Computer simulations and theory of protein translocation

Dmitrii E. Makarov

Department of Chemistry and Biochemistry and Institute for Theoretical Chemistry, the

University of Texas at Austin, Austin, Texas, 78712



Conspectus

The translocation of proteins through pores is central to many biological phenomena,
such as mitochondrial protein import, protein degradation, and delivery of protein toxins to their
cytosolic targets. Because proteins typically have to pass through constrictions that are too
narrow to accommodate folded structures, translocation must be coupled to protein unfolding.
The simplest model that accounts for such co-translocational unfolding assumes that both
translocation and unfolding are accomplished by pulling on the end of the polypeptide chain
mechanically. In this Account, we describe theoretical studies and computer simulations of this
model and discuss how the time scales of translocation depend on the pulling force and on the

protein structure.

Computationally, this is a hard problem because biologically and/or experimentally
relevant time scales of translocation are typically orders of magnitude slower than those
accessible by fully atomistic simulations. For this reason, we explore one-dimensional free
energy landscapes along suitably defined translocation coordinates and discuss various
approaches to their computation. We argue that the free energy landscape of translocation is
often bumpy because confinement partitions the protein’s configuration space into distinct basins
of attraction separated by large entropic barriers. Favorable protein—pore interactions and
nonnative interactions within the protein further contribute to the complexity.

Computer simulations and simple scaling estimates show that forces of just 2—6 pN are
often sufficient to ensure transport of unstructured polypeptides, whereas much higher forces are
typically needed to translocate folded protein domains. The unfolding mechanisms found from
simulations of translocation are different from those observed in the much better understood case
of AFM pulling studies, in which proteins are unraveled by stretching them between their N- and
C-termini. In contrast to AFM experiments, single-molecule experimental studies of protein
translocation have just started to emerge. We describe one example of a collaborative study, in
which dwell times of B-hairpin-forming peptides inside the a-hemolysin pore were both
measured experimentally and estimated using computer simulations. Analysis of the simulated
trajectories has explained the experimental finding that more stable hairpins take, on the average,

longer to traverse the pore.



Despite the insight we have gained, the general relationship between the structure of
proteins and their resistance to mechanically driven cotranslocational unfolding remains poorly
understood. Future theoretical progress likely will be made in conjunction with single-molecule
experiments and will require realistic models to account for specific protein—pore interactions

and for solvent effects.



1. Introduction

Translocation of proteins through pores is crucial to many biological phenomena®. For
example, the mechanism through which protein toxins such as anthrax and botulinum reach the
cytosol involves threading of toxin components through pores in intracellular membranes®>.
Other examples of protein translocation in the cell include protein degradation by ATP
dependent proteases, mitochondrial protein import, and protein synthesis*. A common feature
of these phenomena is that the pore size is too small to accommodate proteins in their native
conformations. For example, the narrowest constriction in the proteasome — the cell machine that
degrades proteins — is only about 13A in diameter. It is therefore necessary for the proteins to

unfold prior to or concurrently with their passage through the pore.

The rate of such co-translocational unfolding is often several orders of magnitude faster than
that of chemical or thermal denaturation, suggesting a different unfolding mechanism *°. One
appealing view is that this mechanism is mechanical in nature: The unfolding is accomplished
simply through pulling at one end of the polypeptide chain *°. This Account provides a
theoretical perspective on such coupled translocation and unfolding processes driven by
mechanical forces. In the following, we will give theoretical estimates of the forces and free
energy barriers involved and discuss how the resistance of proteins to co-translocational
unfolding depends on their structure and the applied force.

The organization of the rest of this article is as follows. Section 2 discusses the
computational challenges posed by the protein translocation problem and critically reviews
various approaches to attack those. The reader not interested in such technicalities can skip
Section 2 and proceed directly to Section 3, which presents theoretical considerations and

describes simulation results. Section 4 discusses open issues and future prospects.



