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SI Text

In SI Text we analyze in further detail several aspects of the
paper regarding theory and experiments. Concerning the theory
we study in detail a dynamical model describing the experiments
reported in the main text. This model is then used to shed light
on several aspects of the discussion in the main text. In SI Text,
section S1 we introduce the model in the symmetric case. In ST
Text, section S2 we prove that x, and x_ are independent quan-
tities in our model, which is a central result in our discussion. In S7
Text, section S3 we do the same for W, and W_. These conclusions
are supported by a statistical analysis of the experimental data. In
SI Text, sections S4 and S5 we comment on the definition and
meaning of the hydrodynamic parameters of our model. One of
these parameters is y,, which was used in estimating the missing
contribution to the total dissipation when using the wrong work
definition W’. We also recall how to measure these parameters
from equilibrium experiments and present measurements on dif-
ferent DNA tethers. In SI Text, section S6 we discuss free-energy
inference in asymmetric setups and in SI Text, section S7 we
present measurements at lower pulling speeds. These measure-
ments show that correct work measurement is important even at
low irreversibility conditions.

$1. A Model for the Experimental Setup

We consider a model for the experimental dual-trap setup shown
in Fig. S1. In this setup two focused laser beams form two optical
traps, which allow us to manipulate a dumbbell formed by two
trapped beads coupled through a molecular tether. The model is
one dimensional: The dynamics take place along the direction of
the tether, the y axis in Fig. S1. Should the tether not be oriented
in the plane perpendicular to the direction of the laser beams,
the analysis is more involved as detailed in ref. 1. In this section
we assume the two traps are identical and harmonic, so that the
total potential energy reads

k k
Uror(v4,yB) =§y§+§(yA =2+ Un(ya —y5).- [S1]

A more general discussion, taking into account asymmetric set-
ups, is deferred to section S6. Note that we choose the center
of trap B (left trap) as the origin of our reference frame and
that 4 is the position of trap A relative to trap B. A dynamical
model for our system can be obtained using Langevin equations
subject to a total potential as defined in Eq. S1,

y=—EVUror(V4,y8,4) + M, [s2]

wherey = (V4,¥5), V= (9}, 9y;), N = (114, 1) is a vector formed by
the noise terms affecting the two beads, and g is the mobility
tensor. We assume the noise to be § correlated in time and the
fluctuation—dissipation theorem to be fulfilled,

(ni(s)m; (1)) =KpTu;;8(t ~s), [S3]

i.e., that the covariance of the noise is proportional to the mobility
u. In the above expression Kg is the Boltzmann constant and
T the absolute temperature. In the vector Eq. S2 the mobility is
a tensor or matrix. Its diagonal terms describe the friction affect-
ing the motion of the beads, whereas the off-diagonal terms de-
scribe hydrodynamic interactions between the beads:
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0= ( y;{i (VA»YB)
g4 (V4 YB)

The validity of Eq. S3 for hydrodynamic fluctuations in a pull-
ing experiment is a standard assumption, and it is a necessary
hypothesis in the derivation of fluctuation relations (FRs) such
as Jarzynski equality or the Crooks fluctuation relation. The
analysis of this equation is greatly simplified by the following
two features, which can be easily matched in our experimen-
tal setup:

r;% (YAJB) ) .
Y V4YB)

e The setup is fully symmetric, meaning not only k4 = kg but also
ry = rg, Where ry4, rp are the bead radii.

e The hydrodynamic coefficients y, I between the beads do not
significantly change in the force range of a pulling experiment.
In SI Text, section S4 we show that this condition is met for
tethered molecules ranging from 20 nm to 1 pm in contour length
to a 10% accuracy.

This guarantees that the mobility matrix is symmetric and

constant:
-1 —1
_ r
K= (1}1—1 y—l ) .

Under these conditions, the transformation x; = (y4 +yp)/2,x_ =
Y4 —yB, decouples the potential into two separate terms,

Uror(x-,x4;4) = U~ (x;4) + U™ (x4 2).
Moreover, the symmetry requirements cited above have the follow-

ing two important consequences:

o It diagonalizes the mobility tensor y in the form

-1
H= 0 -1 )
Y-
e It diagonalizes the noise covariance; i.e., it gives rise to two

statistically independent noise contributions, 7, and n_, which
separately affect the new coordinates x, and x_:

(n4(s)n_(2)) =0. [S4]

In the main text we have shown how the partition functions
for x_ and x, decouple. From previous equations one can eas-
ily see that the full right-left symmetry of the setup guaran-
tees that also the equations of motion for x* and x~ decouple
completely:

(s (). (1)) =KgTy, 8(t—s),

yiXT=—0.U" (x;’, /1,) +nt [S5]

y X, ==0-U" (xl_, /It) +n; . [S6]

S2. The Differential X_ and Center-Of-Mass X, Coordinates
Are Statistically Independent

The factorization of the partition function (Eq. 8 in the main text)
plays an important role in the derivation of our results. For sym-
metric systems such factorization is directly related to the sta-
tistical independence of the center-of-mass and differential co-
ordinates. Here we experimentally check this factorization by
showing how we can generally describe the state of our system,
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using a decomposition of the measured forces into two statistically
independent coordinates. For linear systems such decomposition
is always possible whereas for general nonlinear systems such
decomposition is possible only in the symmetric case. Imagine
that the equilibrium distribution of our system is dictated by
a Hamiltonian depending on two coordinates: U(y,4, yg), which
takes the form U, (x;) + U_(x_) for a general transformation,
X_=x_(y4,yp) and x; =x,(v4, yp). In this situation, x, and x_ are
statistically independent,

P(xy|x-) =P(x;) xexp(—pUs (x1)), [S7]
and in particular have zero covariance:

e = (). [S8]

