen bonds between

* the 50 a b1 30 segment of uX and the 30 %a %b1 50 segment
of uT, and

* the 30 %b2 %g 50 segment of uT and the 50 b2 g 30

segment of uY, yielding the situation illustrated in
Fig. 5.

(The mechanism by which homologous sequences are
brought into alignment is not well understood. It is
conceivable that formation of hydrogen bonds between
complementary strands in two double helices is, in itself,
the means by which homologous sequences are caused
to align.)

The bird’s eye view of this situation is given in Fig. 6,
and the view from underneath is given in Fig. 7. The
double-stranded segment formed by the hydrogen
bonding of the 50 a b1 30 segment of uX with the 30

%a %b1 50 segment of uT is referred to as the X–T ‘‘roof’’,
and the double-stranded segment formed by the hydro-
gen bonding of the 30 %b2 %g 50 segment of uT with the 50 b2
g 30 segment of uY is referred to as the T–Y roof––see
Fig. 6. Similarly, the double-stranded segment formed
by the hydrogen bonding of the 30 %a %b1 50 segment of cX
with the 50 a b1 30 segment of cT is referred to as the X–T
‘‘floor’’, and the double-stranded segment formed by the
hydrogen bonding of the 50 b2 g 30 segment of cT with
the 30 %b2 %g 50 segment of cY is referred to as the T–Y
floor––see Fig. 7.

This basic alignment structure of the three compo-
nents, X, T, and Y sets the stage for the recombination
events described in the next section.

3. Recombination of X and Y through a segment of T

First, cuts are made in the upper backbones as
indicated by the arrows in Fig. 6 as follows:

* ubX is cut in r1,
* ubT is cut in r2 and r3,
* ubY is cut in r4,

and similarly cuts are made in the lower backbones as
indicated in Fig. 7 as follows:

* cbX is cut in f1 and f2,
* cbY is cut in f3 and f4.

Fig. 5. Formation of hydrogen bonds between uX and uT, cX and cT;
uY and uT, and cY and cT:

Fig. 6. Bird’s eye view of the molecular arrangement in Fig. 5.

Fig. 7. View of the molecular arrangement in Fig. 5 seen from
underneath.

D.M. Prescott et al. / Journal of Theoretical Biology 222 (2003) 323–330326



As a result one obtains the four molecules depicted in
Figs. 8–11.

Consider the roof molecule from Fig. 8. Note that
there are three phosphodiester bonds that can act as
swivels: the bond in ubX between X1 and a, the bond in
ubT between b1 and b2, and the bond in ubY between g
and Y2. Imagine now the entire roof collapses along the
b–e fragment of ubT. This collapse brings b next to a so
that the fragment of cbX ending in a becomes linearly
continuous with the b–e segment of ubT. At the same
time d is brought next to c so that the fragment of ubX
ending in c becomes linearly continuous with the
fragment of ubY beginning in d. Also at the same time
m is brought next to e so that the b–e fragment of ubT
becomes linearly continuous with the fragment of cbY
beginning in m.

As a result of the events described above, we obtain
the molecule depicted in Fig. 12, which after ligation to
form phosphodiester bonds a–b, c–d, and e–m recon-
stitutes the template segment 50 a b1 b2 g 30. Thus, X and
Y are now recombined into one molecule through this
template segment.

Consider now the floor molecule in Fig. 10. If the X–T
floor rotates upwards around cbT so that a becomes
adjacent to b, and the T–Y floor rotates upwards
around cbT so that e becomes adjacent to m (and d
becomes adjacent to c), then we obtain the molecule
depicted in Fig. 13. The formation of phosphodiester
bonds a–b, c–d, and e–m reconstitutes an intact
template molecule T. Again, as noted previously, these
two rotations may happen simultaneously.

Thus, the template-guided model of recombination
produces four molecules:

(1) recombination of X and Y given in Fig. 12 (with
nicks ligated),

(2) reconstitution of template T given in Fig. 13 (with
nicks ligated),

(3) ‘‘the b2-half’’ of X given in Fig. 9, and
(4) ‘‘the b1-half’’ of Y given in Fig. 11.

Note that the molecule in Fig. 12, which is the
recombination of X and Y, contains the template
segment of T, and so it can itself now act as a
template molecule to guide recombinations in the
same way that T does. We can thus use the following
symbolic notation for the template-guided recombina-
tion:

a b dþ a b gþ e b g ) a b gþ a b gþ e b1 þ b2 d;
where b1 b2 ¼ b:

Clearly, one of the two a b g’s in the product represents
the recombination of X and Y, while the other a b g
represents the reconstituted template T.

Fig. 8. One of four molecular products resulting from cuts r1 , r2 , r3 ,
and r4 in Fig. 6.

