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6.8 cruces de superenrollamiento RH (-) en la región no replicada y 3.2 pre-encadenados
LH (-) en la región ya replicada.

Figura 4.3: Distribución del estrés torsional en RIs con un avance del 25% de
las horquillas de replicación. Se partió de una conformación inicial con 10 cruces de
superenrollamiento LH (-), mientras que la región ya replicada se encontraba relajada, (∆Lk =
−10). Las horquillas de replicación rotaron hasta que el RI alcanzó el estado de equilibrio
termodinámico..............................................................................................................................

Los resultados de estas simulaciones demostraron que, en el estado de equilibrio
termodinámico, el estrés torsional de moléculas que han replicado un 25% de su DNA
se distribuye de tal modo que la mayor parte del ∆Lk queda albergado en la región no
replicada, en forma de superenrollamiento.

4.2.2 Simulación de Intermediarios de Replicación con un avance del
50% de las horquillas de replicación

4.2.2.1 Intermediarios de Replicación con superenrollamiento negativo

Creamos un conjunto de conformaciones de RIs de 4440 pb que han replicado la mitad
del DNA. Primeramente, se simularon RIs con todo el estrés torsional acumulado en la
región no replicada. Esta conformación es topológicamente idéntica a la representada
en la Figura 3.4. El estrés torsional se encontraba acumulado en la región no replicada
en forma de 10 cruces de superenrollamiento RH (-) mientras que la región ya replicada
estaba relajada, sin pre-encadenamiento. La rotación de las horquillas de replicación
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permitió el paso del estrés torsional hacia la región ya replicada hasta que la molécula
alcanzó el equilibrio termodinámico, es decir, la conformación en la cual el torque neto
de la molécula desaparece y el RI alcanza el equilibrio mecánico.

La variación enerǵıa elástica en función al número de cruces de ambas regiones se muestra
en la Figura 4.4 A. La conformación inicial, promedio de 10 simulaciones independientes,
presentó enerǵıas iniciales de 27.2 y 4.7 Kcal/mol para las regiones no replicada y ya
replicada respectivamente. En el estado de equilibrio termodinámico, el valor final de la
enerǵıa elástica fue de 13.7 Kcal/mol para ambas regiones. Bajo estas condiciones, se
encontró que las moléculas que han replicado el 50% del DNA alcanzaron el equilibrio
termodinámico migrando la mitad del superenrollamiento para formar la misma cantidad
de pre-encadenados. La conformación de equilibrio correspondió a un RI con 5.3 cruces
de superenrollamiento RH (-) en la región no replicada y 4.7 pre-encadenados LH (-).

Con el objeto de analizar el efecto de la complejidad topológica, se crearon RIs que
han replicado el 50% su DNA, con todo el estrés torsional inicialmente confinado en la
región no replicada. Se simularon RIs con un ∆Lk = −20, cuya conformación inicial
correspond́ıa a un RI con 20 cruces de superenrollamiento LH (-) y ausencia de pre-
encadenados en la región ya replicada. Tal como en el caso previo, la rotación de las
horquillas de replicación permitió la migración parcial del estrés torsional almacenado
en la región no replicada hasta que la molécula alcanzó el equilibrio termodinámico.
La enerǵıa elástica de ambas regiones en función al número de cruces se muestra en la
Figura 4.4 B. Para el caso promedio de 10 simulaciones independientes, la conformación
inicial teńıa valores de enerǵıa de 135.2 y 8.0 Kcal/mol para las regiones no replicada
y ya replicada, respectivamente. En el estado de equilibrio termodinámico el valor final
de la enerǵıa elástica fue de 40.7 Kcal/mol para cada región. Bajo estas condiciones,
las moléculas que han replicado el 50% del DNA alcanzaron el equilibrio termodinámico
convirtiendo aproximadamente la mitad de los cruces de superenrollamiento de la región
no replicada en pre-encadenados. La conformación con torque nulo en las horquillas de
replicación correspondió a un RI con 11.2 cruces de superenrollamiento RH (-) en la
región no replicada y 8.8 pre-encadenados LH (-) en la región ya replicada.
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Figura 4.4: Distribución del estrés torsional en RIs que han replicado un 50% de
su DNA y acumulan superenrollamiento negativo. Las horquillas de replicación rotaron
hasta que el RI alcanzó el estado de equilibrio termodinámico. A) Variación de la enerǵıa elástica
en RIs 50% replicados con ∆Lk = −10. B) Variación de la enerǵıa elástica en RIs 50% replicados
con ∆Lk = −20. Se muestra el promedio de la enerǵıa elástica para las regiones no replicada
(ĺınea azul) y ya replicada (ĺınea roja) correspondiente a 10 simulaciones independientes...........

Para extender estos estudios a casos en los que el estrés torsional de la conformación
inicial se encuentra distribuido de manera asimétrica entre ambas regiones del RI, se
simularon RIs con 8 cruces de superenrollamiento RH (-) en la región no replicada y
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4 cruces de pre-encadenamiento LH (-) en la región ya replicada, ∆Lk = −10. En
el procedimiento de simulación la rotación de las horquillas permitió la migración del
estrés torsional de la región con mayor enerǵıa elástica acumulada hacia la región con
menor enerǵıa, de modo que el torque en la molécula se equilibre. La variación de
enerǵıa elástica en función al número de cruces en ambas regiones se presenta en la
Figura 4.5 A. Se observa la pérdida gradual de cruces en la región no replicada, con
el consecuente aumento de pre-encadenados entre las cadenas de DNA ya replicadas.
Los valores iniciales de enerǵıa elástica para las regiones no replicada y ya replicada
fueron 21.9 y 7.7 Kcal/mol, respectivamente. La rotación de las horquillas paró cuando
ambas regiones alcanzaron la misma enerǵıa elástica. La conformación de equilibrio,
resultante de 10 simulaciones independientes, correspondió a un RI con 5.1 cruces de
superenrollamiento RH (-) en la región no replicada y 4.9 pre-encadenados LH (-) en la
región ya replicada.

Por otro lado, con el fin de estudiar la conformación inicial opuesta, se modeló un
conjunto de RIs con 2 cruces de superenrollamiento RH (-) en la región no replicada y
16 cruces de pre-encadenamiento LH (-), equivalentes a 8 pre-encadenados (-), en la
región ya replicada, ∆Lk = −10. El procedimiento de simulación permitió la rotación
de las horquillas de replicación de modo que el estrés torsional migró hacia la región
más relajada. El procedimiento se detuvo cuando los RIs simulados alcanzaron el
estado de equilibrio mecánico. La conformación de equilibrio termodinámico, promedio
de 10 simulaciones independientes, correspondió a un RI con 5.3 cruces de de
superenrollamiento RH (-) y 4.7 pre-encadenados LH (-) (Figura 4.5 B). Los valores
iniciales de enerǵıa para las regiones no replicada y ya replicada fueron 6.7 y 24.1
Kcal/mol, respectivamente. La enerǵıa elástica total de la conformación de equilibrio
fue de 27.2 Kcal/mol, 13.6 Kcal/mol para cada región.
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Figura 4.5: RIs que han replicado un 50% de su DNA y presentan una distribución
asimétrica del estrés torsional. Las horquillas de replicación rotaron hasta que ambas
regiones alcanzaron el equilibrio termodinámico. A) Variación de enerǵıa elástica en RIs con
8 cruces de superenrollamiento RH (-) y 2 cruces de pre-encadenamiento LH (-), ∆Lk = −10.
B) Variación de la enerǵıa elástica en RIs con 2 cruces de superenrollamiento RH (-) y 8 cruces
de pre-encadenamiento LH (-). Se muestra el promedio de la enerǵıa elástica de 10 simulaciones
independientes para la región no replicada (ĺınea azul) y la ya replicada (ĺınea roja)..................

En conjunto, estos resultados demuestran que para todas las conformaciones iniciales de
moléculas con 50% del DNA replicado la rotación las horquillas de replicación permitió
alcanzar el estado de equilibrio termodinámico. En todos los casos, independientemente
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de la conformación inicial, en el estado de equilibrio se obtuvo una distribución simétrica
del estrés torsional entre ambas regiones.

4.2.2.2 Intermediarios de Replicación con superenrollamiento positivo

Como se mencionó previamente, durante la replicación del DNA in vivo, el
desenrollamiento de la doble hélice parental de DNA, causado por la DNA helicasa,
produce un estrés torsional compensatorio por delante de las horquillas de replicación
que se manifiesta en forma de superenrollamiento LH (+). La rotación de las
horquillas de replicación reduce el estrés torsional (+) acumulado en la región no
replicada, generando pre-encadenamientos (+) en la región ya replicada.

Con el fin de ampliar nuestro análisis a las condiciones in vivo, se modelaron RIs con
estrés torsional (+). En la conformación inicial se dotó a la región no replicada de 10
cruces de superenrollamiento LH (+) mientras que la región ya replicada carećıa de
pre-encadenamiento. Mediante la rotación de las horquillas de replicación se permitió la
migración parcial del estrés torsional acumulado en la región no replicada hasta alcanzar
el estado de equilibrio termodinámico. La enerǵıa elástica de ambas regiones en función a
la complejidad topológica se muestra en la Figura 4.6 A. El promedio de 10 simulaciones
independientes correspondió a una conformación inicial con valores de enerǵıa de 25.6
y 5.7 Kcal/mol para las regiones no replicada y ya replicada, respectivamente. En el
estado de equilibrio termodinámico el valor final de la enerǵıa fue de 11.4 Kcal/mol
en cada región. Bajo estas condiciones, los RIs alcanzaron el equilibrio termodinámico
migrando, a través de las horquillas de replicación, la mitad de los cruces de la región
no replicada para formar el mismo número de cruces de pre-encadenamiento RH (+).
La conformación promedio de equilibrio corresponde al de un RI con 5.4 cruces de
superenrollamiento LH (+) en la región no replicada y 4.6 pre-encadenados RH (+).

Repetimos el procedimiento de simulación para RIs con la mitad del DNA replicado, a
los cuales se dotó de 20 cruces de superenrollamiento LH (+) en la región no replicada
y ningún pre-encadenamiento. Como en el caso previo, el giro de las horquillas de
replicación permitió la migración parcial del estrés torsional para alcanzar el equilibrio
termodinámico. La variación de enerǵıa elástica de ambas regiones en función al
número de cruces en ambas regiones se muestra en la Figura 4.6 B. El valor promedio
de la enerǵıa elástica inicial de 10 simulaciones independientes fue de 120.5 y 6.2
Kcal/mol para las regiones no replicada y replicada, respectivamente. En el estado de
equilibrio termodinámico el valor de la enerǵıa elástica fue de 35.8 Kcal/mol para cada
región. Bajo estas condiciones, las moléculas parcialmente replicadas alcanzan el
equilibrio termodinámico migrando, a través de las horquillas de replicación,
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aproximadamente la mitad de los cruces de superenrollamiento LH (+) para formar un
número similar de cruces de pre-encadenamiento RH (+). La conformación de
equilibrio, resultante de 10 simulaciones independientes, corresponde a un RI con 10.8
cruces plectonémicos LH (+) y 9.2 pre-encadenados RH (+).

