Introduccion ala
fisica de las
macromoléculas

Curso general de Biofisica 2023

Andrés Pomi



1. La macromolécula como
sistema complejo




La vision de Jeffries Wyman

“Cuando consideramos las propiedades
polifuncionales de las macromoléculas
biologicas, nos sorprende la complejidad
omnipresente que a menudo se asocia con
estos sistemas deterministas relativamente
simples”.

Transduccion (“linkage”, enlace) de
diferentes eventos, quimicos o fisicos,
en el tiempo y el espacio. Asume
diferentes caracteristicas dependiendo
si el sistema esta en equilibrio, en
estado estacionario o lejos del
equilibrio”




« Existe una “cibernética” de las macromoléculas
bioldgicas, desarrollada junto con Wyman por
Jacques Monod.

« Las macromoléculas como “demonios de
Maxwell”.

« Capacidad de armado, ensamblado, plegado.



2. Polimeros en solucion

Las macromoléculas bioldgicas son en general polimeros: cadenas
de aminoacidos que constituyen la base de las proteinas, los acidos
nucleicos...

Un area basica importante es el estudio de las propiedades de los
(bio)polimeros en solucién. Estos, al igual que las particulas
coloidales, estan sujetas a la agitacion termica por los choques de
las moléculas de solvente contra los eslabones de la cadena.

Existen diversos tratamientos tedricos de esta situacion. Uno de
ellos es ver la dinamica de la cadena como un movimiento
browniano.



a) Representacion como marcha
aleatoria

La nocion de Cadena Ideal:
desplazamientos independientes
en direcciones arbitrarias

y con el mismo maodulo

L=Na
<R>=0 mediacero

Varianza = < R%> - <R>?
<R?>= N a? esdecirque R~ N2

En cadenas suficientemente largas, con R<<L,
R se distribuye de acuerdo a funcion Gaussiana:

P(R) = N32 . exp { — (3 R?) / (2Na2)}

“cadenas Gaussianas”



b) Modelos mas realistas

« Sjse tiene en consideracion el volumen de exclusion
(excluded volume)

R ~ N3/5

gue se acerca bien a los datos experimentales



c) Consideraciones
termodinamicas

« A partir de otra vision simplificada de los polimeros en solucion, que
considera a la macromolécula como un hilo flexible elastico con
coeficiente de elasticidad a, se obtiene:

2L a
<R2>= ——
T

No importa la composicion quimica, una macromolecula larga se
enrolla en un ovillo fluctuante al aumentar la temperatura, como
consecuencia de la agitacion térmica.



Corolario 1 - Una pregunta de Jacques Monod
a Plerre Giles de Gennes

Monod de Gennes




¢, Cuantos aminoacidos debe tener una cadena polipeptidica
para que aparezca un sitio activo?

Es decir: para que sea altamente probable que el extremo final se
acergue al origen (y asi se genere una conformacion espacial
necesaria para la existencia de un sitio activo).

Noétese la importancia evolutiva de esta pregunta, ya que conlleva la
posibilidad de aparicion de actividad catalitica en biomoléculas primordiales.
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Fig. 2.3. Probability of success versus loop length. Note the
abrupt variation near n=13.



Premio Nobel de Fisiologia 1965

« Jacques Monod, Francois Jacob, Andrée Lwoff,
por regulacion génica (operon lac)




Premio Nobel de Fisica 1991

* Pierre Giles de Gennes
por sus trabajos sobre polimeros y cristales liquidos




Es una mirada ‘a la Ramsey’

La pregunta de Monod pertenece a un
tipo de problemas muy interesantes
del punto de vista epistemoldgico, que
generaron la rama de las Matematicas
conocida como Teoria de Ramsey.

Se trata de algo no intuitivo, pero muy
importante para la biologia: el hecho de
que, al aumentar la complejidad de un
sistema, hay estructuras que pasan
“necesariamente” a existir.

Franck P. Ramsey



Estructuras que forzosamente deben existir al aumentar la
complejidad

* EJj. 1-¢Cuantas cartas debo robar de un mazo para tener
forzosamente dos del mismo palo? [pigeonhole principle]

* EJ. 2 - ¢ Cuantos invitados debo tomar de los participantes de una
fiesta para que necesariamente haya o tres mutuamente conocidos,
o tres mutuamente desconocidos? (Teorema de Ramsey)

Si en un grafo completo K, coloreamos sus aristas de dos colores, siempre
encontraremos un subgrafo K; monocolor.