2. Computational methods.

2.1. Brute force simulations of translocation dynamics.

Tian and Andricioaei have recently used atomistic models to study the translocation of
barnase through a model pore’ as well as the dynamics of a pore itself®. Wells et al® have studied
translocation of a-helical peptides through the a-hemolysin (adHL) pore using an atomistic
model for both the pore and the peptides. Similar all-atom simulations have been performed for
nucleic acids in pores, see, e.g., ****. Such simulations provide a great deal of information about
molecular details of translocation. Their utility is however limited by a several orders of
magnitude time-scale gap between simulations and experiments. Typical simulation time scales
range from nanoseconds to microseconds, while a typical experimentally measured translocation
event, even for a short polypeptide, lasts milliseconds*2. To make translocation happen on a
simulation time scale, one resorts to applying driving forces that are much larger than the
biologically and or experimentally relevant ones. Typically, simulation forces are of order of
several hundred piconewtons, at least an order of magnitude higher than those in experiments.
Use of coarse grained models can partially alleviate the problem®*™’. Lattice models have also

been used to study protein translocation 2.
2.2. Extrapolation to low driving forces and free energy calculations.

One of the most widespread concepts in chemistry is that of a reaction coordinate, a
collective order parameter that quantifies microscopic progress of a chemical reaction from its

reactants state to the products state. By chemical reaction we mean any conformational



rearrangement taking the system from one basin of attraction (reactants) to another (products),
protein unfolding being one example. For complex biomolecular phenomena one’s choice of the
reaction coordinate is often guided by intuition. For mechanically driven processes, it is natural
to choose the degree of freedom z that couples to the driving force*®?°. This choice is illustrated
in Fig. 1 for the cases of protein translocation and mechanical stretching. Another convenient
choice of the translocation reaction coordinate is the number of monomers that have advanced
past the pore entrance. The free energy profile G(z) along the reaction coordinate z is related to

its equilibrium probability distribution p(z)
G(2) = -ksT In p(2) 1)

What does G(z) tell us about translocation dynamics? Consider the simple model
potential G(z) shown in Fig. 2. It consists of a minimum corresponding to the folded protein and
a higher plateau corresponding to the protein unfolded through either stretching or pore
confinement. If a pulling force f is applied as shown in Fig. 1, the free energy becomes

G;(z2)=G(z)- fz, 2)

which has a barrier separating the folded and the unfolded states.

Variational transition state theory (TST) asserts that the rate constant for crossing the

barrier has an upper bound that can be estimated as:
Krsr (f) =Visr eXp =Gy (215) 1 kT 3

where z, is the transition-state value of z corresponding to the top of the barrier and v, is a

prefactor (see, e.g., ref. 2 for further details). If G(z) has more than one minimum, translocation



can be viewed as hopping between those minima, the hopping rates being determined by Eq. 3

for each barrier separately.

Such one-dimensional view of translocation is commonly invoked to interpret
experimental data?®*. Computationally, G(z) can be evaluated by using the umbrella sampling
method (see, e.g.,'*) from a set of constrained equilibrium trajectories. Fast, nonequilibrium
translocation trajectories such as those obtained in brute force simulations (see Section 2.1) can

also be used to estimate G(z). One approach %

is based on the famous Jarzynski identity,
which relates nonequilibrium work to equilibrium free energy differences. To compute G(z)
using this approach, one basically needs to sample multiple short-time unfolding trajectories
produced by fast pulling. In other words, one long-time, equilibrium trajectory gets replaced by
multiple nonequilibrium ones. Obviously, this does not guarantee any computational savings
although this approach has the advantage of being trivially parallel*’. A recent study?® shows that
practical implementation of the method can be problematic because it presents very stringent
requirements for the sampling of the initial state. Specifically, the initial conditions for each
nonequilibrium trajectory must be sampled from the equilibrium ensemble, which includes both
folded and unfolded conformations of the protein. The implication is that even though the protein
that arrives at the pore entrance (as in Fig. 1) is likely to be in the native state, starting each

pulling trajectory from the folded initial condition and neglecting the very rare instances where

the protein is unfolded prior to its entering the pore may result in large errors in G(2).

Other methods of reconstructing G(z) use the model, in which the dynamics along z is

described by the Langevin equation

pZ=-dG, /dz- uyz+R(t), 4)



where yis an effective mass, yis a friction coefficient, and R(t) is a random force?’. One
approach is based on de-noising the trajectory first (i.e. averaging out R(t)) and then explicitly

subtracting the friction force term 'z to estimate dG, /dz ***°. Nummela and Andricioaei®

have proposed a different method, which reweights Langevin trajectories obtained at high forces

to recover correct sampling at a lower force.