Figura 4.6: Distribución del estrés torsional en RIs que han replicado un 50% de su
DNA y acumulan superenrollamiento positivo. Las horquillas de replicación rotaron hasta
que el RI alcanzó el estado de equilibrio termodinámico. A) Variación de la enerǵıa elástica en
RIs 50% replicados con ∆Lk = +10. B) Variación de la enerǵıa elástica de RIs con ∆Lk = +20.
Se muestra el promedio de la enerǵıa elástica de 10 simulaciones independientes para la región
no replicada (ĺınea azul) y la ya replicada (ĺınea roja)................................................................
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Estos resultado demuestran que los RIs replicados hasta el 50% con estrés torsional
acumulado en forma de superenrrollamiento positivo alcanzan el estado de equilibrio
termodinámico cuando cada región de la molécula queda con aproximadamente la mitad
del ∆Lk, de manera similar a lo observado para los RIs replicados hasta el 50% con estrés
torsional acumulado en forma de superenrrollamiento negativo.

4.2.3 Simulación de Intermediarios de Replicación con un avance del
75% de las horquillas de replicación

Tal como se mencionó en la sección 4.2.1, con el fin de analizar el efecto del avance de
las horquillas de replicación en la distribución del estrés torsional, se modelaron RIs
con las horquillas detenidas en distintos puntos antes de la terminación de la
replicación. En este caso, se modelaron RIs con las horquillas detenidas que han
replicado el 75% del DNA. Se realizaron 10 simulaciones independientes en las cuales
se dotó a la región no replicada de 10 cruces de superenrollamiento RH (-), mientras
que la región ya replicada carećıa de pre-encadenamiento. La rotación de las horquillas
de replicación para alcanzar el equilibrio termodinámico provocó la migración del
superenrollamiento RH (-) hacia la región ya replicada, formando pre-encadenados LH
(-). La variación de la enerǵıa elástica en ambas regiones, de un promedio de 10
simulaciones independientes, se muestra en la Figura 4.7. La rotación de las horquillas
se detuvo cuando ambas regiones alcanzaron el equilibrio termodinámico, en el cual la
enerǵıa elástica de cada región fue de 15.6 Kcal/mol. La conformación de equilibrio
corresponde a un RI con 3.5 cruces de superenrollamiento RH (-) en la región no
replicada y 6.5 cruces de pre-encadenamiento LH (-) en la región ya replicada.
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Figura 4.7: Distribución del estrés torsional en RIs con un avance del 75% de las
horquillas de replicación. Las horquillas de replicación rotaron hasta que el RI alcanzó
el estado de equilibrio termodinámico. Variación de la enerǵıa elástica de la región no
replicada (ĺınea azul) y la región ya replicada (ĺınea roja) en función al número de cruces de
superenrollamiento y pre-encadenamiento. Valores promedio de 10 simulaciones independientes.

Estos resultados demuestran que, para las moléculas en las cuales la horquilla de
replicación ha avanzado hasta el 75%, en el estado de equilibrio termodinámico, la
mayor parte del estrés torsional queda almacenado en la región ya replicada.

4.2.4 Distribución del estrés torsional en función al tamaño relativo
de ambas regiones del Intermediario de Replicación

En la Figura 4.8 se muestran las conformaciones iniciales y finales de RIs con un avance
del 25, 50 y 75% de las horquillas de replicación, todos con ∆Lk = −10.
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Figura 4.8: Conformaciones iniciales y finales de algunas simulaciones realizadas.
Complejidad topológica de RIs con un ∆Lk = −10 que han replicado el 25, 50 ó 75% de su DNA,
antes y después de alcanzar el equilibrio termodinámico................................................................
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Tabla 4.1: Conformaciones y enerǵıas iniciales y �nales de las simulaciones realizadas



Caṕıtulo 5

Discusión

La importancia del estudio de las moléculas de DNA circular y los efectos que tiene la
replicación en su topoloǵıa radica en el hecho de que estas forman parte del genoma de
varios organismos. En el caso de las bacterias, su DNA cromosómico y plásmı́dico se
organiza en forma de moléculas circulares, y sus topoisomerasas son el blanco de algunos
antibióticos [84]. El genoma de algunos virus como los causantes de la poliomielitis y el
papiloma humano también consiste en DNA circular [4]. En organismos protistas, como
los causantes del mal de chagas y la leishmaniasis, existen distintos tipos de DNA circular
[8]. Si bien la gran mayoŕıa del DNA de los eucariotas está contenido en largas cadenas
lineales en los cromosomas, existen algunas excepciones como el DNA mitocondrial,
los plásmidos en levaduras, los cloroplastos vegetales y los ćırculos extracromosómicos
de DNA (eccDNA). Los eccDNAs contribuyen a la variación genética en las células
somáticas en organismos multicelulares y la evolución de los eucariotas unicelulares [85].
Recientemente, los eccDNAs se han relacionado con cáncer y resistencia a medicamentos
[86], planteando nuevas interrogantes sobre su biogénesis, función y utilidad cĺınica.

Estudios anteriores demostraron que una vez finalizada la replicación del DNA
circular, las cadenas nacientes recién sintetizadas están muy encadenadas entre śı
[49][87][88]. También se demostró que los encadenados in vivo provienen de
pre-encadenados formados durante la replicación [49][64][70][89]. A su vez, la
formación de estos pre-encadenados es el resultado de la migración del estrés torsional
desde la región no replicada a la región ya replicada provocada por la rotación de las
horquillas de replicación mientras el RI intenta alcanzar un torque nulo [1][67][70].

En todos los casos estudiados hasta ahora in vivo, los signos de los cruces de
encadenamiento entre cromátidas hermanas totalmente replicadas son positivos [88].
Como estos encadenados provienen de los pre-encadenados, los cruces de estos últimos
también debeŕıan ser positivos. Anteriormente se mencionó que el pre-encadenamiento

63



Caṕıtulo 5. Discusión 64

in vivo se forma como consecuencia de la migración del estrés torsional desde la región
no replicada hacia la ya replicada, mediante la rotación de las horquillas de replicación.
Por lo tanto, debemos concluir que los cruces de pre-encadenamiento (+) formados in
vivo derivan del superenrollamiento (+) que se acumula transitoriamente
inmediatamente por delante de las horquillas.

Un estudio realizado mediante mediciones directas de torque de Le et al. demostró que
en el DNA desnudo (sin nucleosomas) el módulo de torsión de dos cadenas trenzadas es
más bajo que el de una sola cadena, lo cual sugiere que el estrés torsional generado por
la replicación se almacena principalmente en la región ya replicada. Por el contrario,
se demostró que una sola fibra de cromatina (DNA unido a nucleosomas), como el
DNA de la región no replicada, tiene un módulo de torsión más bajo que una fibra
trenzada, como las cromátidas hermanas de la región ya replicada [90]. Estos resultados
sugieren que en el caso de los organismos eucariotas el estrés torsional se almacena
preferentemente en la región no replicada, mientras que en los procariotas seŕıa más
fácil introducir estrés torsional en la región ya replicada. Lo observado por Le et al.
coincide con nuestros resultados experimentales que demuestran que en procariotas el
estrés torsional se difunde continuamente de la región no replicada a la ya replicada
durante la replicación del DNA [1]. Por otro lado, Schalbetter et al., demostraron que
en eucariotas la difusión del estrés torsional tiene lugar hacia el final de proceso [91].

Tras el aislamiento del DNA en condiciones in vitro, una vez que se eliminan todas las
protéınas, las horquillas de replicación de los RIs pueden girar libremente y el torque que
genera este giro proviene del gradiente de la enerǵıa acumulada por el estrés torsional
entre las regiones no replicada y ya replicada. Teniendo esto en cuenta, en la presente
obra desarrollamos un modelo de Intermediario de Replicación basado en el modelo
WLC para estudiar el intercambio entre superenrollamiento y pre-encadenamiento en
moléculas parcialmente replicadas en condiciones in vitro e in vivo.

Este es el primer estudio del intercambio de estrés torsional entre las regiones no
replicada y ya replicada en un Intermediario de Replicación de DNA utilizando un
enfoque numérico. La implementación del modelo WLC utilizada en este estudio
supone que, para estudiar el intercambio entre el superenrollamiento y
pre-encadenamiento en un RI, debemos considerar los componentes de doblado y
torsión de la enerǵıa elástica. La enerǵıa de doblado usualmente utilizada en el modelo
WLC es normalmente representada como muestra la ecuación 2.23. Por otro lado, el
WLC simple no incluye expĺıcitamente un grado de libertad asociado a torsión.
Existen diferentes enfoques para calcular el componente torsional de la enerǵıa,
incluido el método twistable worm − like chain (TWLC)[92] o el modelo helical

worm − like chain[93]. Dado que en esta obra no estamos interesados en efectos
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locales de la dinámica de torsión, o en la falta de homogeneidad de la distribución de la
torsión a lo largo de la cadena, la integral de todos los ángulos de torsión a lo largo de
la cadena se puede utilizar para definir el componente torsional de la enerǵıa elástica
[94]. En la presente tesis se utilizó la expresión de la enerǵıa elástica de torsión
propuesta por Vologodskii et al. que, a pesar de su simplicidad, describe muchas
propiedades termodinámicas del DNA [81]. Esta implementación del modelo WLC
tiene varias suposiciones y aproximaciones, las cuales son: la aproximación del DNA
como una cadena elástica isotrópica, por lo que se ignoran las variaciones locales en la
estructura que dependen de la secuencia; no se consideran transiciones estructurales
impulsadas por el superenrollamiento, como la introducción de cruciformes y formas
Z-DNA; la suposición de que la rigidez torsional y de doblado son independientes; no
se consideran los efectos del estrés de tensión por lo que esta implementación del
modelo no cuenta con enerǵıa asociada al estiramiento; la aproximación de
interacciones electrostáticas entre segmentos de DNA por cilindros cuyo diámetro
efectivo explica los efectos de volumen excluidos [81]. A pesar de estas limitaciones, el
procedimiento de simulación utilizado aqúı reproduce las propiedades f́ısicas del DNA
superenrollado y encadenado [49][80][81], las cuales se corresponden respectivamente a
las propiedades conformacionales de las regiones no replicada y ya replicada de un RI.

Para moléculas con las horquillas de replicación estancadas después de que hayan
replicado la mitad del DNA, donde ambas regiones del RI simulado tienen la misma
longitud, se encontró bastante similitud entre valores de enerǵıa de las regiones no
replicada y ya replicada en el estado de equilibrio termodinámico. De igual manera,
también se observó que en la conformación de equilibrio, la distribución del estrés
torsional muestra una fuerte tendencia a ser del 50% del estrés torsional acumulado en
la región no replicada en forma de cruces de superenrollamiento, mientras que la otra
mitad termina albergada en la región ya replicada en forma de cruces de
pre-encadenamiento.

Estos resultados mostraron mucha similitud entre śı tanto para moléculas con estrés
torsional negativo o positivo, indicando que las propiedades termodinámicas y la forma
en que se distribuye la deformación torsional son independientes del signo topológico
para esta implementación del modelo WLC. Por otro lado, el estudio de la distribución
de enerǵıa en función de la complejidad en RIs que alcanzaron el 25, 50 y 75% de la
replicación del DNA demostró que, en el estado de equilibrio termodinámico, la
distribución del estrés torsional depende de la progresión de las horquillas de
replicación. Con estos resultados se puede concluir que el estrés torsional acumulado
en las regiones no replicada y ya replicada depende de sus tamaños relativos, es decir,
de cuanto ha progresado la replicación del DNA. En este sentido, nuestros resultados
confirman lo propuesto por Ullsperger et al., que la distribución de equilibrio del ∆Lk
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entre regiones no replicada y ya replicada debeŕıa aproximarse al cociente entre sus
longitudes [70].

