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» Calibragem de simulacdes de sistemas
Hamiltonianos




Metodos experimentais utilizados
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Fig. 1. Single-molecule force measuring experiments by using AFM (a) and
laser tweezers (b). In the AFM experiment (a), the sample is moved at a
constant speed vrelative to the cantilever with spring constant k. The position
z; = vt + 8z; of the cantilever tip with respect to the sample is recorded, where
dz; is the displacement of the cantilever tip. From repeated measurements of
z;, the free energy profile Gg(z) of the unperturbed system can be determined
exactly (o).
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Caracterizando sistemas
termodinamicos
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Figure 2. Thermodynamic systems characterized accord-
Ing to thelr typlcal length scales and energy diss/pation
rates. The two systems set off by boxes have been used to
test fluctuation theorems and the Jarzynskl equality as de-
scribed In the text.




Parametros de controle

» Comprimento |
x da molecula V\i’\"l e

» Forca F sobre '

Figure 3. Control parameters for a stretched polymer. (a) The end-to-
end diszance X Is the fixed control parameter. In experiments, one can
a e S fe ra n a vary X by moving the walls. When X Is the control parameter, the
force acting on a bead that attaches the polymer to the wall Is a fluc-
. tuating variable. (b) Here the polymer Is fixed at one wall and the
t d d control parameter |s the force acting on a bead anached 1o the poly-
e X re I I I I a e mer at Its free end. Experimentally, one can fix that force by using a
magnetic bead with magnetic moment equal to x and applying a unl-
form external magnetlc fleld gradlent a8, /az. By changing the value of
the gradlent, one controls the force F acting on the bead. For a flxed
F, the polymer's extenslon Is a fluctuating varlable. In general, the re-
latlon between force and extension for a small system whose re-
sponse Is not linear will depend on which varlable Is the control pa-
rameter and which Is allowed to fluctuate. (Adapted from ref. 17.)
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Manipulando moléculas de modo
controlado: esquematica
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Figure 4. Testing the Jarzynski equality. A molecule of RNA
Is attached to two beads and sub‘ect 10 reversible and Ir-
reversible cycles of folding and .mfolclng A plezoelectric
actuator controls the position of the bottom bead, which,
when moved, stretches the KNA. An optical trap formed by
two opposing lasers captures the top bead, and the change
In momentum of [ight that exits the two-beam trap deter-
mines the force exerted on the molecule connecting the two
beads. The difference In positions of the bottom and top
beads glives the end-to-end length of the molecule. The
blowup shows how the RNA molecule (green) Is coupled
with the two beads via molecular handles (blue). The han-
dles end In chemical %roups (red) that can be stuck to com-
plementary groups (yellow) on the bead. The blowup s not
to scale: The dlameter of the beads Is around 3000 nm,
much greater than the 20-nm length of the RNA.

Carles Bustamante, Jan Liphardt, and Felix Ritort
July 2005 Physics Today 43




Na realidade...

» As dimensoes sao
bem menores ”

*
Laser /
lrap 'Handle

Les,

Y RNA

, molecule

.

\c'u..tnr
bhead
Actuator
Figure 4. Testing the Jarzynsk: eq . A molecule of RNA

Is attached to rwo beads and sub-ect 10 reversible and Ir-
reversible cycles of folding and .u‘folclng A plezoelectric
actuator controls the position of the bottom bead, which,
when moved, stretches the KNA. An optical trap formed by
two opposing lasers captures the top bead, and the change
In momentum of [ight that exits the two-beam trap deter-
mines the force exerted on the molecule connecting the two
beads. The dlfference In positions of the bottom and 1o0p
beads glives the end-to-end length of the molecule. The
blowup shows how the RNA molecule (green) Is coupled
with the two beads via molecular handles (blue). The han-
dles end In chemical %roups (red) that can be stuck to com-
plementary groups (yellow) on the bead. The blowup s not
to scale: The dlameter of the beads Is around 3000 nm,
much greater than the 20-nm length of the RNA.
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Maguinas moleculares em outros
contextos

Figure 1. Nonequilibrium small systems. (a) In th's scanning electron microscope Image of an ntegrated synthetic actuator,
the central metal-plate rotor Is antached to a multiwalled carbon nanotube (MWNT) that acts as a support shaft. Electrical
comact to the rotor plate Is made via the MWNT and Its anchor pads. A synchronlzed electrostatic force can Induce rotary
motion about the axis of the MWNT. (Adapted from ref, 16.) (b) This anist’s rend/tion, based on crystallographlic studles,
shows a kinesin motor walking along a microtubule In a2 hand-over-hand (blue reglons) fashlon to carry organelles and other
cargo from one part of the cell to another. Every step of the motor Involves the hydrolytic conversion of chemical energy
from adenos/netriphosphate Into mechanical work. The reactlon cycle is completed with the release of the hydrolysis prod-
uct, adenosined phosphate (ADP). tach of the motor's hands Is about 5 nm long.

