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Many proteins experience mechanical foirceivo: in structural A B
roles in the cytoskeleton and muscle, as molecular anchors in cell = 0
adhesion and mechanosensingy, during mitochondrial impo#t E Unfolded . Folded
and protein degradaticiiNevertheless, even modest forces of10 L Basin AIS; Basin
50 pN, common in biology, can effectively prevent refolding, as ﬁ ' |
shown by manipulation of single protein molecules in atomic force ’ L AN
microscopes and optical tweezers. Despite much work on protein ! Pulling Coordinate
unfolding* and folding/unfolding of RNA, refolding of a protein Figure 1. Structure of ubiquitin and a schematic 1D energy landscape for

against force has been achieved only recérthd so far only in a folding: (A) The five naturally occurring linkages are shown by lines
few case$-1° An understanding of refolding under force is therefore connecting the attachment points. (B) Parameters of the 1D théoryhich
relevant both biologically and for single-molecule experiments, 1€ Pulling coordinate is used as the reaction coordinate.

Here, we explore refolding kinetics in the presence of a pulling 100 ——— —————
force using simulations of a coarse-grained model of ubiquitin. We A F[e 176
show that the effects of force on the folding kinetics are captured [ e ;;:§§ 7 i
by a microscopic Kramers-based theory of diffusive barrier crossing 1op | ® gg;g gf*" .
under forcel! The fitted parameters are in almost quantitatve & | s 3 5595353050 5
agreement with free energy surfaces obtained from simulation, £ x 7 B 'H'[m's]‘ ’
indicating that they are physically meaningful. By comparing S = j"/!’ PO T IR e A
parameters obtained from pulling in different directions (Figure 1), j _,!--“" < ool ]
we gain insight into the role of the unfolded state in the refolding "&"_!_—r' 1% 1ol ]
kinetics. The results explain why refolding becomes very slow at 0% . . . R R A
even moderate pulling forcésand suggest how it could be 0 2 4 [ 8 10 20 40 60
practically observed in experiments at higher forces. Force [pN] 4 (residues)

Pu”.lr.]g experiments gre us_uall_y performeq on polyprote.lr?s. Figure 2. Effect of force on refolding kinetics. (A) Refolding times for
Ubiquitin forms polyprotein chains in the cell with several specific  jifferent linkages (bold symbols) are distinguished by color and are fit
linkages? between residues-176, 11-76, 29-76, 48-76, and 63 globally using eq 1 withy = 2/3 (broken lines). (B) Refolding time distri-
76. The vectors connecting these residues (Figure 1A) thus definebution at zero force. (CY* as a function of sequence separation of attach-
naturally occurring “pulling coordinates”. We have investigated the Ment pointsA;; from kinetics (symbols) and from WLC model (red line).
refolding of ubiquitin when a constant stretching foFees applied
to each pulling coordinatg; in Langevin simulations, by adding
the term—F|rj| to the potential function (the termF - rj may
correspond more closely to experiment; however it is straightfor-
ward to correct for this difference). The protein is described by a
coarse model in which residues are represented-bgrbon beads,
with a Golike energy function (further details in the Supporting
Information)1314 Go-like models have successfully described pro-
tein folding rate¥>*6and other aspects of foldidg Our simulation
procedure is intermediate between kinetic models that treat (un)-
folding as an escape from 1D potential wells (an assumption we
will explicitly test) and all-atom molecular dynamics simulations
(which, under force, would require ms simulations farssfolder). 1

Starting from an equilibrium distribution of unfolded configura- ki(F) = m =
tions at 100 pN, a large number of trials were performed where f N1 N Y
the force was instantaneously “quenched” to a much smaller value. ko(l _ ﬂ) . ex;{£(1 _ ( _ ﬂ) V)
Each trial was terminated when the fraction of native contécts, AGH ke T G*

Q, exceeded 0.9 or when the simulation time reached a maximum,

Tsim (@ value ofQ close to 1.0 identifies the folded state). Froin where AG* is the height of the barrier (Figure 1B). Although
trials, of whichN; refold with exponentially distributed first passage initially intended to describe moleculaupture (here: unfolding),
times;, the maximum-likelihood estimate of the mean refolding the model is equally applicable to refolding, whé&é is negative.
time, ist; = k7t = [Zir; +(N — N))zsim)/N; . The refolding times The parametenw is related to the shapes of the barrier and
for all but one of the naturally occurring linkages, shown in Figure minimum: for a cusp-like barrier = %/,, while for a smooth linear-
2A, increase with force, with the sensitivity of the refolding rate cubic barrierv = ?%/3;11 the Bell model is recovered with = 1.

to force being dependent on the pulling coordinate. The resulting
nonexponential dependence of folding times on force indicates that
refolding rates do not follow the commonly used phenomenological
Bell model for force-dependent ratdg(F) = ko expFx¥), where

ko is the “intrinsic” rate at zero force and is the distance from

the unfolded state to the transition state (TS) at zero force.