En nuestras simulaciones numéricas, el gradiente de enerǵıa entre ambas regiones fue
significativamente alto al principio, cuando todo el esfuerzo de torsión se acumuló en una
región (no replicada o ya replicada). Una vez que se permitió la rotación de las horquillas
de replicación para lograr el equilibrio del torque, la diferencia de enerǵıa elástica entre
ambas regiones se redujo a medida que el esfuerzo de torsión migró de la región con mayor
complejidad hacia la región más relajada. La tasa de cambio del gradiente de enerǵıa
entre ambas regiones del RI fue más rápida al principio y disminuyó gradualmente a
medida que el RI se acercaba al equilibrio termodinámico. El torque neto, consecuencia
del estrés torsional local impuesto, provocó la rotación de las horquillas hasta alcanzar
la conformación de equilibrio.

Una ventaja importante del enfoque de Metrópolis MC para estudiar las propiedades
topológicas del DNA es que permite estudiar propiedades termodinámicas y
conformacionales. En particular, en lo referente a la variación de entalṕıa, Vologodskii
et al. la definieron en función de la enerǵıa elástica, cuyas componentes para nuestro
modelo fueron calculadas con las ecuaciones 2.23 y 2.25. La variación de entalṕıa
definida por Vologodskii et al. está dada como la diferencia entre la enerǵıa elástica de
una conformación en estado de equilibrio termodinámico y la enerǵıa que tendŕıa la
molécula relajada (∆Lk nulo) [81]. Para el caso de simulación de RIs que alcanzaron el
50% de replicación la enerǵıa final en el estado de equilibrio termodinámico tiende a
tener valores similares sin importar si las simulaciones partieron de diferentes
condiciones iniciales respecto a la distribución del ∆Lk. Como consecuencia directa de
esto podemos afirmar que la diferencia de enerǵıa en entre un RI relajado y uno con
estrés torsional almacenado, o la variación de entalṕıa del RI, tiende a tener valores
similares bajo la condición de que los RIs tengan la igual masa, misma proporción de
tamaño entre ambas regiones y mismo ∆Lk.

En el caso de RIs que alcanzaron el 50% de la replicación el contraste entre la enerǵıas
de equilibrio entre los casos con ∆Lk = −10 y ∆Lk = −20, confirma que a mayor
complejidad se tiene mayor enerǵıa elástica almacenada en el RI. Nuestros resultados
sugieren que para pasar a un estado de menor complejidad las topoisomerasas liberan el
exceso de enerǵıa almacenado en la molécula. Estudios experimentales llevados a cabo
por nuestro grupo demostraron que los RIs digeridos in vitro con Topo IV se relajan
completamente, dejando a los RIs relajados [1]. Por otro lado, bajo la acción in vitro de
la DNA girasa, los RIs con ∆Lk (-) debeŕıan aumentar su complejidad hasta saturarse de
cruces (-), mientras que los RIs con ∆Lk (+) debeŕıan ir perdiendo cruces (+) para luego
convertirlos en cruces (-). Sin embargo, existen evidencias experimentales que sugieren
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que la DNA girasa podŕıa desencadenar cromátidas hermanas [72]. Por otro lado se ha
demostrado que la DNA girasa es capaz de sustituir parcialmente a la Topo IV en las
estirpes termosensibles parC o parE [95][96]. Estudios previos mostraron que pequeños
cambios en la fuerza y el torque al que es sometido el DNA afectan la actividad de la DNA
girasa mejorando su capacidad de introducir superenrollamiento (-), desencadenando
cromátidas hermanas, o eliminando cruces LH (+) de superenrollamiento [97].

El método Metrópolis MC implementado en este estudio calcula la enerǵıa potencial
elástica para cada región del RI, la cual depende de la distribución de la deformación
elástica entre ambas regiones. En todos los casos en que el procedimiento de simulación
se detuvo cuando ambas regiones alcanzaron el equilibrio termodinámico, se observa
una diferencia en la enerǵıa elástica total entre la conformación inicial y final porque los
perfiles de enerǵıa presentados no incluyen otros componentes de la enerǵıa total, como
la enerǵıa cinética o la enerǵıa disipada en el medio. Tal diferencia fue más evidente
en las moléculas que acumulan más estrés torsional, (∆Lk = ±20). En el caso de las
moléculas replicadas al 75%, el tamaño de la región no replicada es significativamente
menor y el efecto que tiene la contribución de la enerǵıa de doblado se incrementa. Como
consecuencia, la enerǵıa inicial fue mayor que la de las moléculas replicadas hasta el 50%,
que a su vez fue mayor que la enerǵıa inicial de los RIs que alcanzaron sólo el 25% de
replicación del DNA. Independientemente del tamaño relativo de ambas regiones, una
vez que las conformaciones llegaron al estado de equilibrio termodinámico presentaban
valores de enerǵıa elástica similares. En el caso en que la enerǵıa elástica total final
fue mayor que la enerǵıa total inicial (Figura 4.3B) la diferencia observada se debe al
procedimiento de simulación que resulta en una conformación final que no podŕıa haberse
alcanzado a través de un proceso espontáneo. No obstante, es de interés el estudio de
las propiedades energéticas en este estado.

Para el cálculo de la enerǵıa elástica de torsión es necesario conocer el valor del ı́ndice
de superenrollamiento y nuestra implementación del algoritmo para calcular la integral
de Gauss para el Wr (ecuación 3.5) efectivamente corre en tiempo O(N2). El proceso
de cálculo de la enerǵıa elástica de torsión es el que requiere mayor tiempo
computacional debido al cálculo de la integral doble de Gauss y por esto es importante
como trabajo futuro la optimización de este algoritmo para mejorar el tiempo
computacional en el cálculo del ı́ndice de superenrollamiento. La verificación del estado
topológico de conformaciones pre-encadenadas se puede realizar fácilmente mediante la
ecuación 3.1. Sin embargo, ese algoritmo se ejecuta en tiempo computacional O(N2) y
lleva más tiempo de ejecución que el que calcula el Wr, ya que se deben recorrer dos
curvas distintas para resolver esta integral doble de Gauss. El cálculo del grado de
pre-encadenamiento utilizando un algoritmo basado en la ecuación 3.1 fue un medio de
validación del método utilizado en esta obra, el cuál consistió en proyectar las ambas
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curvas de la región ya replicada sobre un plano para contar el número de cruces entre
ellas con su respectivo signo topológico. Por este motivo, el tiempo de ejecución del
algoritmo de cálculo del número de pre-encadenamiento fue más bajo que el que utiliza
la integral de Gauss.

Los movimientos de prueba para el método Metrópolis MC implementados en este
trabajo fueron solamente las rotaciones ŕıgidas descritas en la subsección 3.3.1, y con
este movimiento ha sido posible reproducir varios fenómenos topológicos para el
modelo utilizado. Sin embargo, en estudios posteriores podŕıa implementarse un
procedimiento de simulación que agregue nuevos tipos de movimientos de prueba.
Tales movimientos de prueba pueden ser el movimiento de reptancia [81], o
movimientos de reflexión, inversión o intercambio [98].

Otra aproximación teórica para simulaciones numéricas de Intermedios de Replicación
podŕıa probarse en trabajos futuros con un modelo que incluye más grados de libertad
que los expuestos en el modelo implementado aqúı, es decir, modelos en los que se tienen
en cuenta las variaciones locales de los ángulos de torsión y los efectos del esfuerzo de
tensión. Por su parte, el estudio de los efectos de torsión aportaŕıa información sobre
las contribuciones locales del esfuerzo de torsión en cada parte de la molécula replicante
al torque neto dentro de ella.

Alternativamente, como una tarea futura, los métodos computacionales como las
simulaciones de dinámica molecular podŕıan usarse para predecir la dinámica de la
horquilla de replicación y la evolución de las moléculas simuladas a través del espacio
de fases.

A todos estos tipos de análisis podŕıa agregarse un estudio de simulación numérica
sobre el movimiento de un RI dotado de carga eléctrica a través de un campo eléctrico
dentro de un medio resistivo, es decir la movilidad electroforética. También mediante
simulación se puede realizar un estudio en el cambio conformacional y termodinámico
de los Intermediarios de Replicación bajo la acción directa de topoisomerasas.
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Conclusiones

En esta obra se utilizó un abordaje basado en simulaciones computacionales para
entender mejor la topoloǵıa del DNA durante la replicación de moléculas de DNA
circular parcialmente replicadas cuyas horquillas de replicación están detenidas tras
haber logrado replicar el 25, 50 y 75% del DNA, siendo este el primer análisis de este
tipo de moléculas realizado mediante simulación computacional. En las simulaciones
numéricas se buscó caracterizar la relación entre las propiedades conformacionales,
ligadas al intercambio entre superenrollamiento y pre-encadenamiento, y las
propiedades termodinámicas de las moléculas de DNA parcialmente replicadas. Los
resultados obtenidos demostraron que si bien la conformación de equilibrio de un
Intermediario de Replicación de DNA circular es dinámica, ya que cambia a medida
que avanzan las horquillas de replicación, el valor de su enerǵıa elástica total en el
estado de equilibrio termodinámico es independiente del tamaño relativo de las
regiones no replicada y ya replicada.

De acuerdo con los resultados obtenidos nuestras conclusiones son las siguientes.

1- Se desarrolló un modelo de moléculas de DNA circular parcialmente replicadas que
permite estudiar el intercambio de estrés torsional entre las regiones no replicada y ya
replicada mediante la rotación de ambas horquillas de replicación.

2- Se demostró que el gradiente de enerǵıa potencial elástica entre las regiones no
replicada y ya replicada de un Intermediario de Replicación de DNA circular depende
de la distribución del estrés torsional y el tamaño relativo de ambas regiones.

3- Se demostró que la distribución de equilibrio del estrés torsional entre las regiones
no replicada y ya replicada de un Intermediario de Replicación de DNA circular es
independiente del signo topológico.
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Caṕıtulo 6. Conclusiones 70

4- Se demostró que la distribución de equilibrio del estrés torsional entre las regiones no
replicada y ya replicada es independiente de la complejidad topológica del Intermediario
de Replicación de DNA circular.

5- Se confirmó que la distribución de equilibrio del estrés torsional entre las regiones no
replicada y ya replicada de un Intermediario de Replicación de DNA circular depende
de la distancia entre las horquillas y el origen de replicación, es decir, está relacionada
con el cociente entre el tamaño de ambas regiones.
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Reports, págs. 256-261.

[4] Small DNA circles as probes of DNA topology. Bates A., Noy A., Piperakis M., Harris
S., Maxwell A. 2013, Biochem. Soc. Trans. 41., págs. 565–570.
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[20] Seifert, H. Threlfall, W. A Textbook of Topology. New York : Academic Press, 1980.

[21] The bacterial chromosome and its manner of replication as seen by autoradiography.
Cairns, J. 1963, J Mol Biol, 6, págs. 208–213.
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[34] Geometry of calugareanu’s theorem. M. R. Dennis, J. H. Hannay. 2005, URL
http,//arxiv.org/abs/math-ph/0503012v2.