Fig. 9. The second molecular product resulting from cuts r1 and f2 in
Figs. 6 and 7.

Fig. 10. The third molecular product resulting from cuts f1 , f2 , f3 ,
and f4 in Fig. 7.

Fig. 11. The fourth molecular product resulting from cuts r4 and f3 in
Figs. 6 and 7.

Fig. 12. Collapse of the roof in Fig. 8 juxtaposes a with b, c with d,
and e with m. Ligation of a with b, c with d, and e with m combines X
and Y into one continuous segment.

Fig. 13. Rotating the X–T floor and T–Y floor in Fig. 10 upwards
juxtaposes a with b, e with m, and d with c, followed by formation of
phosphodiester bonds yields a reconstituted template molecule T.

D.M. Prescott et al. / Journal of Theoretical Biology 222 (2003) 323–330 327
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Figure 2. Step by step model of DNA braiding guided by dsRNA template. (A) Three

molecules X , Y and T interact, permitting the template strands to find their corresponding

complements in X and Y . (B) Through branch migration the template displaces pairs

between X and Y . A portion of the lower strand, lX , containing β̄ becomes single-stranded

and pairs with a portion of lY containing β. As a result, substring of α, β, γ, ᾱ,β̄ and γ̄

might be transiently unpaired during this thermodynamically driven process. (C) Branch

migration begins, and because RNA duplexes are more stable that RNA-DNA, pairing

between the template strands reinstates, releasing uX and uY . (D) Strands uX and uT

dissociate, as well as lT and uY , permitting pairing to develop between uX and uY , via

strand complementarity. (E) DNA Braiding: sequence β in uX completely binds to β̄ in

uY . Also, template base-pairs are restored, leaving the template unchanged. (E) Resulting

molecules obtained after cuts are introduced at c1, . . . , c4. The blue portion of the braided

molecule indicates the new recombined molecule containing the sequence αβγ. The green

IES portion is excised.

A. All three molecules X, Y and T are present in the environment at the same time and the
template strands find their corresponding complements in molecules X and Y as shown in
Fig. 2(A). We postulate that the template is short enough to initiate branch migration.

Even if the pointer sequence β is as short as two nucleotides and occurs more than twice
in the DNA sequence, the context of β in T (αγ), the left context in X (α) and the right
context in Y (γ) would be sufficient to lead to the alignment of the correct pointer sequences.

B. Through branch migration the ends of the strands of template T , once in a neighborhood of
complementary sequences, can easily anneal with their complements. An unzipping of the

4

Figure 4. Schematic representation of step by step recombination guided by a
ssRNA template.

lY and lX along sequence β1, and between uX and uY along sequence β2. Sometime
through the whole process four cuts c1, c2, c3 and c4 are introduced on the backbones of X

and Y as shown on Fig. 4(D) (see also Fig. 3). At this point again, the strands X and Y

are in the braiding position similarly as presented in Fig.2(E) and the braiding portion of
the molecule structurally corresponds to a parallel double cross-over molecule [8, 24]. The
recombination as a result of the braiding is the same as shown in Fig. 2(F).

2.3. A Possible Biological Explanation. In this section we give a possible explanation, in
terms of the double helical structure, for each of the phases during the braiding and recombination
described in previous sections. We postulate that similar processes of strand branch migration as
observed both in biology (for example [5, 29]) and in vitro (see for ex. [27, 28]) occur during the
process of template-guided homologous recombination.

The proposed dsRNA template-guided recombination is presented in Fig. 5 on the left, and the
case of a ssRNA template is presented in Fig. 5 on the right. Both cases can be described in a
similar way. There exists some intrinsic symmetry in the model when the template is dsRNA rather
than ssRNA.

The dsRNA template is indicated with blue and violet strands in Fig. 5 on the left, and the ssRNA
template is indicated with blue in Fig. 5 on the right. The 3′ ends of the strands are indicated
with an arrow. In order to initiate strand branch migration, we postulate that the template is

7
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Formal TGR

Σ = {a, b, c, d}

aaa ∈ Σ+

abbdcdc ∈ Σ+

ddccccddaaa ∈ Σ+

L = {a, aab, bdcc, ddaa, cc} ⊆ Σ+

L = {w | w has a even number of ‘a’s} ⊆ Σ+

• Let x, y ∈ Σ∗. We define

x !T y = {uαβγv | x = uαβd, y = eβγv,αβγ ∈ T, u, v, d, e

∈ Σ∗,α,β, γ ∈ Σ+}.

• We generalize !T to languages by L1 !T L2 = {x !T y | x ∈ L1, y ∈
L2}.

• Let L1,L2 be language families. We denote by L1 !L2 L1 = {L1 !T

L2 | L1, L2 ∈ L1, T ∈ "LL2}.