“Happy-end problem”

* Ej. 3 - ¢ Cuantos puntos no-colineales debo tener en un plano para que
forzosamente n de ellos formen los vértices de un poligono convexo de
n-lados?

La observacién de Eszter Klein.

Observacién. Dados 5 puntos del plano en posicidon general, siempre
hay 4 de ellos que forman un cuadrildtero convexo.

Si la envolvente convexa de los 5 puntos es un pentdgono, cualesquiera
cuatro puntos forman un cuadrildtero convexo. Si la envolvente convexa
es un cuadrildtero, sus cuatro vértices forman el cuadrildtero convexo
buscado.

C

Eszter Klein y Gyorgy Szekeres

Queda solo el caso de que la envolvente convexa sea un tridngulo
de vértices ABC, los otros dos puntos DE estardn en el interior del
tridngulo. Como no hay tres puntos en linea dos vértices del tridngulo
estdn al mismo lado de la recta DE. Esos dos vértices junto con DE
forman un cuadrilitero convexo.



Corolario 2 — Una conjetura de Max Delbrlck

Al aumentar la longitud de

la cadena de un polimero en
solucion, la probabilidad de
gue esté anudada tiende a 1
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Nudos primos
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Figure 2. Knot table depicting all prime knots with up to eight crossings. Several prime knots also have common names: e.g.. unknot (0,). trefo1l (3;).
figure eight (41). pentafoil (51), three-twist (52), and endless (7:). Red knots are alternating and blue knots are nonalternating.



La probabilidad de no estar anudada, decrece
exponencialmente con la longitud de la cadena
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FIG. 1: Probability of finding an unknot. The straight dasl



Complejidad creciente de los nudos que aparecen al
aumentar la longitud de la cadena
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3. Fluctuaciones en proteinas




a) Apertura y cierre de canales i0nicos

extracellular o0

OPEN AND SHUT UV light prompts a modified Mscl channel protein to
switch from its closed form (left) to its open form (right). Visible light
closes the channel back up. The channel is a pentamer made up of five
identical helices (each shown in a different color).



Técnica de “patch-clamp”

Bert Sakmann

(P. Nobel 1991)

‘sellado’
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Figure 4.12. (A ) Repeated voltage-clamp trials in single-channel recording mode
for Isc. (B) Ensemble average of above recordings. Figure from F. Bezanilla.



b) Cambios conformacionales y
transiciones entre estados

[Modelos alostéricos para explicar la cooperatividad]

1. Modelo de Monod-Wyman-Changeux
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El ligando fija una conformacion: la “selecciona”




2. Modelo de Koshland-Néemethy-Filmer

El ligando induce un cambio conformacional: lo “instruye”



DoS visiones:
seleccionismo vs. Instruccionismo

El debate se mapea también en otros
campos de la biologia:

 Evolucion
 Teorias neurocognitivas



c) Motores moleculares

 Marcha aleatoria 1D sobre polimeros

cargo

T
—

kinesin (two heads)

microtubule

Figure 6.1. Kinesin walking on a microtubule. Kinesin forms dimers, consisting
of two globular heads, a stretched stalk about 80 nm long, and a tail. The head and
the tail domains contain the microtubule- and the cargo-binding sites, respectively.
Microtubules are 25 nm thick and about 5-20 pm long hollow cylindrical fibers that
are formed by tubulin dimers. Microtubules are polar; there are kinesins moving
from 4+ to —, and there are kinesins designed to move the opposite way. Each
tubulin dimer 1s 8 nm long, and the kinesin moves in steps of 8 nm along the
surface of microtubules.



HAND OVER HAND INCHWORM
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Myosin V: Walking or inchworming? Predicted movement for the heads and a dye molecule label (green
dot) on the lever arm in the hand-over-hand model (left) and the inchworm model (right). The FIONA assay

has revealed that myosin V, along with kinesin and myosin VI, walks hand-over-hand.