[35] The writhe of open and closed curves. M. A. Berger, C. Prior. 2006, UCL
Mathematics Dept. J. Phys. A, 39, págs. 8321–8348.
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[52] DNA transport by a type II topoisomerase, direct evidence for a two-gate mechanism.
J. M. Berger, S. C. Harrison, J. Roca, J. C. Wang. 1996, Proc Natl Acad Sci USA,
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286, págs. 637–643.

[75] Topological challenges to DNA replication, Conformations at the fork. Peter BJ,
Hardy CD, Cozzarelli NR, Postow L, Crisona NJ. 2001, Proc Natl Acad Sci 98 (3),
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Algorithm 1 CreadorRI
Require: L longitud de la molécula en pb, N número de vertices o segmentos del

poĺıgono, p porcentaje de replicación, d separación inicial entre las horquillas de
replicación

Ensure: Vectores de coordenadas x1, y1, z1 de cada vertice del poĺıgono r1 regular de
radio R1. Vectores x2, y2, z2 de cada vertice del poĺıgono r2 regular de radio R2.
Vectores x3, y3, z3 de cada vertice del poligono r3 regular de radio R3.
Nrep = Lp Número de segmentos de la región ya replicada
NNorep = L− Lrep Número de segmentos de la región no replicada
Lrep = Lp Longitud de la region ya replicada
LNorep = L− Lrep Longitud de la región no replicada
R1 = LNorep/2Pi Radio de la curva r1
R2 = Lrep/2Pi R3 = R2 Radio de las curvas r2 y r3
D=sqrt(R1*R1-d*d/4)+sqrt(R2*R2-d*d/4);
for i = 1 hasta NNorep do
x1(i) = R1cos[2 ∗ Pi ∗ i/NNorep]−D
y1(i) = R1sen[2 ∗ Pi ∗ i/NNorep]
z1(i) = 0

end for
for i = 1 hasta Nrep do
x2(i) = R2cos[2 ∗ Pi ∗ i/Nrep]
y2(i) = R2sen[2 ∗ Pi ∗ i/Nrep]
z2(i) = l
x3(i) = R3cos[2 ∗ Pi ∗ i/Nrep]
y3(i) = R3sen[2 ∗ Pi ∗ i/Nrep]
z3(i) = −l

end for
return r1,r2,r3

.
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A.1.2 Cálculo del Writhe

Este algoritmo calcula el ı́ndice de superenrollamiento de una curva.

Algorithm 2 Writhe
Require: N número de segmentos de la curva

Vector de coordenadas x,y,z de la curva
Ensure: Writhe Wr de la curva
Wr = 0 Inicializa a cero el valor de Wr
for i = 1 hasta N − 1 do
bi = [x(i+ 1)− x(i), y(i+ 1)− y(i), z(i+ 1)− z(i)]
for j = i+ 1 hasta N do
bj = [x(j + 1)− x(j), y(j + 1)− y(j), z(j + 1)− z(j)]
Rji = [x(j)− x(i), y(j)− y(i), y(j)− y(i)]
Mixto = ProductoV ectorialM ixto(bi, bj , Rji)
Wr = Wr + Mixto

‖Rji‖
3
2

end for
end for
Wr = −Wr

2π
return Wr

A.1.3 Rotación ŕıgida

Este algoritmo efectua la rotación de todos los puntos contenidos entre los puntos fijos
A y B en torno a un eje que pasa por ellos.

Algorithm 3 RotacionRigida
Require: I , F ı́ndice de dos puntos de la curva

Vector de coordenadas x,y,z de la curva
Ángulo aleatorio ϕ

Ensure: Vector de coordenadas x,y,z entre los ı́ndices I y F de la curva
for j = I + 1 hasta F − 1 do
P = [x(j), y(j), z(j)];
A = [x(I), y(I), z(I)]; pA = P −A;
B = [x(F ), y(F ), z(F )];
n = (B −A)/norm(B −A);
P0 = [n.(P −A)]n + cos(ϕ)[(P −A)− [n.(P −A)]n]± sin(ϕ)[n× (P −A)]
x(j) = P0(1); y(j) = P0(2); z(j) = P0(3);

end for
return x,y,z



Anexos 82

A.1.4 Rotación de dos curvas

Este algoritmo efectua la rotación entre dos curvas para representar la rotación las entre
cadenas de la región ya replicada.

Algorithm 4 RotacionHorquillas
Require: r1 , r2 vectores de coordenadas de las dos curvas

Ángulo de rotación ϕ
Ensure: Vector de coordenadas r1 , r2 de las dos curvas
PM = (r1 + r2)/2; punto medio entre las dos curvas
for j = 1 hasta n do
Phi = (j − 1) ∗ ϕ/(2 ∗ n);
I = j;
F = j + 1;
rotación de la curva r1
A = PMI ; pA = r1j −A;
B = PMF ;
n = (B −A)/norm(B −A);
r1j = [n.(r1j −A)]n + cos(Phi)[(r1j −A)− [n.(P −A)]n]± sin(Phi)[n× (r1j −A)]
rotación de la curva r2
A = PMI ; pA = r2j −A;
B = PMF ;
n = (B −A)/norm(B −A);
r2j = [n.(r2j −A)]n + cos(Phi)[(r2j −A)− [n.(P −A)]n]± sin(Phi)[n× (r2j −A)]

end for
return r1 , r2

.
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A.1.5 Verificación del diámetro efectivo

Este algoritmo verifica si dos puntos cualquiera de la curva C están a una distancia d
mayor que el diámetro efectivo defectivo.

Algorithm 5 DiametroEfectivo
Require: Vector de coordenadas x,y,z de la curva

valor del diámetro efectivo defectivo
Ensure: FALSE si no hay ninguna violación del defectivo, TRUE caso contrario.
count = 0 Inicializa a cero un contador
N = sizeOf(x);
for i = 1 hasta N − 1 do
u = (x(i+ 1)− x(i), y(i+ 1)− y(i), z(i+ 1)− z(i)) vector u
for j = i+ 1 hasta N do
v = (x(j + 1)− x(j), y(j + 1)− y(j), z(j + 1)− z(j)) vector v
w = (x(j)− x(i), y(j)− y(i), z(j)− z(i)) vector w
d = ProductoV ectorialM ixto(w,u,v)

‖ProductoV ectorial(u,v)‖ calcula la distancia entre dos rectas
l = n × ‖(x(i) − x(j)), (y(i) − y(j)), (z(i) − z(j))‖ calcula la distancia entre dos
puntos, n depende de la cantidad de segmentos y la longitud de la molécula
modelada
if d <= defectivo and l < defectivo then
count = count+ 1

end if
end for

end for
return count
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A.2 Simulación del superenrollamiento

Algorithm 6 Superenrollamiento
Require: Número de segmentos N de la curva, su de ∆Lk, cantidad Iter de

movimientos de prueba.
vectores x, y y z que describen la curva modelada
T : Temperatura absoluta; kb: Constante de Boltzmann; C: Constante de torsión; a:
Constante de doblado; L: Longitud de la cadena en pb
Min =∞ Inicializa la enerǵıa a un valor muy grande Min

for l = 1 hasta Iter do
if l = 1 then
x = Xaceptado, y = Y aceptado, z = Zaceptado

end if
I, F : ı́ndices aleatorios entre 1 y N para una rotación ŕıgida;
ϕ: ángulo aleatorio.
RotacionRigida(x, y, z, I, F, ϕ) : Rotación de los puntos entre I y F
DiametroEfectivo(x, y, z, di− ef)
Eb=EnergiaDoblado(x, y, z): El valor de la enerǵıa de doblado de la
conformación
Wr = Writhe(x, y, z): Calcula el writhe de la curva
Et = 2π2

L (∆Lk −Wr)2 : La enerǵıa de torsión de la conformación
E=Eb+Et
Prob = e− (E−Min)

kbT

∆ = PolinomioAlexander(x, y, z) : Verifica la topoloǵıa de la conformación
if ∆ 6= 1 then

E =∞
end if
if E > Min then

if Prob > ProbabilidadMinimaAceptada then
Min = E

end if
end if
if E ≤Min then
Min = E
Xaceptado = x, Y aceptado = y, Zaceptado = z,

end if
end for
return Xaceptado, Y aceptado, Zaceptado
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A.3 Simulación del pre-encadenamiento

Algorithm 7 Pre-encadenamiento: parte 1
Require: Número de segmentos N de cada curva, su PreCa, y la cantidad Iter de

movimientos de prueba. Vector de coordenadas x,y,z de una curva
Vector de coordenadas x′,y′,z′ de la otra curva
T : Temperatura absoluta; kb: Constante de Boltzman; C: Constante de rigidez de
torsión; a: Constante de rigidez de doblado; L: Longitud de cada cadena en pb
Min =∞; Min′ =∞ Inicializa las enerǵıas a un valor muy grande Min

for l = 1 hasta Iter do
if l = 1 then
x = Xaceptado, y = Y aceptado, z = Zaceptado; x′ = X ′aceptado, y′ =
Y ′aceptado, z′ = Z ′aceptado

end if
I, F , I ′, F ′ : ı́ndices aleatorios entre 1 y N para una rotación ŕıgida
ϕ; ϕ′ : ángulo aleatorio de rotación para una rotación ŕıgida
RotacionRigida(x, y, z, I, F, ϕ) : Hace la rotación ŕıgida entre los puntos de la
curva comprendido entre I y F
RotacionRigida(x′, y′, z′, I ′, F ′, ϕ′) : Hace la rotación ŕıgida entre los puntos de
la curva comprendido entre I’ y F’
DiametroEfectivo(x, y, z, di − ef): Asigna un valor alto de enerǵıa si encuentra
dos puntos con distancia menor al diámetro efectivo di-ef
DiametroEfectivo(x′, y′, z′, di− ef)
DiametroEfectivo2(x, y, z, x′, y′, z′, di − ef): Asigna un valor alto de enerǵıa si
encuentra dos puntos entre ambas curvas con distancia menor al diámetro efectivo
di-ef
Eb=EnergiaDoblado(x, y, z): Devuelve el valor de la enerǵıa de doblado total de
la conformación
Eb’=EnergiaDoblado(x′, y′, z′)
E=Eb
E’=Eb’

end for

.
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Algorithm 8 Pre-encadenamiento: parte 2
for l = 1 hasta Iteraciones do
Prob = e− (E−Min)

kbT
∆ = PolinomioAlexander(x, y, z) : Verifica el estado topológico de la
conformación
if ∆ 6= 1 then

E =∞
end if
Prob′ = e− (E’−Min′)

kbT

∆′ = PolinomioAlexander(x′, y′, z′) : Verifica el estado topológico de la
conformación
if ∆′ 6= 1 then

E’ =∞
end if
VerificaPreEncadenamiento(x, y, z, x′, y′, z′, preCa) : Devuelve enerǵıas
infinitas si las curvas tienen un pre-encadenamiento distinto de preCa, si no, no
hace nada.
if E > Min then

if Prob > ProbabilidadMinimaAceptada then
Min = E

end if
end if
if E ≤Min then
Min = E
Xaceptado = x, Y aceptado = y, Zaceptado = z,

end if
if E’ > Min′ then

if Prob′ > ProbabilidadMinimaAceptada then
Min′ = E’

end if
end if
if E’ ≤Min′ then
Min′ = E’
X ′aceptado = x′, Y ′aceptado = y′, Z ′aceptado = z′,

end if
end for
return Xaceptado, Y aceptado, Zaceptado,X ′aceptado, Y ′aceptado, Z ′aceptado
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A.4 Cambio de conformación de un RI

Este algoritmo produce el cambio de conformación de un RI, redistribuyendo el ∆Lk
entre ambas regiones del RI. .