Carles Bustamante, Jan Liphardt, and Felix Ritort
July 2005 Physics Today 43



Medindo a forca

» Area azul representa o
trabalho realizado sobre

a maguina no processo:
estendido 2 dobrado
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Figure 1| Force-extension curves. The stochastiaty of the unfolding and
redolding process is characterized by a distribution of unfolding or refolding
work trapectories. Five unfolding (orange) and relolding (blae) forae—
extension curves for the RNA hairpin are shown (loading rate of 75 pNs ).
The blue area under the curve represents the work returned to the machine
s the molecuke switches from the unfolded to the folded state. The RNA
soquence is shawn as an inset,

Verification of the Crooks fluctuation theorem and
recovery of RNA folding free energies

D. Collin**, F. Ritort™, C. Jarzynski’, S. B. Smith®, |. Tinoco Jr* & C. Bustamante**

Vol 437 8 September 2005 doin10.1038/ nature04061



Derivando o trabalho microscopico

» Trabalho é obtido por integracao dos valores
medidos da forca

» Valores do trabalho podem entao ser usados
para obtermos AF via CFT ou JE




Valores do trabalho medidos

\‘.

W segue distribuicao de probabilidades e
pode “violar” a segunda Lei da Termodinamica

C. Jarzynski
Eur. Phys. J. B 64, 331-340 (2008)




Simulacoées nao-lineares
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Teste para caso de W nao-

gaussiano

Verification of the Crooks fluctuation theorem and
recovery of RNA folding free energies

D. Collin*, F. Ritort™, C. Jarzynski’, S. B. Smith®, |. Tinoco Jr” & C. Bustamante**

Vol 437 8 September 2005/ dei10.1038/ nature04061
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Figure 3  Free-energy recovery and test of the CET for non-gaussian work
distributions. Experiments were carried out on the wild-type and mutant
S15 three-helix junction without Mg™ ", Unfolding (continuous lines) and
refolding (dashed lines) work distributions. Statistics: 900 pulls and two
molecales (wikd type, purple); 1,200 pulls and five molecules (mutant type,
orange). Crossings between distributions are indicated by black arcles.
Work histograms were found 1o be reprixlucible amaong different molecules
{error bars indicating the range of variability). Inses, test of the CFT for the
mutant, Data bave been linearly interpolated between contiguous bins of the
unfolding and refolding work distributions.



AF via CFT
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Verification of the Crooks fluctuation theorem and
recovery of RNA folding free energies

D. Collin’*, F. Ritort™, C. Jarzynski®, S. B. Smith®, I. Tinoco Jr* & C. Bustamante**
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Figure 4 | Use of CFT to extract the stabilizing contribution of Mg™* to the
froe energy of the S15 three-helix junction (wild type). Unfolding
{continuous lines) and refolding (dashed lmes] work distributions. Green
curves, 450 pulls and two maolecules in Mg s purple carves, 900 pulls and
two molecules without Mg* . Crossings between distributions are indicated
by black circles. Work histograms are reproducble between the molecules
(error bars indicating the range of varzability ), Inset, the same histograms in
logarithmic scale (axes labels as for the main panel) showing (vertical black
bars) the regions of work values where unfolding and refolding dastributions
are expected to cross each other by Bennett’s acceptance ratio method
(Supplementary Information ).




Teoremas de Flutuacao

» Crooks Fluctuation Theorem - CFT

» CFT conecta as probabilidades de trajetorias diretas (estado
inicial de Eq. A temperatura T) e suas “reversas’ no espaco de
fases de sistemas isolados ou em contato com termostato (T)
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Trabalho mais usual de forca de
vinculo
» Neste caso escrevemos

W = A— dt + / Xadt.