I will conclude this section with an example that emphasizes the fundamental difficulty
with extrapolating high force data (whether experimental or simulated) to low forces. Consider
the solid-line and the dashed-line free energy profiles shown in Fig. 2. The only difference
between the two is the wiggly part at high values of z. When a sufficiently high force is applied,

the tilted potentials G, (z) = G(z) - fz will have identically the same barriers. The unfolding rate

k(f) becomes insensitive to the features of the potential to the right of the transition state and
thus both dashed- and solid-line potentials will have essentially the same unfolding kinetics. The
wiggly features of the dashed potential are effectively hidden in a high-force experiment

although they matter at lower forces.

2.3 Validity and limitations of the one-dimensional translocation model.

The free energy profile G(z) is only of value insofar as it provides information about
translocation dynamics. Since TST only provides an upper bound for the rate, a poor choice of
the reaction coordinate z can render its prediction worthless. While there is no guarantee that a
1D projection onto a single coordinate z would provide a meaningful picture of the dynamics,
our recent study of polymer reversal inside a pore® provides anecdotal support for 1D models of

the type considered here. Consider a polymer chain inside a long narrow pore. There are two



equivalent directions, in which the chain can align itself along the pore. Reversing the direction
would require the chain to fold onto itself, which clearly involves a large entropic barrier. It is
possible to compute the rate of such reversal exactly. On the other hand, one can define a simple
reaction coordinate z equal to the relative displacement of the chain ends along the pore and
estimate the reversal rate using Eq. 3. We found that although the numerical value of the TST
rate is significantly off, it faithfully reproduces the exponentially strong dependence of the rate
on the pore diameter and the polymer length, while the transmission factor (i.e., the ratio

K =k I ks Of the true rate and the TST rate) shows a much weaker, power-law dependence. We

have also attempted to improve upon TST and to estimate the transmission factor by assuming
that the dynamics along z is governed by Eq. 4 but found that the scaling properties of «are

inconsistent with the simple Langevin equation®.

3. Results

3.1. Forces and free energies involved in translocation: Simple theoretical estimates.

We start with the translocation of an unfolded polypeptide as shown in Fig. 3. A long,
chain enters a pore, which we model as a cylinder with a diameter D and length L. Assuming
denatured proteins to behave as self-avoiding random walks, their characteristic size in free

space is given by the Flory formula®
R~aN" )

where N is the number of monomers and v =3/5.



To measure the translocation progress, we count the number of monomers n that have
advanced past the pore entrance. The free energy of the polymer, as a function of n, can be
estimated as:

A=) In(N-n)+G (n)/kT,n<n,

G(n)/k,T = ,
M7k, @=p)In(N=-n)+@=p)In(n=-n)+G(n,)/ kT, n>n,

(6)

where y, =0.69and nis the number of monomers that can be accommodated inside the pore.

The two cases in Eq. 6 correspond to Fig. 3A and Fig. 3B and the logarithmic terms in each case

34,35

account for the entropies of the chain segments dangling outside the pore™*°, while G_, (n) is

the free energy cost of confining n monomers inside the pore. Its estimate can be obtained from

de Gennes’ blob picture®:

1/v
AG,, (n)/k,T ~n % (7)

The blob model also provides a scaling estimate for n:

D v
a

L
n, D 8

For example, assuming typical values L=10 nm, D=2 nm, and a=0.5 nm we findn_ ~50.

A typical G(n) is shown in Fig. 4. In the initial stage of translocation (n <n ), entropic

penalty is paid to confine additional monomers inside the pore. The corresponding segment of

G(n)is nearly linear and is dominated by Eq. 7. Once the chain end emerges on the other side of

the pore (n>n ), the confinement entropy becomes constant and G(n) has a weaker,



logarithmic n dependence. The gap between the two segments of G(n) indicates that Eg. 6 is

not applicable when n=n_.