Algorithm 9 Cambio de conformación de un RI
Require: N número de segmentos del RI sin replicar
L longitud de la molécula
p porcentaje de replicación
T número total de vueltas que realizarán las horquillas
S número total de pasos
∆Lk ı́ndice de ligamiento de la molécula

Ensure: r1, r2, r3, ERep,ENoRep.
(r1, r2, r3)=CreadorRI(N ,L,p); se crea la conformación inicial
ϕ = 2 ∗ PI ∗ T/S ángulo de rotacion de las horquillas de replicación en cada paso
for i = 1 hasta S do

(r1,ENoRep(i))=superenrollamiento(r1,∆Lk − i × T/S); aplica el método
Metrópolis MC a la región no replicada. Cambia el grado de superenrollamiento en
la región no replicada una magnitud T/S
(r2,r3,ERep(i))=pre-encadenamiento(r2,r3,preCa); aplica el método Metrópolis
MC a la región ya replicada
(r2,r3)=RotacionHorquillas(r2,r3,ϕ); gira las curvas r2 y r3 entre śı un ángulo ϕ.
Cambia el grado de pre-encadenamiento en la región ya replicada una magnitud
T/S
preCa = calculaCa(r2, r3); calcula el nuevo valor del pre-encadenamiento entre r2
y r3

end for
return r1, r2, r3, ERep,ENoRep
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ABSTRACT
DNA topology changes continuously as replication proceeds. Unwinding of the DNA duplex by heli-
cases is favored by negative supercoiling but it causes the progressive accumulation of positive super-
coiling ahead of the fork. This torsional stress must be removed for the fork to keep advancing.
Elimination of this positive torsional stress may be accomplished by topoisomerases acting solely
ahead of the fork or simultaneously in the un-replicated and replicated regions after diffusion of some
positive torsional strain from the un-replicated to the replicated regions by swivelling of the replica-
tion forks. In any case, once replication is completed fully replicated molecules are known to be heav-
ily catenated and this catenation derives from pre-catenanes formed during replication. Although
there is still controversy as to whether fork swiveling redistributes this positive torsional stress continu-
ously or only as termination approaches, the forces that cause fork rotation and the generation of pre-
catenanes are still poorly characterized. Here we used a numerical simulation, based on the worm-like
chain model and the Metropolis Monte Carlo method, to study the interchange of supercoiling and
pre-catenation in a naked circular DNA molecule of 4,440bp partially replicated in vivo and in vitro.
We propose that a dynamic gradient of torsional stress between the un-replicated and replicated
regions drives fork swiveling allowing the interchange of supercoiling and pre-catenation.
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Introduction

DNA replication represents an important topological chal-
lenge. Due to the right-handed (RH) intertwined nature of
the B-DNA double-helix, unwinding by DNA helicases causes
a compensatory overwinding of the duplex ahead of the rep-
lication fork and this overwinding leads to positive (þ) super-
coiling (Kornberg & Baker, 1992). In bacterial cells negative
(-) supercoiling facilitates the parental strands separation that
is needed for the advance of DNA replication (Funnell et al.,
1986; Marians et al., 1986; Martinez-Robles et al., 2009). The
progressive accumulation of torsional stress in the form of
(þ) supercoiling immediately ahead of the fork would pre-
vent its progression. During replication, elimination of this
(þ) supercoiling is accomplished by DNA topoisomerases act-
ing solely ahead of the fork or simultaneously in the un-
replicated and replicated regions after diffusion of the (þ)
supercoiling from the un-replicated to the replicated region
by swivelling of the replication fork. In this way the un-repli-
cated region remains always (-) supercoiled. This latter path-
way, originally proposed by Champoux and Been (Champoux
& Been, 1980), reduces the torsional stress immediately
ahead of the replication fork at the expense of generating

(þ) interwined pre-catenanes in the replicated region
(Champoux & Been, 1980; Ullsperger et al., 1995). It is
important to notice that once replication is completed, fully
replicated sister duplexes end-up (þ) intertwined (Martinez-
Robles et al., 2009; Sundin & Varshavsky, 1980, 1981).

Whether or not replication forks are able to rotate as they
advance in vivo is still a matter of controversy (Cebrian et al.,
2015; Mariezcurrena & Uhlmann, 2017; Schalbetter et al.,
2015). In any case, after DNA isolation once all proteins are
removed, in vitro the torsional stress of the un-replicated and
replicated regions of a replication intermediate (RI) must
equilibrate and this could only be accomplished by fork rota-
tion (Schvartzman et al., 2019; Schvartzman & Stasiak, 2004).
More specifically, in a free state, the system formed by both
regions of the RI reaches thermodynamic equilibrium if the
molecule is in mechanical equilibria, which in turn is
achieved when the torque is balanced in the whole mol-
ecule. Winding or unwinding of the un-replicated portion of
the plasmid applies torque to the replication forks, while
braiding or unbraiding the replicated portion of DNA also
applies torque to the forks but in the opposite direction, so
that the net torque is cancelled in the equilibrium state.
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Another consequence of mechanical equilibrium is that the
potential energy gradient between the two regions must be
null. Torsional stress generated by replisome progression
should partition ahead of and behind the fork to maintain a
balance of torque (Le et al., 2019). An important aspect to
be considered, given the particular conformation of RIs, is
the topological sign in the distribution of torsional stress
between the replicated and un-replicated regions. The
molecule represented in Figure 1A corresponds to a half-
replicated fully relaxed form. Figure 1B represents a half-
replicated molecule with (-) supercoiling in the un-replicated
region and no pre-catenation in the replicated one. This is
how half-replicated molecules would look in vivo if fork rota-
tion was prevented except at termination (Schalbetter et al.,
2015; Sundin & Varshavsky, 1980, 1981). After DNA isolation,
fork rotation would allow redistribution of the torsional strain
between the un-replicated and replicated regions. Once
equilibrium is achieved, the supercoils in the un-replicated
region would remain (-) and the sister duplexes in the repli-
cated region would wind around each other in a (-) manner,
too (Figure 1C). Note that the difussion of each (-) supercoil
crossing from the unreplicated region to the replicated one
generates two (-) pre-catenane crossings (Champoux & Been,
1980; Schvartzman & Stasiak, 2004; Ullsperger et al., 1995).

Most studies on DNA topology are performed on bacterial
circular plasmids that are closed topological domains. During
replication these small circular DNA molecules remain (-)
supercoiled. Understanding the interplay between supercoil-
ing and pre-catenation in partially replicated molecules is
hindered, though, by the fact that DNA conformation is dis-
turbed during sample preparation. On the other hand, sev-
eral studies convincingly proved that computer simulation
can give a very accurate description of the DNA properties
that are difficult to address experimentally (Martinez-Robles
et al., 2009; Rawdon et al., 2016; Vologodskii, 2011;
Vologodskii & Rybenkov, 2009; Vologodskii & Cozzarelli, 1993;

Witz & Stasiak, 2010). For all these reasons, here we used the
worm-like chain (WLC) model in combination with
Metropolis Monte Carlo (MC) numerical simulation to study
the dynamics of DNA topology in partially replicated plasmid
DNA molecules, once these RIs are isolated in vitro. In the
WLC model the DNA is represented as a chain of rigid cylin-
ders of equal length, whose conformation can be described
as a simple set of parameters: bending elasticity, torsional
rigidity and effective double-helix diameter (Racko et al.,
2017; Vologodskii, 1992; Vologodskii & Rybenkov, 2009;
Vologodskii & Cozzarelli, 1993).

The topological and energetic characterization of circular
DNA plasmids depends on the Linking number (Lk), which is
an integer that measures the winding of the two strands of
the double helix around each other and is unaffected by
changes in the conformation of the DNA, as long as these
do not involve the breakage of one or both strands. Lk is a
topological invariant established by the Calugareanu-White-
Fuller relation, Lk ¼ Wr þ Tw (Fuller, 1971), where Tw
(Twist) determines the degree of torsional deformation of
the double helix and Wr (Writhe) is a number that describes
the three-dimensional folding of the molecule (Klenin &
Langowski, 2000). The torsional stress in a topologically
closed DNA molecule can be expressed in terms of the link-
ing number difference, DLk ¼ Lk � Lk0, where Lk0 is the Lk
for relaxed DNA. The topology of partially replicated plas-
mids also depends on the pre-catenation number that
describes the interlinking between the two sister duplexes
and equals half of the signed sum of intermolecular nodes
(Sundin & Varshavsky, 1980, 1981). For replication intermedi-
ates isolated in vitro DLk should be distributed both ahead
and behind the replication fork (Peter et al., 1998;
Schvartzman et al., 2019; Schvartzman et al., 2013; Ullsperger
et al., 1995). Multiple catenated DNA duplexes result after
nicking and religation (Vologodskii & Cozzarelli, 1993;
Wasserman et al., 1988). The DLk observed is a result of the

Figure 1. Cartoons illustrating the topology of partially replicated DNA molecules. (A): Fully relaxed replication intermediate. (B): Negatively supercoiled replication
intermediate showing four (-) crossings in the un-replicated region (indicated by dots) and no pre-catenation. (C): Covalently closed replication intermediate show-
ing two (-) crossings in the un-replicated region (indicated by dots) and four (-) pre-catenane crossings (indicated by asterisks) in the replicated one. Note that the
migration of each (-) crossing from the un-replicated region to the replicated one leads to two (-) crossings. Parental DNA duplex is depicted in blue and green
whereas the sister duplexes of partially replicated molecules are depicted in blue and red and green and red, respectively, indicating that they are the natural prod-
ucts of replication where the newly synthesized strands are depicted in red.
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writhe induced by catenation. When catenated DNA mole-
cules are supercoiled their extent of supercoiling is expressed
by the effective DLk DLkeð Þ, which is defined as the differ-
ence between the actual Lk and the equilibrium linking num-
ber for the given catenated rings or knotted DNA molecule
(Burnier et al., 2008; Schvartzman et al., 2019). In the case of
RIs, the replicated region could also acquire a DLk that is
induced by the inter-duplex crossings of the sister duplexes.

To understand the conformational properties of partially
replicated DNA molecules in thermodynamic equilibrium, we
used a mathematical approach, based on numerical simula-
tions of RIs with the forks stalled at different sites before ter-
mination and without any mechanical impediment that
avoids the propagation of torsional stress between both
regions of the molecule through the replication forks (in a
free state, after deproteinization). In each case, we generated
a WLC ensemble of RIs with a certain degree of torsional
strain accumulated either ahead or behind the forks, causing
a non-vanishing torque. Replication forks were allowed to
rotate until the torque balance was achieved, changing the
distribution of the elastic energy between the replicated and
un-replicated regions in order to find the thermodynamic
equilibrium conformation using the Metropolis MC proced-
ure. Our results confirmed a dynamic interchange of torsional
stress between the two regions separated by the forks. The
equilibrium distribution of torsional stress is related to the
location of the replication forks relative to the termin-
ation sites.