• We say that a language family L1 is closed under !L2 if and only if
L1 !L2 L1 ⊆ L1.

1

u α β d
α β γ
e β γ v

u α β γ v

1

(with I. McQuillan & M. Domaratzki)
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Σ = {a, b, c, d}

aaa ∈ Σ+

abbdcdc ∈ Σ+

ddccccddaaa ∈ Σ+

L = {a, aab, bdcc, ddaa, cc} ⊆ Σ+

L = {w | w has a even number of ‘a’s} ⊆ Σ+

Every concatenation-closed full trio L1 is closed under !L2 iff L1 is closed
under ∩ with L2 (a trio).

L1 | L2 FIN REG LIN CF CS RE
FIN

√ √ √ √ √ √

REG
√ √

LIN
CF

√ √

CS
RE

√ √ √ √ √ √

Table 1: Closure properties of L1 under !L2 .
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We proved that the TGR operation is actually 
very weak computationally.

Can ciliates be 
biocomputers?



Starting with regular languages for both the 
‘base’ and ‘template’ sets, you can only 
generate more regular languages. You get 
nowhere!

RE
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CS
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NPCM

NCM

NFCM



(We showed that it can descramble MIC genes 
though).



Why?



Show me the 
thermodynamics!



Knot a problem



Supercoiled DNA



Rational Tangles

Figure 1: Diagrams of the tangles (a) [∞], (b) [0] and (c) 1
[3] + [2]

A 2-tangle is an embedding of two arcs (homeomorphic to the interval [0, 1]) and
circles into a three-dimensional ball B3 standardly embedded in Euclidean three-
space S3 such that the endpoints of the arcs go to a specific set of four points on the
surface of the ball, so that the circles and the interiors of the arcs are embedded in
the interior of the ball. A 2-tangle is said to be oriented if we assign orientations to
each arc and each circle. Without loss of generality, the four endpoints of a 2-tangle
may be arranged on a great circle on the boundary of the ball, allowing us to diagram
2-tangles using a regular projection of the plane of the great circle. (Pictures)

A 2-tangle is rational if it can be obtained by applying a finite number of con-
secutive twists of neighboring endpoints to the elementary tangles [∞] or [0] (see
figure 1 (a) and (b), respectively).

Two 2-tangles T, S in B3 are said to be isotopic, denoted T S, if they have
identical configurations of their four endpoints in the boundary S2 of the three-ball
and there is an ambient isotopy of (B3, T ) to (B3, S) that is the identity on the
boundary (S2, δT ) = (S2, δS).

Given a tangle T , we specify two ways in which we may create a knot from T : we
may join the two “top” and two “bottom” strands with arcs between them or we may
join the two left, and two right, strands with arcs. We refer to the first construction
as the numerator closure of T , denoted N(T ) and the second construction as the
denominator closure, denoted D(T ). A rational knot (or link) is the numerator, or
denominator, closure of a rational tangle.

3 Formal description of the model

We extend the TGR model proposed by [1] through the addition of topological
considerations expressed in terms of rational knots.

• When a TGR event takes place, the recombination will alter the topology of
the (originally circular) DNA molecule as a result of supercoiling.

• The new topology will bring together in B3 (juxtapose) the MDSs that are to
be descrambled next.



Recombination 

Sumners, D. 1995. Lifting the curtain: Using topology to probe the hidden action of enzymes. Notices of the AMS 42:528-537.
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What if the topology of the molecule juxtaposed 
the “next” MDSs to be descrambled?



Actin I
4 Harju et al.

also be made. The gene may be represented by the sequence of its pointers
only, thus ignoring the markers and the parenthesis above – this representa-
tion still gives enough information to trace the gene assembly process. Details
on model forming can be found in [6].

8127 93 4 6 5

Fig. 1.1. Structure of the micronuclear gene encoding actin protein in Sterkiella
nova.

1.3.2 Three molecular operations

Three molecular operations, ld, hi, dlad were conjectured in [10] and [28] for
gene assembly. In each of them, the micronuclear genome folds on itself in
such a way that certain types of folds may be formed and recombination may
take place, see Figure 1.2. It is important to note that all foldings are aligned
by pointers. We refer for more details to [6].

ld(i) ld(ii) ld(iii) hi(i) hi(ii) hi(iii)

dlad(i) dlad(ii) dlad(iii)

Fig. 1.2. Illustration of the ld, hi, dlad molecular operation showing in each case:
(i) the folding, (ii) the recombination, and (iii) the result.

It is known that ld, hi, and dlad can assemble any gene pattern or, in other
words, any sequence of MDSs can be transformed into an assembled MDS
(b, e) (in which case we say that it has been assembled in the orthodox order)
or (e, b) (we say it has been assembled in the inverted order), see [6] and [7]
for formal proofs.