A further consequence of this decomposition of the Hamiltonian
is the factorization of the partition function discussed in the main
text. For simplicity we consider forces instead of distances, as our
instrument directly measures forces. The independence of the
coordinates x, and x_ directly translates into the independence
of the corresponding forces:

fr==0Uy(xy), fo=—0U_(x_). [S9]

Indeed,

(f)= [ drsdsfif = [anfie [ et
= (fe){f-):

We use the covariance as a measure of linear dependence and a
Pearson’s y” test as a measure of dependence in general. The 7
test is described in SI Text, section S3. The transformations we use
to uncouple the 2 df are rotations of the form

[S10]

f?=cos(¢)fa +sin(p)fs [S11]

f? = —sin(¢)fa +cos()fs. [S12]
We present measurements of equilibrium force fluctuations ob-
tained using different tethers. In Fig. S2 we describe measure-
ments performed on 1-kb dsDNA tethers stretched at 2 pN.
Experiments were performed using PBS buffer (pH 7.5), 1 M
NaCl at 25 °C just as in the pulling experiments described in
the main text. The force of 2 pN was chosen to fall in the range
explored in the pulling experiments. The first set of measure-
ments was performed using symmetric traps k4 ~ kg ~ 0.02 pN/nm.
The second set of experiments was performed w1th asymmetric
traps, k4 = 0.012 pN/nm, kg = 0.003 pN/nm. In both cases it is
possible to find a coordinate system such that the two coordi-
nates are independent and in both cases this coordinate system is
obtained by a rotation of the vector (f4, ) (Fig. S2 A and C).
The difference is that in the symmetric case the new variables
correspond to the center-of-mass and differential coordinates as
discussed in the main text (Fig. S2B), whereas they have a differ-
ent definition (i.e., they are not generated by a z /4 rotation) in
the asymmetric case (Fig. S2D). In Fig. S3 we report similar
measurements performed on a DNA hairpin (the sequence is the
same as reported in the main text) in a symmetric setup. Equilib-
rium traces were acquired at different forces. From Top to Bottom
in Fig. S3 we can see the hairpin is (i) completely folded, (i)
preferentially folded, (i) preferentially unfolded, and (iv) com-
pletely unfolded. Force fluctuations are clearly non-Gaussian,
a characteristic of nonlinear two-state systems. Again, for the
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symmetric setup, our data show that the center-of-mass (x.) and
differential (x_) coordinates are independent. We note that in
the more general nonlinear case and for asymmetric setups no
independent coordinates can be defined.

$3. The Differential Work W_ and W, Are Statistically
Independent

An immediate consequence of the decoupling of the equations of
motion is the independence of W, and W_:

|/ =/0,1Ui(xi,/l)jdt.

Now, because W* depends only on x* and W~ depends only on
x~, we can conclude that the two quantities are independent. Of
course this result holds under specific assumptions and is, in the
end, just a property of the model. From the experimental point of
view one can test the independence of W* and W~ by statistical
analysis, studying their linear (Pearson) correlations or using a
Pearson’s y* test for dependence. The first method is sensitive
to linear correlation between two observables, whereas the second,
more stringent test, is sensitive to generic correlations. The y? test
goes as follows: To test the independence of two random variables
(4, B) from a finite number of measurements we first define the
empirical marginals, i.e., separate histograms of the two variables:

lNé A; € |aj,a;
esz ( N[J J+1)) [S13]

S°N6(Bi € [b;, by
o= ( N[’ “1))_ [S14]

Here 6(x € C) is 1 if x belongs to the set C and is 0 otherwise.
We then compare the actual 2D histogram, e; to the product
of the marginal,

[S15]

2
Z ek; - ekel

] efer

with ey =3";6(4; € [0, a;) )3(B; € [bk, by+i)) /N. The value ob-
tained through Eq. S15 is then compared with the > dlstrlbutlon
The two variables are considered independent if the y* value
satisfies the 5% significance test. The results of the two statistical
tests are reported in Tables S1 and S2. Tables S1 and S2 com-
pare the results of the tests performed on the pair W, W’ or on
the pair W,, W_, for the forward, the reverse, and the cyclic
protocols. In each case three different pulling speeds are consid-
ered. Table S1 and Table S2 refer to two different dumbbells,
respectively. In most cases the pair W, W’ shows higher covari-
ance than the pair W,, W_. Moreover, the 2 test detects depen-
dence between W, W but not between W, W_ (in the y* column 1
denotes a positive test for dependence and 0 a negative test).

S4. Direct Measurement of the Hydrodynamic Parameters

In the main text we have already shown how, in a symmetric setup,
by switching to the coordinate system defined by the center-of-
mass and differential coordinates x,, x_, the potential decouples
into two terms:

[S16]

N k
Utor(%s,x_) =k(x+ _E) + 0 — )+ Upn(x.).

When considering equilibrium fluctuations at constant trap-to-
trap distance A, a linear approximation of U,, in Eq. S16 may
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be used. The energy has a minimum at x, = 4/2, x_=x". The
value of x° is defined by

or Utor = 0. [S17]

Here x°

? is the (mechanical) equilibrium distance between the
centers of the beads. The position of the minimum and the de-
rivative of the potential at the minimum depend on the trap-to-
trap distance, so that x° is a function of A. In this approximation

the equations of motion in Eq. S5 become

y e =2k (x+ - %) +n,, [S18]
(K .
y_X_=-— §+km (e =x2) +n_. [S19]

In particular, y, is the friction affecting the center of mass of the
dumbbell, whereas y_ affects the dynamics of the differential co-
ordinate. After Batchelor (3), we set

-1 _ 4! -1

ri=t—s— 1o =2(y7'-1).