Mecanismo: Brownian ratchets
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Figure 6.4. Particle in an idealized ratchet: a potential with large left—right asym-
metry. When potential is on, the particle moves in a directed way until it is trapped.
If potential 1s off, the particle diffuses freely in both directions. Consider the parti-
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Miscelanea: Paradoja de Parrondo

Losing strategies can win
by Parrondo’s paradox

In a game of chess, pieces can sometimes be
sacrificed in order to win the overall game.
Similarly, engineers know that two unstable
systems, if combined in the right way, can
paradoxically become stable. But can two
losing gambling games be set up such that,
when they are played one after the other,
they becoming winning? The answer is yes.
This is a striking new result in game theory
called Parrondo’s paradox, after its discov-
erer, Juan Parrondo'?. Here we model this
behaviour as a flashing ratchet’, in which

a
1 Capital is Capital is not
P “Py divisible by M divisible by M
win lose
Py J-p5
Coin 1
win lose  win losa
Coin 2 Coin 3
b
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winning results if play alternates randomly
between two games.

There are actually many ways to con-
struct such gamhbling scenarios, the sim-
plest of which uses three biased coins (Fig.
la). Game A consists of tossing a biased
coin (coin 1) that has a probability (p,) of
winning of less than half, so it is a losing
game. Let p;=1/2—¢, where e the bias,
can be any small number, say 0.005.

Game B (Fig. la) consists of playing
with two biased coins. The rule is that we
play coin 2 if our capital is a multiple of an
integer M and play coin 3 if it is not. The
value of M is not important, but for sim-
plicity let us say that M=23. This means
that, on average, coin 3 would be played a

Figure 1 Game mules and simulation. a, An example of two
games, consisting of only three biased coins, which demonsirate
Parrondo’s paradox, where . & and g, are the probabilities. of
winning for the individual coins. For game A, if e=0.005 and
P=12—¢ then it is a losing game. For game B, i
A=110—¢, py=3/4— e and M=23 then we end up with coin
3 more often than coin 2. But coin 3 has a poor probability of win-
ning, 50 B is a losing game. The paradox is that playing games A
and B in any sequence leads to a win. b, The progress of playing
games A and B individually and when switching between them.
The simulation was performed by playing game A twice and game
B twice, and so on, until 100 games were played; this is indicated
by the fine labelled "Periodic”. Randomiy switched games result in
the line labelled ‘Random’. The results were averaged from
50,000 frials with e=0.005.
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spilling over a higher tooth.

The flat slope is like game A, where the
bias € is like the steepness of the slope. Game
B is like the sawtooth slope, where the differ-
ence between coin 2 and coin 3 is like the
asymmetry in the tooth shape. In the
brownian ratchet case, there are two types of
slope, with falling particles, but when they
are switched the particles go uphill. Simi-
larly, two of Parrondo’s games have declin-
ing capital that increases if the games are
switched or alternated. The games can be
thought of as being a discrete ratchet and are
known collectively as a parrondian ratchet.

Game theory is linked to various disci-
plines such as economics and social dynam-
ics, so the development of parrondian-like
strategies may be useful, for example for
modelling cases in which declining birth and
death processes combine in a beneficial way.
Gregory P. Harmer, Derek Abbott
Centre for Biomedical Engineering,

Department of Electronic and Electrical
Engineering. University of Adelaide,
Adelaide, 54 5005, Australia

e-mail: dabbott@eleceng adelaide.edu.au
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Teoria de Juegos en Biologia
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La Evolucion como un juego

Evolution
and the
Theory of
Games

NIV VR b e 3 Ty

The Logic of Animal Conflict

J. MAYNARD SMITH
oot of Mgt S, | sy of W

. 95

jugadores racionales irracionales

Maynard Smith
(1920-2004)

heredadas
(fenotipos)

muestreo aleatorio
de una poblacion

capacidad
resultados utilidad reproductiva
(fitness)

estrategias elegibles

interaccion todos a la vez



d) Busquedas aleatorias

« Unidn de proteinas reguladoras al DNA

Riggs et al. (1970) mostraron que el represor Lac de E. coli encuentra
Su sitio de union aproximadamente cien veces mas rapido de lo
esperado por la difusion 3D.