We employ instead a recent microscopic formalisfior mo-
lecular transitions in the presence of a pulling force that character-
izes the folding using a 1D energy landscape (Figure 1B). In the
presence of a constant forEealong the pulling coordinate, Kramers
theory of diffusive barrier crossing predicts a folding Fate
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Table 1. Parameters from Global Fits of Eq 1 to the Refolding 150 . =
Times in Figure 2, and Reference Values from 2D PMFs A 160 F=0pN B160 F=O0pN 24 g
—_ = —_ = 21
fit parameter v=1, v=24 v=1 PMF e ::E et 1; f|1s ;;'
= = .8
X [A] (1—76) 27.4 27.4 345 22 e 100 2 100 )
x*[A] (11—76) 26.8 26.7 315 21 a o 32 0 =
x*[A] (29—76) 20.0 20.3 27.1 17 0 w0 e
x* [A] (48—76) 9.0 8.9 10.1 8 20 2 1z
f(gé][és%_76) _22 _]6:; ON/]A _4é %o 0z 04 06 08 10 %o oz 04 06 0B 10 ’ B
ko [ms Y] 96 95 11.0 Q Q
72 19.9 22.4 61.4 G Dre
o) 0.28 0.17 106 = o F=10pN Za F=10pN
nl—l 120 nl—ﬂ?ﬂ
The refolding kinetics could be well fitted using eq 1 with a 5 g
globalky and AG* but separate for each linkage (Table 1). The = ~ 60

40

parameters are very similar for fits to the cusp<(/,) and linear- p

cubic barriers ¢ = 2/3), and ay? test shows that both fits are sig-
nificant. However, due to the curvature in the data, the fit of the

N . P 2 (.
BeIIGmodeI Qi 1 Dis Eozor, with an mSIg.mflce.mk. (p. value of Figure 3. PMFs as a function of the fraction of native conta@tand the
107°). Forv =14/, orv= /3, the g!obally fitted intrinsic rate, 9.5 pyjiing coordinater for (A) linkages 176 and (B) 48-76 at zero force
ms-1, matches the direct calculation at zero force, 10.0%iEhe and (C) 76 and (D) 48-76 with a 10 pN pulling force. The folded and

global fit of ko and AG* indicates that for all pulling directions unfolded states are labeled “U” and “F”, respectively. Xhérom the kinetic
folding occurs via the same, “intrinsic” barrier (i.e., that probed in fits aré superimposed on the free energy surfaces in A and B.

the absence of force). In contrast, the unfolding mechanism at high

forces has been found to differ from the intrinsic one for several 0 occur at higher forces and permit the observation of both folding

I:IC-I.CI 02 04 06 08 10 UO.O 02 04 06 08 10

proteinsto-22 and unfolding events at the same force. From a biological
The monotonic increase of the independently fitdéavith the perspective, it seems imperative that proteins that experience force
sequence separatiax; = |j — i| of the attachment pointsand] should evolve to resist unfolding since refolding becomes all but

(Figure 2C) suggests that the unfolded state is the main determinanimpossible unless the force is relaxed.

of x*. In fact, x* follows a worm-like chain (WLC) unfolded state, Acknowledgment. This work was supported by the intramural
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5 Aandl. = Aj x 3.81 A, respectively, for a transition state of ¢ £anuele Paci, and Dr. Attila Szabo for discussions.

fixed extensiornx,. We note that for these parameters a harmonic

potential is a good approximation for the free energy pra@e), Supporting Information Available: Details of the simulation
justifying the use of the cusp model & /) for the kinetics model and WLC approximation for the unfolded state. This material
(Supporting Information). is available free of charge via the Internet at http://pubs.acs.org.
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