[S20]

In brief, y is the hydrodynamic friction coefficient for a single
bead, whereas I' is the intensity of hydrodynamic interactions
between the two beads. It is important to bear in mind that in
principle y and I' depend on the differential coordinate x_. This
dependence is negligible in pulling experiments that induce a
small change in x_, but it becomes clear and measurable if x_
is changed to a larger extent, e.g., using molecules of different
contour length. The equilibrium probabilities generated by [S18]
and [S19] are given by Boltzmann’s distribution,

1 2\ 2

Oeqlx4) = 7z exp| —pk (x+ - E) s [S21]
+

Peg(x_) =Ziexp (—ﬂk +42k’" (x_ —xﬂ)z) 7 [S22]

with Z,, Z_ normalization factors. The variance of equilibrium
fluctuations in x, and x_ is connected to the elastic properties of
traps and tether by

» _KsT
T2k

o2 = 2KgT
T k+ 2k,

c [S23]

Information about the hydrodynamic interactions can be obtained
from the time-dependent correlation functions of x, and x_,

Ci(t)= < <X+(t) —%> <x+(0) _%) >

C-0=((0-2) -0 -) ),

[S24]

[S25]

which characterizes the decay of fluctuations and allows us to dis-
tinguish the presence of different contributions to the total var-
iance. The computation of the correlation functions yields

e~kri't
PCL(1) = [S26]
De—(k+2ky)r't
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where f = (KgT)™'. From Eqs. S24 and S25 the correlation
function at time 0 equals the variances given in Eq. S23:

Ci(0)=c%, C_(0)=0".

=0y,

[S28]

The hydrodynamic parameters can be retrieved from the corre-
lation functions, as the stiffnesses, «, k,,,, are known from Eq. S23,

1 1 1d

yTT @ )| (5291
1 1 2 d

7T R 2k, i )| 1530

where we used Egs. S20, S26, and S27. As discussed in the main
text, . is needed to correct the error committed by using the
force measured in the trap at rest in the Jarzynski equality (Egs.
17 and 18 in the main text).

S5. A Closer Look at Hydrodynamic Interactions

In the previous section we have shown how the analysis of thermal
fluctuations in a dual-trap setup allows the measurement of the
two scalar parameters entering into the hydrodynamics: ~ and
!, The sum of the two parameters can be obtained through Eq.
S29 from the time correlation function for x,, Eq. S26. The
difference is instead obtained by a similar analysis on the decay
rate of C_(f). Up to now we have neglected the dependence of
the hydrodynamic parameters on the relative distance between
the two beads. This is justified provided this relative distance
does not change too much in the pulling experiment. Conversely,
changing the contour length of the molecule by an order of
magnitude leads to a larger and detectable change in the hy-
drodynamic parameters. This offers the possibility of testing our
measurements against the theoretical prediction obtained using
the Stokes equation and expressed as a power series in the re-
duced distance p = {x_)/r;, with r, the radius of the beads and {x_)
the mean of the differential coordinate. (Note that {x_) > 23, and
thus p > 2). The two quantities can be computed to arbitrary pre-
cision, taking the first two terms of the series expansion reported in
ref. 4:

+o(p-6)) [s31]

= 1 15
Y 1 ~——(1- N4
6711y 4p

o 1 31 7
e (2/) 5+00 )). [s32]
We measured fluctuations using dsDNA tethers of four different
contour lengths: 8 pm (24 kbp), 1 pm (3 kbp), 300 nm (1.2 kbp),
and 20 nm (58 bp). For each tether fluctuations were measured
at different forces. The different lengths of the tethers used in
the experiments are such that p assumes values from above 6
down to 2.03, near the minimum value 2 taken when the beads
are in contact: Hydrodynamic interactions are monitored from
the far-field regime (p >> 2) to the lubrication limit (p ~ 2). The
experimental data for y and I' can be confronted with predic-
tions, Egs. S31 and S32, without free parameters as the buffer
viscosity and the bead radius are known.

This comparison is shown in Fig. S4, Left, where the plot com-
pares the measured values for y~! and '™ with Egs. $31 and S32
(solid lines). For every tether we assumed a single value of p and
averaged values obtained at different forces. In the force range
relevant for pulling experiments, changes in y~' and I'"! were be-
low 10%. Theory and data agree, within the error bars, for the
longer tethers. The data for the shortest tether show a deviation
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from expression [S31] and probably more terms of the expansion
would be needed. Nevertheless in this case the parameters are
very close to the contact value, p = 2, y~'(2)/y " (c0) = T '(2)/
7 '(00) = 0.775. The precision of these measurements is limited,
in our case, by the error with which the radius of the bead is
known. One can reduce the dependence of the measured value
on the size of the bead by using the ratio between the two pa-
rameters, which does not depend on 7, if not through the defi-
nition of p. The results are shown in Fig. S4, Right, where the
measured data are compared with those obtained from un-
tethered beads. This allows us to conclude that, at least in our
conditions and within our experimental resolution, the friction
and/or hydrodynamic effect due to the presence of a polymer
between the beads is not distinguishable. In particular, knowing
the value of y, allows an estimation of the systematic error on
unidirectional free-energy estimates from single-molecule pull-
ing experiments based on wrong work definitions, as detailed in
the main text.