Modelo con alternancia de
difusion 3D — 1D
(Berg y von Hippel, 1981),

+ dos conformaciones de N, SNy
la proteina. o D



4. Nudos del DNA

Figure 6 The three DNA configurations labelled A, B and Z. A-DNA occurs as a dehydrated form
of DNA, the A-form is also the preferred conformation of RNA. Z-DNA can occur at stretches
of alternating G and C bases and may be important for controlling replication. By far the most

important physiological conformation is B-DNA (1: 6-8; 58).



re 1 Left: DNA knot. Electron microscope image
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Figure 18 Various DNA knots created by topoisomerase I from a nicked ring DNA of unkno
topology (11). Right: Different mobility of various DNA knots in gel electrophoresis. The mor

complex topologies are faster (12).



TopoisOmeros

The gel demonstrates that it is possible to separate genetically identical DNA molecules
that differ in their topologies.
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Figure 1.13. Gel Electrophoretic Separation of DNA Knots. High resolution agarose gel
displaying topoisomers of a 5.4 kb plasmid. (Nicked monomer is topologically
equivalent to the unknot 0, .)



Teoria de nudos
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Vaughan F. R. Jones
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Busqueda de invariantes de nudos. Polinomios



Mas maquinas moleculares:

las Topoisomerasas

cleave + pass

¥
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cleave + pass cleave + rotate *
N =1 +1

TypelB Alk=+l-n

Type Il ALK =+/-2

Relaxed DNA C )

Figure 1 Activities of topoisomerases. The superhelicity of DNA can be altered by topoi-
somerases through three different mechanisms. Type IA topos (vellow box, left) pass one
strand of a melted duplex DNA through the second strand. mncreasmg DNA's linking num-
ber (Lk) 1n steps of +1. Type IB topos (blue box. center) cleave one strand of a duplex and
allow rotation of the duplex around the remaining strand. changing the linking number by
either a positive or negative integral number of turns. Type II topos (green box, right) pass
one duplex DNA through another duplex. changing the linking number 1n steps of +—2.



Ciore subdomiain [l

Figure 2 | Molecular medels for the passage of one DNA strand or double helix through another by different
subfamilies of DNA topoisomerasas. a | Tvpe |A topoizomerazes. On transient breskage of 2 DA strand [blue Bing), the
5" and of the broken OMA strand is covalantly attached to the active-site tyrosyl group fred circle) in the 'lid” of tha anzyme,
and the 3" end iz noncovalently bound to the 'base’ of the eneyme. Lifting the lid away from the base opens a gate in the
DMA for the passage of another strand (green circle). The location of the sacond strand, eithar before or after its passage
through the DNA gate, is langaly unknown. Once the second strand has entered the cantral cavity of the ereyme, it must exit
tha cavity, after the rejoining of the brokan strand, without passing through the rejoined DMA strand™!" . b | Typa IB amzymas.
The covalent intermediate botwioan 2 22-basa-pair DA fragment and a typa IB DNA topoisomerasa is shown, The 37 and of
tha broken DA scissile strand is covalenily inked to tha active-sita tyrosyl group [Y) of the ereyme [red circle). For clarity, a
portion of the areyme is sactioned off to reveal the antire DMA fragment. The ereymea-ganarated nick divides the DNA
fragmeant into two sagments: the ONA sagmeant to the left of the nick is fightly held by the eresyme, but interaction batwesn
tha anzyme and the OMNA sagmant to tha right of tha nick i mostly ionic, so it parmits rotation of tha DNA segment to tha
right of the mick relativa to the protein. Tha llusiration is based on the crystal structures of several complaxes that are formed
batwean DNA and human DA topoisomerase | (REF 3). This DMA-rotation mechanizm allows multiple strand-passage
avents for each strand breakage—majoining cycle'™. ¢ | Tvpe 1A anzymes. The protain stnucture shown is based on structures
of the ATPasza domain of E. colf GyrB protein'® and a fragment of yaast DMA topoisomerase || containing the domains that
ara required for OMA breakage and rejoining'. The G-sagment — the double-stranded DMA segment that contains the
arzyme-mediated DNA gate — s dapicted a5 a blue rod. The DMA T-segment being passed through the G-segment is
dapicted as a green od. The asterisks rapresant the ATP-binding sites. Reproduced with pamission from Matura'? & (1 996)
Macmillan Magazines Ltd. Sea REFS 9 and 12 for further details.



e Sigue siendo una interrogante el rol de los
nudos en el ADN, en |la dinamica de |a
macromolécula, y su importancia en la lectura
de la informacion genética.
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