Trabalho mais usual de forca de
vinculo
» Neste caso escrevemos

- T LOH ’
W = — it - Xadt.
! [ )\3/\ at [ X e dt

» O 1°termo é da forma F dx usual

» Mesma demonstracao que o anterior




Demonstrando CFT

» Sistema é reversivel temporalmente

N

Consider a classical system with N degrees of freedom, described by coordinates q =

(gt,...,q~) and conjugate momenta p = (p1,...,pn). and let z = (q, p) denote a point zg

in its phase space. We will be interested in the evolution of this system, in the presence of '\ /
an externally controlled. time-dependent foree X:. In this section we model this evolution
using Hamilton’s equations, assuming a time-dependent Hamiltonian of the form e

H(z; X.) = Hy(2) - X.a(z). (3) q

Here a is the coordinate conjugate to the external foree X, and the ‘bare’ Hamiltonian Hy ' / ' \\
denotes the energy of the svstem in the absence of this force. For simplicity, we further R R
assume that H is time-reversal-invariant for any fixed value of the external force, that is, \

H(z"; X) = H(z X), (4) AN //
where the asterisk denotes a reversal of momenta, p — —p.

Figure 1. Schematic depiction of a forward trajectory 4* and its conjugate twin
~®. The two are related by a reversal of moments and the direction of time,

fe 2t =2f for0<t <.

Jordan Horowitz! and Christopher JarzynskiZ
Online at stacks.iop.org/JSTAT /2007 /P11002
doi:10.1088/1742-5468 /2007 /11 /P11002




CFT

» Estados iniciais de equilibrio direto/reverso

P2k = 700 exp[—BH (25 A)] || P = o exp[—8H (2% B))

s B
|
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CFT

» Estados iniciais de equilibrio direto/reverso

pcf(“'g) — Z(A) CXp[—BH(Z'g; A) ‘I Pa(zy) = Z(B) exp|—8H(z; B)

;s A
LY

» Trabalho externo

W _/ X()H = /J\adt H(z: X, ) — H(2p; Xo)

Jordan Horowitz! and Chrlstopher Jarzynskl
On]lnc at stacks.i iop. fISTAT/ JP11002
d0i:10.1088/1742-5 b 210 11/ P 1( )2




CFT

» Estados iniciais de equilibrio direto/reverso

PR(E) = 5oy pl-BH(F: A) ‘I P = o expl-BH (a0 B)

, B
LY

» Trabalho externo

W = / X o dt = / Xadt = H(2: X;) — H(2; Xo)
0 0

0X

Jordan HOI'OWItZ and Chrlstopher Jarzynskl
() ] .st') ks iop. fISTAT/ JP11002
1( 10 f1742-5 b z)o 11/ P 1( 2




CFT

» Criamos um protocolo para o trabalho
externo feito sobre o sistema X,

» “Forca generalizada”

XF = Ato XF =B
R ~F
XP = XF,

» “Ponto de fases”

H(2"; X)=H(2z X),

where the asterisk denotes a reversal of momenta, p — —p




Medidas nos espacos de trajetorias

» Medida de probabilidade para cada trajetoria
é definida pelo ensemble de pontos no
espaco de fases

F _ J3.F _ AN AN
dvy" = dz; = dVqod” pg

» O mesmo para as trajetorias reversas
dy? = dz2f

Jordan Horowitz! and Christopher Jarzynski?
Omnline at stacks.iop.org/JSTAT /2007 /P11002




Probabilidades das trajetorias

» Portanto:
- _ 1 , |
Pelr"] = 151(e5) = 575 oxpl—BH (51 A)
1
» Onde Z(X) = /d: o—BH (2:X)

P



Probabilidades das trajetorias

» Portanto:

- _ 1 , |
Pelr] = (%) = 5 exp[-BH (S A)
1
» Onde Z(X) :/(I:O—dll(::.\')
» Assim:
P ["«'F] - v R F.a
FUY | _ —BAF BH(z5:B)—H(zf:A)




Probabilidades das trajetorias

» Portanto:
- 1 , |
Pe[y"] = pi(20) = mﬁ‘xp[—-’jH(?«g: A)l
1

» Onde Z(X) = /d:o‘*’”(“-")

» Assim:
Pe[yF] AP lE (R -

[ 1 _ o—BAF BH(2:B)—H(2§:A)

Pr[y"]




E finalmente...