S6. Free-Energy Inference in Asymmetric Setups
In the case of asymmetric setups P(W) and P(W’) do not have
such a simple relationship as in the presence of symmetry. In
this case a successful inference cannot be based on the FR
alone: Some additional, system-specific, information must be
provided. We focus on asymmetric systems in the Gaussian
approximation and use pulling experiments on dsDNA in an
asymmetric setup to test our predictions. Is it still possible to
infer the full dissipation from partial work measurements?
The answer is positive if we are given some equilibrium in-
formation on the system. In this case it is enough to know the
trap and molecular stiffnesses kg, k4, k,,, i.€., equilibrium
properties of the system. However, why does direct inference
fail in the asymmetric case? When discussing symmetric sys-
tems we have shown that P(W) and P(W’) are related by a
simple shift:

PW)=P' (W -A). [S33]
Only the mean of the probability distribution had to be
changed, as the variance of the two distributions is the same.
In that case imposing the validity of the Crooks fluctuation
relation (CFR) for P(W) yields the unique value of A to be
used in the reconstruction. This is not true anymore in asym-
metric systems. Here both the mean and the variance of the
work distribution must be changed, which can be achieved by
convolution,

P(W)sz=P'*N(4 %), [S34]
where * denotes the convolution operator and A'(A, X) is a nor-
mal distribution with mean A and SD X. Starting from any dis-
tribution P'(W”) there are infinitely many choices of A and X that
yield a P(W), s satisfying the fluctuations theorem. Indeed, let
us suppose the pair A*, £* is such that

Pys (W)=P*N(A",5) [S35]

satisfies the CFR. Then it is easy to check that P VN erery

will satisfy the FR for any ¢ (# = 1/KgT as always). In Fig. S5 we
show the effect of the convolution of P'(W’) with different
Gaussian distributions. In the rightmost column of that plot we
highlight three different pairs for which the convolved distribu-
tion satisfies the CFR. In this situation the inference cannot rest
on the CFR alone, and additional information about the system
is needed. In the general scheme of a Gaussian approximation,
inference of P(W) is still possible. In the next subsections we
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show that P(W) and P'(W") are related by an asymmetry factor
(AF) given by

2 2 _
AF(kA,km,kB)= Oy — Oy _14km(kA kB)

T =) Bhalks + 2y 526

where 8 = 1/KgT. The AF is an equilibrium quantity: It depends
only on the stiffnesses of traps and tether. Knowing the AF
allows us to select the unique pair (A, X) such that AF = 3%/A
and that P, x(W) satisfies the fluctuation symmetry. These (A, X)
allow the reconstruction of P(W) and thus allow us to measure
free-energy differences or even dynamical quantities like y,. The
behavior of the AF factor as a function of x = kz/k4 and y = k,,./k4
is shown in Fig. S6A.

$6.1. Pulling Experiments in Linear Systems. Free-energy inference
in asymmetric setups is not as straightforward as it is in symmetric
setups. To recover the full dissipation from partial work mea-
surements we must complement these nonequilibrium measure-
ments with some equilibrium information about the system. In
this section we consider a Gaussian approximation for asymmetric
setups that, as shown in Fig. 6 in the main text, agrees quite well
with the experimental results. The Gaussian case is modeled by
linear asymmetric systems, a class of statistical models for which
inference is possible without symmetry restrictions. This amounts
to choosing U, (x) = (1/2)k.x? in Eq. S1 so that the total po-
tential reads

ka

> [S37]

k kg
U(ya,ys,4) =%(YB -ya)? +7)’§ + 2 (A=ya)".
To simplify the following discussion we now switch to a vector
notation. From now on we denote X”(¢) as the vector containing
the positions of the traps (remember that B is the reference trap
at rest with respect to water whereas trap A moves),
X' (1) = (4, 0), [S38]
and y as the vector of bead positions: y = (4, y). In this vector
notation the potential can be written in its normal form as

1 — 1
Uy, X (1) =5 (y=y") -k(y=y") + 5 keir’, [S39]
where k is the stiffness tensor,
= (katkn —kn .
k= ( kg +km)’ [S401
ket is the effective stiffness of the dumbbell as a whole,
kakgky,
keit = — S41
o = et ®) [S41]

and y is the vector whose components are the equilibrium posi-
tions of the beads,

o, kekn Kk
Y= <A det(®) " det ) W)'

During a pulling experiment the trap-to-trap distance will be
changed at a constant speed, v:

[S42]

A=A +V1. [S43]
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As a consequence the equilibrium positions of the beads will
change in time:

yO (I) = (/1() +Vv

kBkm kAkm

det(K) (Ao +vt), det(K) (Ao +vt)>. [S44]
During a pulling experiment the free energy of the system changes
in time. FRs can be used to determine the free-energy change in
the system from the distribution of the work performed on the
system. As discussed in the main text, the correct definition of
the work in such an experiment depends on the way in which
the traps are moved. Work is identified as the time derivative
of the total potential U:

W=—v / ka(a(s) —X] (s))ds
0

[S45]

Any different definition of work does not yield reliable free-energy
differences. An alternative work definition can be based on the
force measured in the trap at rest (B),

[S46]

W'=v / kg (ve(s) — Xz (s))ds,
0

a choice made by many experimentalists. Is it possible to infer the
distribution of W from the distribution of W’ and thus to reliably
measure free-energy differences? The answer to this is worked
out in detail below.