Two observations are in order here. Firstly, for typical L, D, and N the overall free barrier

isonly a few k,T , suggesting that denatured proteins can easily traverse biological pores.

Secondly, using Egs. 6-8 one finds that for typical biological pores the overall translocation free

energy barrier is dominated by the free energy cost of confining the initial n, monomers inside

the pore, except for unrealistically long chains (N >10°).

Expulsion of the chain from the pore can be counterbalanced by applying a pulling force

f, to its end monomer, as in Fig. 1. If the position of the monomer along the pore axis is z (see

Fig. 3A) then this expulsion force is given by

_dG _ dG/dn

i 9
° dz dz/dn ®)
The highest expulsion force is achieved when n <n_ and is given by
kT
f ~—2— 10
=2 (10)

v

which follows from Egs. 7,9 and the scaling relationship® n ~ . For typical pore

o | O

Z
D
diameters D=10-30A** this corresponds to f, ~2—-6pN. This force is rather small and is readily

|36

achieved in single-molecule translocation experiments. Indeed, Oukhaled et al*® found maltose

binding protein to enter the aHL pore after the molecule was chemically denatured.



The blob estimates used above assume that the pore diameter is much larger than the
polymer’s persistence length |, a condition that is often violated in narrow biological pores. In

the opposite limit of strong confinement (D < 1) the expulsion force can be estimated as™’

: (11)

where A =12°D?" is Odijk’s “deflection length”. If I =D both Eq. 11 and Eq. 10 predict the

same expulsion force. Simulations of a random-coil-like peptide™® yield the relationship

between f, and D plotted in Fig. 5, showing that Eq. 10 (with a proportionality coefficient close

to 1) remains adequate for D=9 A.

Biological translocation of proteins is commonly initiated by unstructured targeting
presequences. The above estimates suggest that such sequences should penetrate pores with
relative ease, especially in the presence of favorable electrostatic peptide-pore interactions.
Indeed, the electrostatic force that acts on a targeting sequence in the case of mitochondrial
protein import was estimated to be 2-3 pN per elementary charge®, which, depending on the
overall charge and the location of the charged groups®*, may be sufficient to ensure barrierless
translocation of the peptides. Recently, such excursions of targeting sequences into protein pores

have been demonstrated by single-molecule experiments®**°

, Where unstructured polypeptides
fused to protein domains were coaxed into an aHL pore that was modified to contain

electrostatic “traps”.

We now turn to the situation illustrated in Fig. 3C, where an unstructured targeting
sequence leads the way to the translocation of an initially folded domain. The domain arrives at

the pore at n =n, and plugs up its entrance. Let us assume, for now, that the domain unfolds in



an all-or-none fashion as soon as a small number An, of its residues become separated from the
rest of it by entering the pore. This results in a characteristic free energy “step” AG, shown as a

dashed line in Fig. 4. The expulsion force acting on the domain during its unfolding can be

estimated as

¢ _OG, _AG, An,

= 12
° Az An, Az (12)

If we choose Az ~20A (corresponding to An, ~5 residues) and use AG, ~ 10 kcal/mol
comparable with typical free energies of protein unfolding, this gives f, ~ 35pN . We see that the

forces required to accomplish translocation of an initially folded protein are generally much
higher than those for denatured proteins and are comparable to those typically encountered in

AFM pulling experiments*.

If a weaker pulling force f < f, is applied at the chain end, it will lower the step by fAz .

The TST rate for surmounting this force-modified free energy barrier is roughly estimated as

(1)~ vexp ~ A= 147

f
k =k f =0)xexp — , 13
trans kBT trans ( ) p f ( )

c

where v is a prefactor and the characteristic force

(14)

reflects how sensitive this rate is to the pulling force.



These considerations show that a more “brittle” protein (small value of the displacement

Az required for unfolding) would produce a higher expulsion force f, but would also be more
sensitive to pulling (i.e., a higher value of  f_). A less brittle protein domain unraveling

continuously over a large displacement Az rather than undergoing an all-or-none denaturation

would generally require a lower force f,to induce its barrierless translocation.