Material and methods

The replication intermediate model

We modeled double-stranded DNA as a discrete worm-like
chain (Frank-Kamenetskii et al., 1985; Vologodskii &
Cozzarelli, 1993; Vologodskii et al., 1992). In this model DNA
is represented by a series of rigid segments that are cylinders
of constant length (3.4 nm) and thickness (3.0 nm), according
to the value of the DNA effective diameter, impenetrable to
each other. To model RIs using the WLC we created an un-

replicated region connected through replication forks to two
circular molecules representing the sister duplexes of the
replicated region. We modeled a circular plasmid DNA of
4440 bp where 25, 50 or 75% of the molecule has been repli-
cated. In the case of the 50% replicated molecules, the un-
replicated region as well as each nascent duplex in the repli-
cated region were composed of 200 segments (2220 bp). In
the case of 25% and 75% replicated molecules, the number
of segments in each simulated curve was proportional to the
length in bp of the simulated regions of the RI.

Figure 2 shows a half replicated molecule with DNA
strands of the un-replicated and replicated parts modeled
as a single and double coupled WLC, respectively. The un-
replicated region (in blue) is connected through replication
forks to two circular molecules representing the sister
duplexes of the replicated region (in red). Newly replicated
sister DNA duplexes could be multiply interlinked with (-)
pre-catenanes and un-replicated DNA is (-) supercoiled. The
topology of the RIs was modified by winding/unwinding
the plectonemic structure of the un-replicated region or by
braiding/unbraiding both nascent curves in the replicated
portion. The number of supercoil crossings in the un-repli-
cated region and the number of pre-catenane crossings in
the replicated one determines the DLk of the RI. The mech-
anism to model replication forks rotation is shown in the
inset of Figure 2. Red and blue dots represent the junction
between consecutive segments while black dots correspond
to the midpoints of the central axis between the red curves.
Fork swiveling was achieved through rotation of both red
curves around each other. In geometric terms, this was
accomplished by applying the rotation of the two opposite
points r0 i and r00 i (in each red curve) with respect to their
midpoint MPi: The segment r0 i �MPi�r00 i was rotated over
an angle u from its original orientation maintaining the
point MPi fixed. Depending on the direction, the rotation
resulted in braiding or unbraiding of newly replicated
curves, changing the topology of the replicated region.
Through this mechanism, both forks were able to rotate at
every step of the simulation procedure.

Figure 2. Simulation of fork rotation in partially replicated DNA molecules. Modeled replication intermediate (RI). Newly replicated sister DNA molecules multiply
interlinked with (-) pre-catenane crossings (in red) and the un-replicated supercoiled region with (-) plectonemes (in blue). The mechanism to model fork rotation
is shown in the inset figure. Opposite points of the replicated curves, r0 i and r00 i , located on each curve are rotated with respect to their midpoint MPi over the
same angle. Braiding or unbraiding of the replicated curves results from the contribution of rotations of all the pair of points of these curves. The topology of the
un-replicated region is modified only by the effect of Metropolis MC method.
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Energy fundamentals

The elastic potential energy model considered for simulated
DNA molecules included the bending elastic energy, denoted
by Eb, and the torsional energy, denoted by Et (Vologodskii
et al., 1992). Considering the WLC model, the bending
energy is given by

Eb ¼ kBTa
XN

i¼1

h2 i, iþ1, (1)

where N denotes the number of segments, hi, iþ1 is the angu-
lar displacement between two consecutive segments, i and
iþ 1, kB is the Boltzmann constant, T is the absolute tem-
perature (297 K), and a is the bending rigidity constant
(Frank-Kamenetskii et al., 1985; Vologodskii & Cozzarelli,
1993; Vologodskii et al., 1992).

The torsional energy depends on the displacement of
chain twist from its equilibrium value, DTw, and in this
model it can be expressed by the equation DTw ¼
DLk – Wr (de Vries, 2005; Fuller, 1971), where DLk is the link-
ing number difference of the simulated DNA. The value of
DLk is considered as a constant parameter at each iteration
of the simulation procedure (Vologodskii et al., 1992) and
the Wr is a function of a single space curve that is necessary
to compute after each trial move of the Metropolis MC
method. Hence, the torsional energy Et is defined as

Et ¼ 2p2C
L

DTw2 ¼ 2p2C
L

DLk�Wrð Þ2, (2)

where C is the torsion rigidity constant of the molecule
(4,50.10�19 J.bp) and L is the DNA length expressed in bp
(Vologodskii & Cozzarelli, 1993). Super-helical stress was
relaxed in the nascent chains due to the single-stranded
breaks. For this reason, the only component of the total
energy of the replicated curves was the bending energy Eb:

Simulation procedure and computational performance

Using the model described above we created three curves,
one that represents the un-replicated region and the other
two corresponding to the nascent duplexes of the replicated
region. The length of every curve was related to the percent-
age of replication that was simulated (25, 50 or 75%). The
Metropolis MC procedure was applied to find the minimum
elastic energy conformation and trial perturbations consisted
in the rotation of an arbitrary number of adjacent segments
of the WLC ensemble by a random angle around the straight
line connecting two randomly chosen fixed points (Frank-
Kamenetskii et al., 1985; Vologodskii & Cozzarelli, 1993;
Vologodskii et al., 1992). The total number of turns of the
replication forks, TotalTurns, and the total number of steps of
the simulation, TotalSteps, determined the value of the rota-
tion angle of the replication forks at every step, r ¼
2p TotalTurns

TotalSteps :
: Hence, the number of turns at every step of the

simulation procedure is given by r=2p:
For every simulation, a set of initial conformations was

created, each with a specific value of DLk distributed
between the un-replicated and replicated parts. The basic

step of the simulation procedure for the redistribution of the
DLk between the two regions of the RI was accomplished by
changing the supercoiling of the un-replicated region in a
value r=2p and rotating the replicated curves around each
other with the angle r: The algorithm was set so that the
braiding of the replicated curves caused a loss of supercoils
in the un-replicated region, and vice-versa, in order to keep
a constant value of DLk: Finally, the Metropolis MC method
was applied to the entire molecule in order to find the min-
imum elastic energy conformation in which the net torque is
vanished. This basic step was repeated to reach a selected
complexity or a specific energetic property.

Results

Simulation of the interchange of supercoiling and pre-
catenation in replicating DNA

To study the interchange of torsional strain between both
regions in half replicated DNA molecules in deproteinized
conditions in vitro, we performed numerical simulations
using the WLC model and the Metropolis MC method to ana-
lyze the elastic potential energy of 50% replicated RIs by
migrating all torsional stress from one region to the other.
First, we modeled RIs with 10 (-) supercoil crossings and
devoid of pre-catenane crossings. The parental strands in the
un-replicated region were topologically constrained due to
supercoiling, whereas in the replicated region the sister
duplexes were relaxed because swiveling of the free ends of
newly synthesized chains allows the release of any super-hel-
ical stress. This is how half-replicated molecules would look
in vivo if fork rotation was prevented except at termination
(Schalbetter et al., 2015; Sundin & Varshavsky, 1980, 1981).
Once all proteins are removed in vitro, the local torsional
stress accumulated could migrate from the un-replicated to
the replicated region and vice-versa by swiveling of the repli-
cation forks. In this way the supercoiling of the un-replicated
region could lead to intertwining of the daughter DNA
duplexes. The forks were rotated to allow the migration of
all the (-) crossings from the un-replicated region to the
replicated one. Figure 3A shows the energy shift after each
rotation as a function of the crossing numbers of the repli-
cated and un-replicated regions. It is clearly noted that the
value of elastic energy of DNA supercoiling in the un-repli-
cated region (in blue) decreased as the pre-catenation num-
ber of the replicated DNA increased (in red). The average
elastic potential energy (calculated from 10 independent sim-
ulations) of the initial conformation was 34.2 Kcal/mol,
29.6 Kcal/mol for the un-replicated region and 4.7 Kcal/mol
for the replicated portion. At the end, the elastic energy of
the un-replicated region was reduced to 4.2 Kcal/mol while
the elastic energy of the replicated region increased to
46.6 Kcal/mol. An example of the simulations performed is
shown in Supplementary Video 1.

We also modeled half-replicated RIs with 20 (-) crossings
in the replicated region and devoid of crossings in the un-
replicated region. In this case, swiveling of replication fork
induced the migration of all torsional stress to the un-repli-
cated region. The initial values of elastic energy, resulting
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from 10 independent simulations, were 2.9 and 50.2 Kcal/mol
for the un-replicated and replicated regions, respectively. The
forks were rotated to allow the migration of all the (-) cross-
ings from the replicated region to the un-replicated one.
Figure 3B shows the energy shift after each rotation as a
function of the crossing numbers of the replicated and un-
replicated regions. It is clearly noted that here the value of
elastic energy of pre-catenanes in the replicated region (in
red) decreased as supercoiling in the un-replicated region
increased (in blue). At the end, the elastic energy of the
replicated region was reduced to 12.6 Kcal/mol while the
elastic energy of the replicated region increased to 35.6 Kcal/
mol. These results confirmed that our model for a RI in vitro

was able to reproduce the migration of torsional strain from
the un-replicated to the replicated region and vice-versa. An
example of the simulations performed is shown in
Supplementary Video 2.

Equilibrium conformation of half-replicated
DNA molecules

In order to study the thermodynamic and conformational
properties of the RIs in deproteinized conditions, we consid-
ered an ensemble of WLC-generated 50% replicated RIs with
torsional strain accumulated either in the replicated or un-
replicated region. In this case, swiveling of the replication forks
allowed the migration of torsional stress until both regions
reached thermodynamic equilibrium, i.e. the conformation in
which the net torque of the molecule is vanished so the RI is in

Figure 3. Fork rotation and migration of negative torsional stress between un-
replicated and replicated regions. The topology of the RIs was modified
through fork rotation either by changing the supercoiling of the un-replicated
region or by rotating both nascent curves around each other in the replicated
portion. Elastic energy was calculated after each rotation. (A): Profile of elastic
energy corresponding to 50% replicated RIs with 10 (-) supercoil crossings in
the un-replicated region and devoid of pre-catenanes. Forks were rotated to
allow migration of all the (-) crossings from the un-replicated region to the
replicated region. (B): Half replicated molecules with 20 (-) crossings in the
replicated region and devoid of crossings in the un-replicated portion. Forks
were rotated to allow the migration of all the (-) crossings from the replicated
to the un-replicated region. Average values of elastic energy for the un-repli-
cated (blue lines) and replicated (red lines) regions correspond to 10 independ-
ent simulations.

Figure 4. Thermodynamic equilibrium of 50% replicated negatively supercoiled
DNA molecules. Swiveling of the replication fork allowed migration of torsional
stress until both regions reached thermodynamic equilibrium. (A): Distribution
of elastic energy in 50% replicated RIs with 10 (-) supercoil crossings in the un-
replicated region and devoid of pre-catenanes. (B): Half-replicated molecules
with 20 (-) supercoil crossings in the un-replicated region and devoid of pre-
catenanes. Average values of elastic energy, corresponding to 10 independent
simulations. Un-replicated (blue lines) and replicated (red lines) regions are rep-
resented as a function of the supercoil and pre-catenane crossing numbers.
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mechanical equilibria. We modeled RIs with 10 (-) supercoils in
the un-replicated region and devoid of pre-catenanes.
Swiveling of the replication forks allowed partial release of the
elastic energy accumulated in the un-replicated region to
reach thermodynamic equilibrium (Supplementary Video 3).
The elastic energy of both regions as a function of crossing
numbers is shown in Figure 4A. In the initial conformation the
values of energy were 27.2 and 4.7 Kcal/mol for the un-repli-
cated and replicated regions, respectively. At thermodynamic
equilibrium, the final value of energy was 13.7 Kcal/mol for
each region. Under this condition, partially replicated mole-
cules with supercoiling in the un-replicated region and devoid
of pre-catenanes reached thermodynamic equilibrium by
migrating half of the crossings of the un-replicated region to
form the same number of pre-catenanes. The equilibrium
conformation, resulting from 10 independent simulations,

corresponded to a RI with 5.3 (-) crossings in the un-replicated
region and 4.7 (-) pre-catenanes.