$6.2. W and W’ As Gaussian Random Variables. To answer the
questions posed in the previous section we need to study the
distributions of W and W'. In this linear model y4 and yp are
Gaussian random variables, so that W and W, being linear in y,4
and yp, are themselves Gaussian random variables too. The dis-
tribution of a Gaussian random variable is determined by its
mean and variance. The computation of the mean and vari-
ance of the work requires the solution of a system of linear
differential equations that can be obtained from the Markov
generator for the joint process (y, W) or equivalently from the
corresponding Fokker—Planck equation. Here by y we denote
the usual vector contamlng the positions of the beads whereas
W= fé fa(s)ds,v fo f5(s)ds). We use the vector W from which the
random variables W, W are obtained as

W=W,, W =-Wpg [S47]
Just as we did when discussing the measurement of hydrodynamic
parameters, we use Langevin equations to describe the dynamics of
our system,

y=-mk(y=y’) +n, [S48]
where 7 is the mobility tensor, describing both friction and hy-
drodynamic interactions,

-1 -l
—_ (7 r
g (F‘l 7! ) ’
and # is a white noise compatlble with the fluctuation—dissipation

theorem; i.e., (nn,)=2p""u5(t—s). In this setting the Markov
generator L for the process (y, W) is given by

[S49]

Lf(y’ W) = (_ﬁE(y _yO) -Vy +ﬁ_1/7' VyVy

‘| [S50]
—vko (y=X") - Vi )f (v, W),
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where
[S51]

We recall that the Markov generator is the infinitesimal evolution
operator in the sense that

S{r60.W0)) = (L0, W0) )

2
ot [S52]
where (), denotes the average conditioned to initial condition (y, 0).
Applying the Markov generator to y, (y — (y),) ® (y — (y)»), W,
(W - (W),) ® (W — (W),) and then taking the average [i®]
denotes the tensor J such that Jk=(i-k)j], we obtain the equa-

tions of motion for (y),, ay = <(y—<y>y) ® (y—(Y>y)>y’ (W),, C=
((W=(W),) ® (y={3),)),» and o3 =( (W—(W),) @ (W—(W),)),,

d _
S, ==k ( (), =y'0)) [853]
o2 osym (gike +2 [S54]
dt Y Y| #0y B
d T T
W), =—ko (), -X" () [855]
d—
ECz—,ukC -0, kp [S56]
d_,
St =2, [S57]

where Sym(-) in [S54] is the operator that gives the symmetric
part of its argument. These equations are explicitly derived in S
Text, section S6.5 and solved in SI Text, section S6.6, and we now
comment on the results.

The calculations reported in the next sections show that, after
neglecting transients,

t

(W(t))=—v / ko (y'(s) - X ())ds+ka 7K kpX v
0
[S58]
and
— __1 __1_
kpk” 7'k k
72, =2 K X TD2y [S59]

B

The first term on the right-hand side of [S58] is the integral:

vkp (/ -('(s) - XT(s))ds> .

0

[S60]

The difference kp(y'(s) — X" (s)) gives the equilibrium force in
each trap at time s; this is just the force that would be obtained
at the corresponding trap-to-trap distance 4 if the pulling were
carrled out reversibly. The two components of the vector
kp ( fo Y=XT(s s))ds) are of course equal in size but different
in sign:
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vkp (/ ~(¥°(s) —XT(s))ds) = (V/frev(s)ds7 —v/frev(s)ds).
0 0

0
[Se1]

The above expression is then just the reversible work,

1
Wrev =keff (/10‘}[ + §V2t2) s [S62]

where we used Egs. S39 and S43. The second term in [S58] is the
dominant nonequilibrium contribution (by the way, this is the only
term that is linear in time), which arises from the finite pulling
speed of the protocol. A key element in this dissipation term is
ﬁ:EDE_I;TlE_]RD =p' 'p. [S63]
To give some insight into the physical meaning of this quantity we
note that p transforms the trap position vector X” into the equi-
librium position vector y°:
¥y =px". [S64]
This dissipation term stems from friction (7~!), the relevant velocity

being that of the equilibrium positions of the beads. The same ele-
ment Q appears in the variance. Now, coming to W and W’ we have

(W) =Wiey +Quav’t [S65]
2 25 2
iy = 5 v’ [S661]
(W) = Wrey — Quapv’t [S67]
2 25 2
oy = E Qppv°t. [S68]

Based on these expressions we introduce the asymmetry factor:

2 2
AF=_0W =%

— [S69]
w)-w)
This quantity relates the distribution of W to W’ based on equilib-
rium information. The AF does not depend either on the pulling
speed, which is evident from Eqs. S65-S68, or on the hydrodynamic
parameters. An explicit computation gives

=1 M_ [S70]
B ka(kp +2ky)

$6.3. The AF Can Be Measured from Equilibrium Force Traces. The AF

can be directly measured from the equilibrium force traces. The

equilibrium distribution for bead positions follows the Boltzmann

distribution with respect to the potential in Eq. S39; i.e.,

- B T
P(y)=Z"exp (—5 (y-y')- k(y—yo)) [S71]
According to such distribution the variance of y is
var(y) =7k [S72]

Moreover, because forces and bead positions are linearly related,
f=kp(y—X"), we have
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pvar(f) =FDE_1ED

B 1 K2 (kg +kn)  kakpkn
* kakp +kmka +knkp \  kakgky  K3(ka+ky) )’
[S73]
where p = (KgT)™'. Using this formula we get
kq=pvar(f),  +pvar(f) 45 [S74]
kp=pvar(f)zs + pvar(f) . [S75]
o =gl s [S76]

B det(var(f))

These formulas assume that the dynamics of the dumbbell are strictly
one dimensional and take place in the optical plane, i.e., that plane
perpendicular to the optical axis. If this is not the case, this simplified
treatment is not valid anymore and out-of-plane fluctuations must
be taken into account. A discussion of these effects can be found
in ref. 1. Once k4, kg, and k,,, are known, the AF can be easily
computed by Eq. S70. The present method for measuring rigidities
from equilibrium force traces was applied and discussed in detail,
in a totally different context, in ref. 2. We used it in this study to
extract the values of k4, kg, and k,,, for the asymmetric setup.