3.2. Free energy profiles from simulations: Translocation vs. mechanical stretching

At the time of writing, force-controlled, mechanically driven co-translocational protein
unfolding still remains outside the realm of single-molecule experiments. Consequently, several
workers have sought insights from single-molecule AFM pulling studies, where unfolding is
induced by stretching proteins between their C- and N-termini®***2. To compare the two kinds

of mechanical unfolding for a model protein®>, we plot in Fig. 6 the free energy profiles G, (z)

along their respective reaction coordinates z (defined in Fig. 1).

In both cases, the zero-force free energy G,(z) increases monotonically in a series of

steps. Each step corresponds to a structural transition, in which the protein’s structure is partially
destroyed. For example, the step 1 — 2 in Fig. 6B corresponds to the peeling of a 3-strand from
the rest of the structure. The situation predicted by simulations™ is therefore more complicated

than the single-step scenario discussed in Section 3.1.

In the presence of a pulling force f, G, (z) exhibits a series of minima corresponding to

1
I 5

translocation intermediates. We emphasize that our model™ assumes purely repulsive protein-

pore interactions so the translocation intermediates are created by the pore confinement. Even a



protein that displays a perfectly cooperative, two-state thermal denaturation can have multiple
translocation intermediates. The same conclusion was reached by Tian and Andricioaei’, who
observed intermediates in the translocation trajectories of barnase. The fact that confinement
alone can lead to multiple metastable conformations is not surprising; In fact, in Section 2.3 we
have discussed a much simpler yet related phenomenon, where the confinement of a polymer in a
cylinder partitioned the configuration space into two distinct basins of attraction corresponding
to different polymer alignments.

Although the overall free energy cost of squeezing the protein into the pore is the same,

the free energy landscape G, (z)traversed by a protein that is pulled by a finite force f, the

translocation intermediates, and thus kinetics, depend on which chain end enters the pore first.
The authors of ref. ® describe this kind of asymmetry using the example of carrying a Christmas
tree through a door, which is obviously easier when the top goes first. Furthermore, Figs 6B,C
show that in each case the domain unfolds from the end it is pulled on, in agreement with the

44,45 -

earlier conclusion reached by the Matouschek group™™ in their experimental studies of

mitochondrial import and protein degradation.

The intermediate structures and the magnitudes of the barriers observed in the case of
translocation are also different from those in the case of mechanical stretching (Fig. 6A). Tian
and Andricioaei’ report the same finding for barnase. Translocation generally involves high
barriers (cf., e.g., the barrier 1 - 2 in Fig. 6B) that are not present in stretching. This results in the

rates of translocation being slower than those for stretching®™*’

, at least for the model systems
studied so far. We note that in contrast to translocation of unstructured peptides, the high barrier

to translocation of proteins is not due to confinement-induced configurational entropy loss. In



fact, we found'® our model protein to gain entropy upon its translocation, as the positive entropy

of unfolding rather than confinement entropy dominates the overall entropy change.

The difference between the stretching and the translocation pathways is not unexpected.
In a mechanical stretching experiment, the force is applied between a pair of residues. Changing
these residues may alter the unfolding mechanism and rate*®*. In contrast, in the case of
translocation the applied force is distributed over the rim of the pore. To account for this, West et
al'” proposed a simple albeit ad hoc procedure, where the translocation rate is predicted as a
linear combination of the mechanical stretching rates between the residue that is pulled into the
pore and each residue situated near the pore rim.

Finally, the force dependence of the translocation rate suggested by Fig. 6 is more
complex than our Eq. 13 because the location of the rate-limiting step corresponding to the

highest barrier in G, (z) depends on the magnitude of the force™. For example, in Fig. 6B it is

the transition 1 - 2 at high forces while at low forces the complete unraveling of structure 3 is

rate limiting.

3.3. Electrophoretically driven translocation of short peptides.

Translocation of short B-hairpin forming peptides across the aHL pore provides an
example of a system well characterized both by single-molecule experiments and by
simulations'?. 1t was experimentally found that less stable hairpins (i.e. ones that are more likely
to be unfolded) tend, on the average, to traverse the pore faster'?. This finding was somewhat
counterintuitive because no significant entropic or enthalpic barrier was expected to impede

translocation of folded hairpins, whose dimensions are comparable with the pore size (cf. Fig.