To expand this analysis, we repeated the simulation proced-
ure with half replicated RIs showing 20 (-) supercoils in the un-
replicated region and devoid of pre-catenanes. As in the previ-
ous case, swiveling of the replication fork allowed a partial
release of the torsional stress stored in the un-replicated region
to reach thermodynamic equilibrium (Supplementary Video 4).
The elastic energy of both regions as a function of crossing
numbers is shown in Figure 4B. In the initial conformation the
values of energy were 135.2 and 8.0 Kcal/mol for the un-repli-
cated and replicated regions, respectively. At thermodynamic
equilibrium the final value of potential elastic energy was
40.7 Kcal/mol for each region. Under this condition, partially
replicated molecules with supercoiling in the un-replicated
region and devoid of pre-catenanes reached thermodynamic
equilibrium by migrating almost half of the crossings of the un-
replicated region to form approximately the same number of
pre-catenanes. The conformation with null net torque of the
replication forks, resulting from 10 independent simulations,
corresponded to a RI with 11.2 (-) crossings in the un-replicated
region and 8.8 (-) pre-catenanes.

As previously mentioned, during DNA replication in vivo,
unwinding of the parental DNA double-helix by DNA heli-
cases causes a compensatory overwinding of the duplex
ahead of the replication fork and this overwinding leads to
positive (þ) supercoiling (Kornberg & Baker, 1992). In 1980,
Champoux and Been (Champoux & Been, 1980) proposed
that in addition to the action of DNA topoisomerases in the
un-replicated region, swiveling of the forks could reduce the
(þ) torsional tension accumulated immediately ahead of the
replication fork at the expense of generating (þ) interwined
pre-catenanes in the replicated region (Champoux & Been,
1980; Ullsperger et al., 1995). Therefore, to complete our ana-
lysis next we modeled RIs with 10 (þ) supercoil crossings in
the un-replicated region and devoid of pre-catenane cross-
ings. Here, the parental strands in the un-replicated region
were topologically constrained due to (þ) supercoiling.
Swiveling of the replication forks allowed partial release of
the torsional stress accumulated in the un-replicated region
to reach thermodynamic equilibrium (Supplementary Video
5). The elastic energy of both regions as a function of cross-
ing numbers is shown in Figure 5A. In the initial conform-
ation the values of energy were 25.6 and 5.7 Kcal/mol for the
un-replicated and replicated regions, respectively. At thermo-
dynamic equilibrium, the final value of energy was 11.4 Kcal/
mol for each region. Under this condition, partially replicated
molecules with (þ) supercoiling in the un-replicated region
and devoid of pre-catenanes reached thermodynamic equi-
librium by migrating half of the crossings of the un-repli-
cated region to form the same number of (þ) pre-catenanes.
The equilibrium conformation, resulting from 10 independent
simulations, corresponded to a RI with 5.4 (þ) crossings in
the un-replicated region and 4.6 (þ) pre-catenanes.

We repeated the simulation procedure with half replicated
RIs showing 20 (þ) supercoils in the un-replicated region and
devoid of pre-catenanes. As in the previous case, swiveling of
the replication fork allowed a partial release of the torsional

Figure 5. Thermodynamic equilibrium of 50% replicated positively supercoiled
DNA molecules. Braiding of the replicated chains allowed the partial relaxation
of (þ) supercoils in the un-replicated region to achieve torque balance. (A):
Distribution of elastic energy in 50% replicated RIs with 10 (þ) supercoil cross-
ings in the un-replicated region and devoid of pre-catenanes. (B): Half-repli-
cated molecules with 20 (þ) supercoil crossings in the un-replicated region and
devoid of pre-catenanes. Average values of elastic energy, corresponding to 10
independent simulations, for the un-replicated (blue lines) and replicated (red
lines) regions are represented as a function of the supercoil and pre-catenane
crossing numbers.
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strain stored in the un-replicated region to reach thermo-
dynamic equilibrium (Supplementary Video 6). The elastic
energy of both regions as a function of crossing numbers is
shown in Figure 5B. In the initial conformation the values of
energy were 120.5 and 6.2 Kcal/mol for the un-replicated and
replicated regions, respectively. At thermodynamic equilibrium
the final value of energy was 35.8 Kcal/mol for each region.
Under this condition, partially replicated molecules with (þ)
supercoiling in the un-replicated region and devoid of pre-cat-
enanes reached thermodynamic equilibrium by migrating
almost half of the crossings of the un-replicated region to form
approximately the same number of (þ) pre-catenanes. The
equilibrium conformation, resulting from 10 independent sim-
ulations, corresponded to a RI with 10.8 (þ) crossings in the
un-replicated region and 9.2 (þ) pre-catenanes.

Next we extended our analyses to show the distribution
of mechanical stress in half-replicated RIs with different num-
ber of crossings in the un-replicated and replicated regions.
In the first case, the initial conformation was a RI with 8 (-)
supercoils in the un-replicated region and 2 (-) pre-catenanes
in the replicated region. Rotation of the replication forks
allowed the migration of torsional stress to balance the tor-
que between both regions (Supplementary Video 7). The
elastic energy as a function of the crossing numbers in both
regions is shown in Figure 6A. There was a gradual loss of
crossings in the un-replicated region with a synchronized
acquisition of new intertwining between the two daughter
duplexes. The initial values of elastic energy for the un-repli-
cated and replicated regions were 21.9 and 7.7 Kcal/mol,
respectively. Fork rotation stopped when both regions
achieved the same elastic energy (12.6 Kcal/mol). The equilib-
rium conformation corresponded to a RI with of 5.1 (-) super-
coils and 4.9 (-) pre-catenanes. In the opposite situation, an
ensemble of RIs with 2 (-) crossings in the un-replicated
region and 16 (-) crossings in the replicated region, redistri-
bution of torsional stress resulted in an equilibrium conform-
ation with 5.3 (-) supercoils and 4.7 (-) pre-catenanes (Figure
6B). The initial values of energy of the un-replicated and
replicated regions were 6.7 and 24.1 Kcal/mol, respectively.
Total elastic potential energy at the equilibrium conform-
ation was 27.2 Kcal/mol, 13.6 Kcal/mol for each region
(Supplementary Video 8). These results confirmed that, for all
the initial conformations tested, rotation of the replication
forks to reach thermodynamic equilibrium allows a homoge-
neous distribution of torsional stress in 50% repli-
cated molecules.

Distribution of the elastic energy of RIs with the forks
stalled at different sites before termination

We further tested our model by probing an ensemble of RIs
with different relative sizes of replicated and un-replicated
regions. Inspired by in vivo experiments (Cebrian et al.,
2015), we analyzed the distribution of elastic energy in a
25% replicated RI with 10 (-) supercoils in the un-replicated
region and devoid of pre-catenanes. Fork rotation allowed
the migration of torsional stress to reach thermodynamic
equilibrium. The energy shift after each rotation of the forks
is shown in Figure 7A. In the initial conformation, the elastic
energy of the replicated region was 6.1 Kcal/mol and it was
increased to 12.5 Kcal/mol at the equilibrium conformation.
In the un-replicated region, there was a coordinated decline
of energy from 21.1 to 12.5 Kcal/mol. The conformation in
which the net torque is vanished, resulting from 10 inde-
pendent simulations, corresponded to a RI with 6.8 (-) cross-
ings in the un-replicated region and 3.2 (-) pre-catenanes in
the replicated part. An example of the redistribution of tor-
sional stress is shown in Supplementary Video 9.

Simulation was also used to analyze 75% replicated RIs
with 10 (-) supercoils in the un-replicated region and devoid
of crossings in the replicated region. Distribution of torsional
stress by rotation of the replication forks to achieve torque
balance occurred in such a way that most of the (-)

Figure 6. Distribution of torsional stress in 50% replicated RIs with different
levels of topological complexity in the replicated and un-replicated regions. (A):
Profiles of elastic energy corresponding to RIs with 8 (-) supercoil crossings in
the un-replicated region and 4 (-) pre-catenane crossings in the replicated
region. (B): RIs with 2 (-) supercoil crossings in the un-replicated region and 16
(-) pre-catenane crossings in the replicated portion. The replication forks were
allowed to rotate until both regions reached thermodynamic equilibrium.
Average values of elastic energy for the un-replicated (blue lines) and replicated
(red lines) regions correspond to 10 independent simulations.
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supercoils switched to (-) pre-catenanes. A profile of the elas-
tic energy in both regions is shown in Figure 7B. Fork rota-
tion stopped when both regions achieved thermodynamic
equilibrium (15.6 Kcal/mol). The equilibrium conformation,
resulting from 10 independent simulations, corresponded to
a RI with 3.5 (-) crossings in the un-replicated region and 6.5
(-) pre-catenanes in the replicated region (Supplementary
Video 10). These results demonstrated that the equilibrium
distribution of torsional stress between both regions is
related to the ratio between the sizes of both regions.

Figure 8 summarizes the initial and final conformations of
some simulated cases (see also Supplementary Table 1).
Altogether, these results showed that the equilibrium con-
formation is dynamic as it changes according to relative sizes
of the replicated and un-replicated portions of the RI. For all
the cases studied, the initial energy observed was greater
than the final one when RIs reached thermodynamic
equilibrium.

Discussion

Once replication terminates the newly synthesized sister
duplexes appear heavily intertwined (Liu et al., 2009;
Martinez-Robles et al., 2009; Schalbetter et al., 2015; Sundin
& Varshavsky, 1980, 1981). Although DNA rings may be cat-
enated in vitro (Baldi et al., 1980; Kreuzer & Cozzarelli, 1980),
it was clearly shown that in vivo catenanes derive from pre-
catenanes formed during replication (Adams et al., 1992;
Martinez-Robles et al., 2009; Peter et al., 1998; Ullsperger
et al., 1995). In turn, these pre-catenanes are formed due to
the diffusion of torsional stress from the un-replicated to the
replicated region of partially replicated molecules driven by
fork swiveling (Cebrian et al., 2015; Champoux & Been, 1980;
Ullsperger et al., 1995). By making direct torque measure-
ments it was found that in naked DNA (without nucleo-
somes), torsional stress generated by replication is
partitioned primarily behind the replisome. In contrast, in
eukaryotes, a single chromatin fiber (like the un-replicated
region) is torsionally soft and a braided fiber (like the repli-
cated chains) is torsionally stiff, meaning that the super-
helical stress on chromatin is preferentially stored in the un-
replicated region (Le et al., 2019). However, when and how
do replication forks rotate to allow the passage of torsional
stress from the un-replicated to the replicated region is still
poorly understood.