5$6.4. Derivation of the Expression for the AF. The AF, as given in Eq.
S70, can be obtained once the elements of Q are known. We
start from the definition of Q,

Q=p'u'p, [S77]
where
_ 1= 1 kA(kB-l-km) kgkp,
p=k 'k g( kakw  kp(ka+h) )’ [578]

with & = k kg + kik,, + kgk,,. Here it is useful to switch to a
representation in which z~! is diagonal. This can be achieved
with a n/4 rotation:

= 1/1 -1
R_7§<1 1). [879]
Using R we can write
O=p"RR'7'RR'p, [S80]

where, as in SI Text, section S1, ﬁTﬁ‘lﬁ is diagonal. The non-
trivial contribution that must still be computed is

—_, =sT_ 1 kA(kB +2km) kB(kA +2km)
pP=Rp=—x
V2€E —kakp kpka [S81]
1 (A B)
“V2e\-c ¢)
We can thus conclude that
o55(n o) (e o)
262\B C -y C y_C
2 2 2 [S82]
_ 1 [(rnA+rC yAB—y C
282\ y,AB—y_C* y, B +y.C* |
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By definition we have

2Qu4-Qp 2A-B 1 4op(ka—kp)

S83
Tt Qm B A Bhatkst k) OO

$6.5. Derivation of the Equations. To derive the equations of motion
[S53]-[S57] we must apply the Markov generator to the proper
quantities, recalling that

d

G 6O.We)) =(Liy0.W@)) . 184]

We start by deriving Eq. S53. In this case we have that only the
first term in the generator Eq. S50 contributes as the second and
third terms involve higher derivatives or derivatives with respect
to W. We conclude that

L 1y(0), = (Ly0), =7k((0), —'0).  138s]

In the same way we can derive the equation for 5, 2, it is useful to

recall that

< (y - <y>y) ® (y - <y>y) >y =(y®y),—¥),®(y),,  [S86]

so that

%63% (y®y), - Z( )y ® (¥)y- [S87]

We work out the two terms of the right-hand side of [S87] sep-
arately, starting from the first:

(LO®Y),=((Fk(y=1")- Vs +/77- %,V )y@y) . [588]

The third term in the generator was neglected because it in-
volves a derivative with respect to W. Acting with the deriva-
tives on y ® y), gives

(Ly®y),=—(7k(y-y") ®y) - (v& (y-¥)) (FF)T>y+ 25"
=—2Sym (<ﬁE( (y—y’) ®y) >y) +267 '
[S89]

The second term in [S87] is just a time derivative, which can be
worked out because of [S85]:

%<y>y ® (v), =7k ( (), =¥") ® ), )~ ((9), ® (), =¥")) (#K)"

=-2sym (k( (), -¥") ®v) ).
[S90]

An explicit result for the time derivative of Ey2
taking the difference of [S89] and [S90]:

7 =2sm(( () ey))
-k (), —y') @ ),)) +257'7
=—2Sym(<uk (Yy®Yy)), ﬂk( >®<Y>y>)+2ﬁ71/7
=—2$ym(/7 Ey> +257 5.

is obtained by

[S91]
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In the second step above we used the fact that
<((y—y0) ®Y) >y= (y®y), - (y“ ® <Y>y)

whereas

(0, -y")@m,)= (o) e0),)- (Ve un),)

Following the order of Eqs. S53-S57 we should now compute the
average of W. This is again a simple matter, as the computation
proceeds almost exactly as in the case of (y),, with the only dif-
ference that now only the last term in Eq. S50 for the generator
matters. The result is

d _
5 W), =vkp (<y>y 'Y (t)) . [S92]
In the case of C, the cross-correlation of y and W involves some
additional computations. The function C is linear in both W and
y so that only the first and third terms in the generator contribute.
The time derivative of C=(W —(W),) ® (y - (y)y) again yields two
pieces, as in the case of [S87], and we proceed in a similar way:

% =({LW®Y)), 5,<W>y®<y>y~ [S93]

Again we compute the two parts separately:

(LW®Y)),=(-(We [@#k(y-y")) + (ko (y-X")) ®Y)),
=(-k(W® (y=y")) +v((y-X") ®y)kn)
[S94]
and
d
W), @ (3), =~k (W), ® (), - )_) o951
(@, -y") &), )ko.
Taking the difference of these two terms and using
(We (y-3)), = (Wey), - (W), ®)")
and
(W), 8 (), -y)) = (W), m),) - (W), ey").
it is possible to conclude that
d— _
i —ﬁk< (W— <W>y> ® (y— <y>y) >y
+ < (y - <y>y) ® (y - <Y>y) >yED [596]
= —,L_lK + VE?ED .
The only equation left to derive is that for 5%, = (W=(W),)®

(W—(W),)),. This computation involves only the last term in the
generator:

Hr-m)o(v-m)) -uvvow,
~Z (W), @ wW),).
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(LWOW)),=v(kp(W® (y—X")) +

As usual we evaluate the two terms separately and put them to-
gether as a second step:

((y=X") @W)kp),, [S98]

[S99]
i
The last equation of motion is thus
s =i (=190 (W-))
wr((W-wy,) @ (y-))) ko [S100]

= +2Sym(vkpC).