1.3.3 Simple operations for gene assembly

Note that all three operations ld, hi, dlad are intramolecular, that is, a molecule
folds on itself to rearrange its coding blocks. For a different, intermolecular
model for gene assembly, see, [18], [19], and [20].

Figure 2: Descrambling of O. nova Actin I

into the circular macronuclear nanochromosome depicted in (g). We are thus able
to descramble this gene using, at most, four steps.

5 Discussion
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α-TBP

Figure 3: 1-step descrambling of α-telomere binding protein

Figure 4: Descrambling of unclassified Uroleptus gene

(O. trifallax)



Uroleptus Gene
Figure 3: 1-step descrambling of α-telomere binding protein

Figure 4: Descrambling of unclassified Uroleptus gene
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Templates guide recombination.

recombination models are generally based on reversible
molecular mechanisms. In the following sections we
present a detailed molecular description of the model.

IES deletion models have been proposed for the
distantly related ciliates Tetrahymena (Chalker et al.,
1999; Saveliev and Cox, 2001; Mochizuki et al., 2002)
and Paramecium (see review by Klobutcher and Herrick,
1995; Gratias and B!etermier, 2001). In Tetrahymena
Chalker and Yao (2001) have found that both strands of
IESs in the micronucleus are transcribed early in
conjugation. Mochizuki et al. (2002) propose a complex
model that these transcripts, possibly in a double-
stranded form, play a directive role in DNA processing
in the developing macronucleus. This idea is quite
different from our model of transfer of DNA from the
old macronucleus to the developing macronucleus.
Double-stranded RNA could work in our model,
although the RNA would need to be transcripts of the
full length of both strands of every macronuclear DNA
molecule in order to guide the removal of the 100 000
IESs and unscrambling of MDSs. There is as yet no
experimental evidence of transfer of DNA from the old
macronucleus to the developing macronucleus. It is
conceivable that a first step in the destruction of the old
macronucleus is release of DNA molecules into the
cytoplasm. We know that plasmid DNA injected into
the cytoplasm of newly exmated cells enters the
developing macronucleus, supporting the idea that
DNA released into the cytoplasm from the old macro-
nucleus could enter the developing macronucleus.
Obviously, experiments designed to detect DNA (or
RNA) transfer from old to developing macronucleus
would be an important test of our model.

2. Alignment and interaction of a DNA template with a
micronuclear gene

For the sake of illustration it is convenient to
represent any segment of double-stranded DNA as a
vertically standing ‘‘picket fence’’ (with the pickets
representing paired bases and a bar along the top and
a bar along the bottom representing the sugar-phos-
phodiester backbones of the two DNA strands). In this
way, for any double-stranded molecule M, we can refer
to the upper strand of double helix M as uM, and to the
lower single stranded component of M as cM: Conse-
quently, the upper backbone of M is the backbone of
uM, denoted ubM, and the lower backbone of M is the
backbone cM; denoted cbM:

Three segments of DNA, X, T, and Y, that participate
in template-guided recombination are depicted in Fig. 3.
Molecule T, the template, has a segment composed of
the sequence block 30 %a %b1 %b2 %g 50 called the template
segment of T, molecule X has a segment consisting of the
sequence block 50 a b1 b2 d 30, and molecule Y has a

segment consisting of 50 e b1 b2 g 30, such that the lengths
of a, b, and g satisfy the inequalities, jaj > C; E > jbj >
D; jgj > C for some positive integer constants C, D, and
E (these inequalities are explained later). The sequence a
is complementary to %a; b1 is complementary to %b1; b2 is
complementary to %b2; d is complementary to %d; and g is
complementary to %g; but d is non-complementary to %g;
and e is non-complementary to %a: The three molecules
X, T, and Y align as shown in Fig. 4:

(1) T is centered between X and Y.
(2) uX aligns with uT so that 50 a b1 b2 30 in uX aligns

with 30 %a %b1 %b2 50 in uT.
(3) cX aligns with cT so the 30 %a %b1 %b2 50 in cX aligns

with 50 a b1 b2 30 in cT:
(4) the alignment does not continue beyond 50 a b1 b2 in

uX, and correspondingly beyond 30 %a %b1 %b2 in cX

Fig. 3. Three molecular segments, X, T, and Y that will form a
complex (Fig. 4) in template-guided recombination.

Fig. 4. Alignment of template (T) with segments X and Y of a DNA
molecule. Segment a b1 b2 of X aligns with segment %a %b1 %b2 of T.
Segment b1 b2 g of Y aligns with segment %b1 %b2 %g of T.

D.M. Prescott et al. / Journal of Theoretical Biology 222 (2003) 323–330 325



Recombination induces supercoiling.



Supercoiling induces topology.
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