A very important aspect to be considered is the topo-
logical sign of supercoiling in the un-replicated region and
pre-catenation in the replicated one. In all the cases studied
so far in vivo, catenane’s crossings in fully replicated sister
duplexes are (þ) (Sundin & Varshavsky, 1980, 1981). As these
catenanes derive from pre-catenanes, their crossings should
be (þ) as well. We previously discussed that in vivo, pre-cat-
enation forms due to the diffusion of torsional stress from
the un-replicated to the replicated regions of partially repli-
cated molecules facilitated by fork swiveling (Cebrian et al.,
2015; Champoux & Been, 1980; Ullsperger et al., 1995).
Therefore, we must conclude that the (þ) pre-catenanes
formed in vivo derive from (þ) supercoiling that transiently

accumulate immediately ahead of progressing forks. In pro-
karyotes, topoisomerase IV (Topo IV) is � 20 times more effi-
cient eliminating (þ) than (-) crossings (Crisona et al., 2000;
Stone et al., 2003). It was also shown that bacterial plasmids
are more torsionally tensioned in the absence of Topo IV
(Cebrian et al., 2015). These observations indicate that in bac-
terial plasmids interconversion of (þ) supercoiling from the
un-replicated region and pre-catenane’s (þ) crossings occurs
continuously during replication. On the other hand, in the
budding yeast, Schalbetter and co-workers showed that fork
rotation and the formation of pre-catenanes during replica-
tion in vivo are actively inhibited by Timeless/Tof1 and Tipin/
Csm3 and only occur in hard-to-replicate contexts such as
stable protein-DNA fragile sites and termination (Schalbetter
et al., 2015). In any case, during DNA isolation once all pro-
teins are removed the replication forks of partially replicated
molecules can rotate freely and the only force driving this

Figure 7. Distribution of torsional stress in 25 and 75% replicated negatively
supercoiled DNA molecules. (A): Profiles of elastic energy as a function of the
crossing numbers corresponding to 25% replicated RI, with 10 (-) supercoils in
the un-replicated region and devoid of pre-catenanes. (B): 75% replicated RI,
with 10 (-) supercoil crossings in the un-replicated region and devoid of pre-
catenanes. Average values of elastic energy for the un-replicated (blue lines)
and replicated (red lines) correspond to 10 independent simulations.
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Figure 8. The initial and final conformations in several of the simulations tested. For a 50% replicated RI starting with 10 (-) supercoil crossings in the un-replicated
region and devoid of pre-catenanes. For a 50% replicated RI starting with 8 (-) supercoil crossings in the un-replicated region and 4 (-) pre-catenane crossings in
the replicated region. For a 25% replicated RI starting with 10 (-) supercoil crossings in the un-replicated region and devoid of pre-catenanes. And for a 75% repli-
cated RI starting with 10 (-) supercoil crossings in the un-replicated region and devoid of pre-catenanes. In all cases the simulation procedure was stopped once
thermodynamic equilibrium was achieved.
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swiveling is the energy accumulated by torsional stress in
the un-replicated and replicated regions. Taking this into
account, here we developed a worm-like chain model to
study the interchange of supercoiling and pre-catenation in
partially replicated molecules in a deproteinized condition.
Our study showed that, at thermodynamic equilibrium, tor-
sional stress distribution depends on the progression of the
replication fork, as seen for 25, 50 and 75% partially repli-
cated molecules. We observed that the torsional stress accu-
mulated in the un-replicated and replicated regions depends
on their relative sizes, i.e. the extent of replication. These
results confirmed that the equilibrium distribution of DLk
between replicated and un-replicated regions should
approximate to the ratio of their length in base pairs
(Ullsperger et al., 1995). If the forks were only allowed to
rotate as termination approaches most of the replicon would
have already been replicated. On the contrary, if forks are
allowed to swivel continuously, interchange of supercoils
and pre-catenanes would continuously change as replication
advances. This would certainly add another twist to the
dynamics of DNA replication.

To our knowledge, this is the first study of the interchange
of torsional strain between the un-replicated and replicated
regions in replicating DNA using a numerical approach. In our
numerical simulations, the energy gradient between both
regions was significantly high at the beginning, when all the
torsional stress was accumulated in one region (replicated or
un-replicated). Once rotation of the replication fork was per-
formed to achieve torque balance, the elastic energy difference
between both regions was reduced as the torsional stress
migrated from the region with higher complexity to the more
relaxed one. The rate of change of the energy gradient
between both regions of the RI was faster at the beginning
and gradually slowed down as the RI approached to thermo-
dynamic equilibrium. The imbalance in torque, as a conse-
quence of the imposed local torsional strain, could be
considered as the driving force of fork’s rotation as it regulates
the speed of the process. Here we propose that the distribution
of torsional stress between the un-replicated and replicated
regions drives fork swiveling allowing the interchange of
supercoiling and pre-catenation during DNA replication.

Our model mimics partially replicated DNA strands with
replication forks stalled at different sites before termination
in deproteinized conditions. DNA strands of replicated and
un-replicated regions were modeled as a single and double
coupled WLC, respectively, separated by swiveling forks. To
study the dynamic of the distribution of torsional strain
between the two regions separated by the forks, we found
the thermodynamic equilibrium conformation using
Metropolis MC. The data obtained revealed that the equilib-
rium conformational properties of the simulated RIs were
independent of the initial conditions or the topological sign
of supercoiling (Figures 4– 6).

The model proposed here assumes that in order to study
the exchange between supercoiling and pre-catenation, we
need to consider bending and torsional components of the
elastic energy. DNA subjected to bending energy is often
described by WLC modeling. This bending energy is faithfully

taken into by equation (1). On the other hand, simple WLC do
not explicitly include twist degrees freedom. In the worm-like
chain model, the elementary rods that form the simulated mol-
ecule of DNA usually have two degrees of freedom; bending
and twisting. Twisting degree of freedom is associated with
the rotation of one rod of the WLC respect to the next one.
Bending degree of freedom is related to the angle between
the axis of one rod respect to the axis of the adjacent rod (de
Vries, 2005; Vologodskii et al., 1992). There are different
approaches to calculate the torsional component of energy,
including the twistable worm-like chain (TWLC) (Nomidis et al.,
2019) or helical worm-like chain (Liu et al., 2011). Since we are
not interested in the local twisting dynamics, or in the un-
homogeneities of the distribution of the twist along the chain,
the integration of the local twist angles along the chain can be
used to define the torsional component of the elastic energy
(de Vries, 2005). Here we used the expression of twist energy
proposed by Vologodskii and co-workers (Vologodskii et al.,
1992) that, despite its simplicity, describes many thermo-
dynamic properties of DNA. This implementation of the WLC
model has several assumptions and approximations, i.e. the
approximation of the DNA as an isotropic elastic chain, so local
sequence-dependent variations in structure are ignored; no
consideration of supercoiling-driven structural transitions such
as the introduction of cruciforms and Z-DNA; assumption that
torsional and bending rigidity are independent; approximation
of electrostatic interactions between DNA segments by cylin-
ders whose effective diameter accounts for excluded volume
effects (Vologodskii et al., 1992). Despite of these limitations,
the simulation procedure used here reproduces physical prop-
erties of supercoiled and catenated DNA (Martinez-Robles
et al., 2009; Vologodskii & Cozzarelli, 1993; Vologodskii et al.,
1992), referring specifically to the conformational properties of
the un-replicated and replicated regions.

The Metropolis Monte Carlo method implemented in this
study finds the potential elastic energy for each portion of
the RI, which depends on the distribution of the elastic
deformation between both regions. In all cases where the
simulation procedure was stopped when both regions
reached thermodynamic equilibrium there was a difference
in total elastic energy between the initial and final conforma-
tions because the energy profiles presented do not include
other components of total energy, like the kinetic energy or
the dissipated energy. Such difference was more evident in
molecules accumulating more torsional stress, like the one
shown in Figure 4B (DLk ¼ �20). In the case of the 75%
replicated molecule (Figure 7B & Supplementary Video 10),
the size of the un-replicated region is significantly shorter
and the bending effect is greater. As a consequence, the ini-
tial energy was higher than that for 50% replicated mole-
cules, which in turn was higher than the initial energy of
25% replicated RIs. Independently of the relative size of both
regions, the final conformations had similar elastic energy
values. In the case where the final energy was greater than
the initial one (Figure 3A & Supplementary Video 1) the dif-
ference observed was due to the simulation procedure
resulting in a final conformation that could not have been
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reached through a spontaneous process. Nonetheless, it was
of interest to study the energy properties at this state, too.

Another theoretical approximation for numerical simula-
tions of replication intermediates could be tested in future
works with a model that includes more degrees of freedom
than those exposed in the model implemented here, i.e. mod-
els in which local variations of the torsion angles are taken-
into-account. Alternatively, as a future task, computational
methods such as molecular dynamics (MD) simulations could
be used to predict replication fork dynamics and the evolution
of the simulated molecules through the phase space.
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How the topology of DNA changes during replication is still poorly understood. Every
DNA molecule in a partial replication state can be modeled as two separated topological
domains, the unreplicated and the replicated region, physically connected by replication
forks. The balance of energy between these regions has a key role during DNA replication.
The topology of a DNA molecule during the replication process is regulated by enzymes
called topoisomerases, which are molecular targets for a variety of drugs like antibiotics
and anticancer drugs. The processivity of the topoisomerases depends on the conforma-
tional and energetic properties of the replicating DNA molecule. These properties of the
replication intermediates are not well characterized.

The topological and energetic characterization of circular DNA plasmids depends on
the Linking number (Lk), which is an integer that determines the total number of turns of
the double helix. Lk is a topological invariant and, according to the Calugareanu-White-
Fuller relation, Lk = Wr + Tw, where Tw (Twist) determines the degree of torsional
deformation of the double helix and Wr (Writhe) is a number that describes the three-
dimensional folding of the molecule. The topology of partially replicated plasmids also
depends on the pre-catenation number that describes the interlinking number between the
two sister chains and equals half of the signed sum of intermolecular nodes. In this work,
we performed numerical simulations to qualitatively identify the variation of energy and
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characterize the conformational equilibrium of partial replicated molecules (Replication
Intermediates, RIs). To this end, partially replicated circular DNA molecules were con-
sidered. We use the wormlike chain model, which has been probed to give a very accurate
approximation to experimental observations. The potential energy was calculated as the
sum of two elastic potentials: the first one due to the bending of the molecule and the sec-
ond one representing the twisting effects of the double helix around itself. The model used
to simulate a RI was composed of an unreplicated region connected through replication
forks to two circular molecules representing the nascent chains of the replicated region.
Newly replicated sister DNA molecules can be multiply interlinked with left-handed (LH)
precatenanes and unreplicated can be supercoiled region with right-handed (RH) plec-
tonemes. The topology of the RI was modified through fork rotation either by winding
or unwinding the plectonemic structure in the unreplicated region or by rotating both
nascent curves around each other in the replicated region. To analyze the stability of the
equilibrium conformation, the numerical simulation was performed using the Metropolis
Monte Carlo method (MMC), starting from several initial topological conformations. At
every MMC step we tested the topological invariance property imposed by the molecule
linking number. When a local equilibrium conformation was obtained, the algorithm mod-
ified the supercoiling of the unreplicated region and performed equivalent rotations of the
replication fork, inducing a modification in the precatenation of the nascent chains. As a
result, a new local equilibrium conformation was obtained with MMC in order to evaluate
its energy.

Our results confirmed that the balance of energy between the unreplicated and repli-
cated regions drives fork swiveling, allowing the interchange and redistribution of super-
coiling and precatenation during DNA replication. In addition, the final equilibrium state
of energy was asymptotically stable for all the initial topological conformations tested,
and it was robust in terms of energy perturbations introduced by the MMC method.
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