$6.6. Solution of the Equations. In the previous section we in-
troduced an average operation (-), without specifying with re-
spect to which measure the average is taken. In this section we
suppose that the initial probability distribution for the process is
p(y, 0) =8(y —y), a deterministic initial condition. The work is by
definition equal to 0 at # = 0, again a deterministic initial con-
dition, and the same is true for the different variances and co-
variances because of the initial conditions. The initial conditions
for the equations of motion will then be

[S101]

All of the equations we have to solve are linear equations that
can be solved either by variation of constants or by direct in-
tegration. The first equation, that for (y),, is a case for variation
of constants:

(¥(0)),=y
_ [S102]
% (y), =—nk (<Y>y -y (t))
The solution is
(y(0)), =™ (y+ / e”“y“(s)ds) : [S103]
0

as it can be directly checked. We recall the definition of y°(¢),

Y ()= (i vt — Ktk (Ao +v1),

det (k)

In the following it is useful to write y’(f) = w + &, where

kakm kpky,
= 29 =251 g, —B5m ),
4 <° det(k) """ det(K) °>

oo (v Kk sk
U det(®) " det(k) )

In terms of these quantities [S103] reads

™ (Ao +w)> [S104]

[S105]

[S106]
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t
(1), =e™ <y+ / ﬁkew(wa)ds). [S107]
0
Integrating by parts we get
t
(y(1)), =™ (y + / ike™ (i + §t)d5>
0
t
= K <y+e’7k(y/+§s)‘; - / e’ﬂs.’jds>
0
[S108]

= T (4 i) =) '] )

e (y+ e (yr -+ 1) - (k) (= 1)¢)

(¢ 0—w)+ w+e) = (k) (1-e7)¢)
= ey —y)+y'(0) - (k) (1-eT)e.

The average (W), is given by

t

[S109]

The equation for the variance > requires some more attention,
and we first prove a useful identity: Let 4 and B be symmetric
matrices. The product AB is not in general symmetric:

(AB)" =BA.

As a consequence the exponential of AB, ¢'Z, is not symmetric.
We want now to prove that

(A71eB) = (41eB) = eBAgt, [S110]

Using the definition of the matrix exponential we have
© (4B k

Al =471 Z(i)#rl +B+BAB+ ...
= k!

-1 > (BA)i -1 BA 4-1
=(14+BA+BABA+ ...)A =ZTA i

[S111]
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Similarly one can prove

(4e'®) = (4e*)" =P A. [s112]
These results will prove useful in solving the equation for 02 We
first solve

5,(0)=0
d_ [S113]

~5= 2k—2 2H
dth UKO, + B

and then prove that the solution of [S113] also solves [S54]. Eq.
S113 can again be solved by variation of the constants:

t
_ = L . T t
Ei(t)=e_2’7k’/ez"ksZ/ids=e"2“k’ (ezﬂh(ﬁk) lli)
/ B B/ o
-
_ (1 _ 2\ K
—(1 e ) E

The original equation for &, contains Sym(zika;). Using [S110]
and [S112] we can prove that

[S114]

e S S T
fikay (1) = ik (1 —e 2””) 7=7(1 2””) ky= (,uka?(t)) .
[S115]

In other words,
ka2 (1) = Sym (7K (1)),

so that if &; ( ) solves [S113], it also solves [S54]. The equation for
C is again Solved by variation of constants:

C(0)=0
d_ B [S116]
EC =ik C+va, kp.

The solution is

E(t):ve”m o 5, (s)kpds

——1—

t
k 'k
Jiks —2pks D
O/e 1 e ) 5

1. Ribezzi-Crivellari M, Ritort F (2012) Force spectroscopy with dual-trap optical tweezers:
Molecular stiffness measurements and coupled fluctuations analysis. Biophys J 103(9):
1919-1928.

2. Ribezzi-Crivellari M, Huguet JM, Ritort F (2013) Counter-propagating dual-trap optical
tweezers based on linear momentum conservation. Rev Sci Instrum 84(4):043104.
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Kk
0o p
__1_
ke (T (ke | Tkt k kp
= ve ™ (k) (e +e 2)—ﬂ
K 'k
B

— pe K (/—&) -1 (eﬁRc _Hfﬁiv)

[S117]

= v(pk) - (1 e Fik _ 2e_’7F’>

2k 'k

= V(FR)_l (1 —e"m) 3

As in the case of (W), the equation for & 4, is solved by direct
integration:

t t

_ Z/ZVZFDE(S)ds= /VED(ﬁE)_l(l_e—yksYF_l%

0 0
t 'k
o2 [T (4 ks, =2k »
=2 /kD(yk) (1 2K 4 o ,4) ;
0
— -1 t -
o L B
= 2%k (k) 1<s+ 2 () e (MZ) c_z”ks> k/;kD
0

Xk_lﬂkD_V kD( ) (Zﬂkt+2< —ikt _ 1)-(67/%5 ~ 1)2) k_lﬂkD.
[S118]

Keeping terms of order O(f) in Eqs. S108 and S118, we get the
expressions anticipated in Eqs. S58 and S59.

S7. Experiments at Lower Pulling Speed

In the main text we present experiments performed at high pulling
speed, to enhance the dissipation associated with the movement
of the center of mass. This was done to highlight the fact that W’
does not fulfill the CFR. Nevertheless such violation is still evident
at lower pulling speeds. Just for completeness in Fig. S7 we show
the distributions of W_, W, W', and W, in a pulling experiment
performed on a dsDNA tether (experimental conditions are
identical to those reported in the main text) at a pulling speed
of 500 nm/s with A2 = 400 nm.