» CFT
Belr] _ oSW—AF) PE ( """’_). _ SW-AF)
Frl7"] pr(—W)
» Integrando em Yy,
temos JE
(e AW = ¢~ 9AF Wg=W - AF

|

Trabalho dissipativo
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termodinamica
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Ligacao com 2° Lei da
termodinamica
» Processo quase estatico a temperatura T :
dF = dW > W = AF
» Processo irreversivel - trabalho dissipado:
<W> > AF

» Igualdade de Jarzynski
AF = <W> - 12 B<(W?2 - <W>2)> + ...
» Equivale a forma acima da 2°¢ Lei




Modelo mecanico estocastico

» Particula submetida
a temperatura T,
ligada a origem e a
outra mola puxada
seguindo um
protocolo temporal
A

» Trabalho externo é
realizado pela forca
de vinculo




Termodinamica do modelo

» Energia-livre F e funcao de particao Z podem
ser calculadas diretamente

A few thermodynamic properties for our system can
be obtained directly from the equilibrium partition

function Z = [ 5% o~ AN where G M(z,p) =

1 » J) 'y Y . . - N -
5 (" + k2t -k (2 - I.,I'). We find F = (.“‘,,}’ e —
¥, m - <

e 2 3 T l' i N — | :' ™ .0" |. ™m \, ' —
1 ln( hy/ ,.L_.) O = m( V= b l, and £ =
e LS ‘ ) : LS A . . - .

T + {K—':) 5. where T corresponds to the Kinetic
and elastic energy contributions around equilibrium {via
equipartition theorem 2 x 7/2). The second term on the

RHS is the rest-energy of two springs, k and &', of zero
length, connected serially with total extension L.




Sistema estocastico & protocolo

» Equacao de Langevin com ruido branco

mi —vyv—kz—-k'(z-L)+n.

L Ly Ifl —e ! \;

» Protocolo L(t)
» Ruido transformado por Laplace




Funcao Geratriz para Trabalho
(FGT)

» Expressao para o trabalho

r v il
W, = ] F.-,gdl.:—»':’[ dt — (z(t) — L(t))
) Lyt

, T, dL{t)
- 5(.:'4] dt - 2(t),
_’. dt




Funcao Geratriz para Trabalho
(FGT)

» Expressao para o trabalho

r v i
W, = ] F.-,gdl.z—»':'/ dt —~ (z{t) — L(t))
: Ju dt
v dl‘:!l
= AU - ! it "‘I‘t‘.
A L-[ { 2t (L,

» Definindo a FGT

- I . A%
|—tu,

Flu) =exp{—iuW.} =) W,




Tomando tempos infinitos

» Faremos o limite t 2 o

» Usando o método de funcoes de Green
podemos obter as contribuicdes a tempo
infinito para o trabalho
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Tomando tempos infinitos

» Faremos o limite t 2> o

» Usando o método de funcdes de Green
podemos obter as contribuicoes a tempo

infinito para o trabalho

Flu) = {(F(u)) AW = —om 12

— X I._”:'II :‘Ar. - A"t.r - AV'.. . A“."‘:“:l.
n.

where # = ~/m, and w* = (k +k")/m.



FGT - expressao

Flu) = (Fw(u)) = exp{-iuRi —u"Ra}

where
B LY KL
Ry = '). a 29 (w? _l.. AN
- m 'k.u T AT '\)
R"v — ": L‘r’ { A“ A } T.

2”3-& [‘\12' - \ —— ]




JE via FGT

» Para isso devemos tomar o limite u - -i/T

. o\ i "2 y
Flu (AU 1 Lok " w?
Flu) = expl - + g e— ~
I 2mw'T (55 + § +w?)

k.."l‘;‘: 1_'7 e "%}
2T I]J" + '_: -+ .a"“)

KL KL} O\ AF
=P\ Tok=rr) TP\ T )




JE via FGT

» Para isso devemos tomar o limite u - -i/T

’ -\ " ..2 9
q-ll 3 :A ["‘ ’ l IJH‘k ! '
J\u, = expyi — T :
v ’ ES '..,l,¢ f__l_ ._. .o.
7 2mwT (55 + 1 +w?)

KL {3k + 4} )

—

2T (3 + § + o)

(WL} KU\ [ AF
=P\ T Tok=rr) TP\ T )
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Verificando a JE




Distribuicao de probabilidades
para o trabalho

p{“': = j %}'{u: e..:t.".'.

P



Distribuicao de probabilidades
para o trabalho

p(W) = d—f}'ru gt
x (W —Ry) R TICEs =
(W) = J=—exp{—- L
p x R'} p{ 'IRJ } R, — Q‘i I*{**;}J]T.




Distribuicao de probabilidades
para o trabalho

Permite violagado da 22 Lei se k'L, << T
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» Verifica JE independente da escala de tempo A
» Resultados exatos

» Estendendo para tempos finitos

» Modelos nao lineares: FGT?
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