3. Batchelor GK (1976) Brownian diffusion of particles with hydrodynamic interaction. J
Fluid Mech 74(1):1-29.
4. Happel J, Brenner H (1983) Low Reynolds Number Hydrodynamics (Springer, New York).
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Fig. S1. Experimental setup. Two laser beams, oriented along the z direction, are used to create two optical traps. A dumbbell is formed by two optically
trapped beads and a molecular tether. The tether is oriented along the y direction, perpendicular to the optical axis z. We choose the center of one trap (trap
B) as the origin of our coordinate system. 1 denotes the trap-to-trap distance and y, and yz denote the positions of the centers of the beads with respect to the
reference trap B.
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Fig. S2. Independent coordinates in linear systems. (A) Two-dimensional histograms of the forces measured in a symmetric dual-trap setup. The dashed line
forms a z/4 angle with the coordinate axes and corresponds to the definition of f,. (B) Covariance (£ f*) as a function of ¢ in a symmetric setup. The red line
denotes 0 covariance (i.e., linear independence). At the bottom of the graph we report the result of a 1% significance 4 test, with red meaning dependent and
green meaning independent. (C) Two-dimensional histograms of the force measured in an asymmetric dual-trap setup. The dashed line forms a #/4 angle with
the coordinate axes and corresponds to the definition of f,. In this asymmetric case f,, f_ do not correspond to the principal axes of the histogram. (D)
Covariance (% %) as a function of ¢ in an asymmetric setup. The red line denotes 0 covariance (i.e., linear independence). It is still possible to define a coordinate
system where the 2 df are uncoupled, but now the definition is different from that given in the main text. At the bottom of the graph we report the result of a 1%
significance »? test, with red meaning dependent and green meaning independent. Tests were performed on 3-s data traces with 1-kHz acquisition rate.
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Fig. $3. Independent coordinates in nonlinear systems. (Left) Force fluctuations of a two-state DNA hairpin. Force increases from Top to Bottom and the
hairpin is (/) completely folded, (ii) preferentially folded, (iii) preferentially unfolded, and (iv) completely unfolded. (Right) Covariance <ff ?) as a function of ¢.
The red line denotes 0 covariance (i.e., linear independence). At the bottoms of the graphs we report the result of a 1% significance 42 test, with red meaning
dependent and green meaning independent. Data show that the center of mass (x,) and the differential coordinate (x_) are independent. Tests were per-
formed on 3-s data traces with a 1-kHz acquisition rate.
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Fig. S4. Direct measurements y and I'. (Left) Hydrodynamic friction (y, solid symbols) and interaction coefficient (I, open symbols) measured from the decay
rate of thermal fluctuations. Each symbol is the average of measurements over five different molecules. Solid lines are the theoretical predictions (Eqgs. $31 and
$32). The horizontal dashed line marks the exact theoretical value at contact (p = 2). (Right) Ratio between the hydrodynamic coefficients (I'/y) as a function of
(p — 2)~". This quantity does not depend directly on r,. Open symbols represent measurements obtained with untethered beads at different separations, and
solid symbols show measurements obtained with tethered beads. The solid line gives the theoretical prediction according to the first two terms in the ex-
pansion as in Egs. $31 and $32.
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Fig. S5. Convolution and reconstruction of P(W) from the CFR for the asymmetric case. Each row shows the result of a convolution by fixing the value of £
and changing A. Top, Middle, and Bottom rows correspond to $2=0,$2=2.5, and ¥? = 7.5. In each panel we show P, (W) (blue solid circles), together with
P s(—W)exp(W) (blue open circles) and the experimentally measured P(W) (green circles). Three different convolutions are found to fulfill the fluctuation
symmetry Py s(W) = P, s(—W)exp(W), (Right column), but only one of them (Bottom Right) is compatible with the AF and matches the true P(W).
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Fig. S6. Asymmetry factor and inference in asymmetric setups. (A) The asymmetry factor as a function of ks/kz and kp/kg. Different curves correspond to
different values of k,,/kg (0.3, 0.5, 1, 2, 3 from bottom to top). The dashed curve corresponds to the limit k,, = co. In the symmetric case (ks = kg = 1) the different
curves coincide (£2 = 0). The red circle denotes the asymmetric conditions in which experiments were performed. (B) Inference in the asymmetric case. Different
pairs (A, =) yield probability distributions satisfying the CFR (blue circles and blue line). The asymmetry factor (red line) selects a narrow range of possible values,
which is compatible with the experimentally measured values A = 8.2KgT and 2 = 7.2(KgT)%.
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Fig. S7. Work measurements at lower pulling speed. The statistics of W, W', W,, and W_ are shown. The pulling speed v = 500 nm/s is less than half of the
lowest pulling speed presented in the main text, but the effect on the validity of the CFR for the different work quantities (W, W', W*, W") is still visible. Five
hundred nanometers per second lies in the typical range of pulling speed used in single-molecule pulling experiments.

o I I I I

Ribezzi-Crivellari and Ritort www.pnas.org/cgi/content/short/1320006111 13 of 14


www.pnas.org/cgi/content/short/1320006111

L T

z

1\

=y

Table S1. Molecule 1

Pulling speed cov(W,W)  ytest*  cov(WHW7) 42 test*
Forward protocol
7.2 pm/s 0.41 1 0.08 0
4.3 pm/s 0.35 1 0.09 0
1.35 pm/s 0.38 1 0.05 0
Reverse protocol
7.2 pm/s 0.17 0 0.018 0
4.3 pm/s -0.05 0 -0.05 0
1.35 pm/s 0.36 1 0.20 0
Cyclic protocol
7.2 pm/s 0.12 1 0.00 0
4.3 pm/s 0.12 1 0.01 0
1.35 pm/s 0.34 1 0.09 0
*1, dependent; 0, independent.
Table S2. Molecule 2
Pulling speed cov(W,W) P test*  cov(WHWT) % test*
Forward protocol
7.2 pm/s 0.469377 1 -0.12 1
4.3 pm/s 0.6170601 1 -0.14 0
1.35 um/s 0.5346567 1 0.09 0
Reverse protocol
7.2 pm/s -0.31 1 0.25 0
4.3 um/s -0.37 1 0.20 0
1.35 um/s -0.73 1 0.19 0
Cyclic protocol
7.2 pm/s 0.26 1 -0.19 1
4.3 pm/s 0.34 1 -0.18 0
1.35 um/s 0.42 1 -0.10 0

*1, dependent; 0, independent.
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