7B). A plausible explanation was provided by coarse-grained Langevin dynamics simulations,
which used a C4-only representation for both the pore and the peptides. We have designed
sequences of four B-hairpin peptides, which differed in their thermodynamic stability™?. The
fraction of folded molecules in the equilibrium ensemble was 82%, 70%, 54%, and 32% for
Peptides 1-4, respectively. Residues in each of the peptides were assigned charges corresponding
to those in one of the peptides studied experimentally*?. The simulation results are summarized
in Figure 7A, which shows that in the low force regime the average translocation time decreases

with the decreasing fraction of folded peptides.

This dependence can be understood if one considers the typical translocation trajectories
illustrated in Fig. 7B. In the trajectories of type 1, the peptide enters the pore in an extended
conformation and its residues are threaded through the pore in a single file. This type of
trajectory corresponds to the fastest observed translocation times. In type 2 trajectories,
corresponding to longer translocation times, the peptide remains folded as it goes through the
pore. Type 3 trajectories, which were only observed for one of the peptides, correspond to the
slowest translocation events, in which a peptide-pore complex is formed and the peptide remains
trapped inside the pore in a misfolded conformation, until it either refolds or attains an extended
conformation to exit the pore. Less stable hairpins are more likely to enter the pore in an open
conformation, resulting in a fast type 1 translocation event. In contrast, translocation of more
stable peptides is more likely to occur via the type 2 or 3 trajectories.

f.1°. At low forces, their

The statistics of the hairpin translocation times is analyzed in re
distribution is close to exponential and the mean translocation time exhibits a nearly exponential
force dependence (cf. Eq. 13) indicating that translocation involves barrier crossing. This agrees

with the experimental voltage dependence®®. At high forces the translocation process eventually



becomes downhill in free energy (cf. Figs 2 and 6B,C), leading to a much weaker force

dependence. In this limit, the mean translocation time is inversely proportional to the force
t... Af™, where the constant A is determined by the hairpin’s mobility. The transition

between barrier crossing to a downhill regime has been observed in another simulation study™.

4. Outlook.

Despite the studies reviewed here, the general relationship between the resistance of
proteins to mechanically driven co-translocational unfolding and their structure remains an open
issue. In the context of mechanical unfolding through stretching, this question has been largely
resolved over the past several years and the key structural motifs maximizing the mechanical
resistance have been identified both theoretically and experimentally®®**. The translocation case
is however more difficult because of the distributed character of the force exerted by the pore

and the complexity of the unfolding mechanism.

Such complexity manifests itself in translocation intermediates”*>*®

created through
several mechanisms: confinement alone can partition the configuration space into distinct basins
of attraction or induce nonnative interactions’*2. In addition, attractive protein-pore interactions

can trap proteins*®“°. This means that a protein’s translocation free energy landscape may be

bumpy even if its conventional, “folding” landscape is smooth.

In the case of AFM stretching, all-atom free energy calculations benefit considerably
from the fact that mechanical unfolding transition states are often very native-like®. In contrast,
translocation transition states may be very different from native conformations thus presenting

the computational problem of accurate sampling of partially unfolded states. Furthermore,



details of protein-pore interactions and solvent effects®® are important thus limiting the utility of
simple models. The inverse problem of extracting the underlying free energy profiles from
experimental translocation data® is also more challenging than in the AFM stretching case

because single-well model potentials are often inapplicable.

Initial theoretical studies”***°

were motivated by the lack of experimental information
about mechanistic details of protein translocation. Experiments are however quickly catching up
and it is likely that much of the further progress in this area will be made in conjunction with

23122439.405354 - pacently, optical tweezers have been used to pull

single-molecule experiments
on DNA molecules in pores®>®°. Although similar experiments have not yet been done for
peptides, this new approach holds great promise as it provides a wider range of tunable forces

and the ability to spatially locate peptides.

Another largely open issue is concerned with the physical mechanisms through which
pulling forces are actually generated in vivo; Several models describing such pulling have
recently been proposed®®*"*®, Given the complexity of the problem, developing a coherent
picture of biological translocation will likely require a cooperative effort between experiment

and theory.
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Figure captions.

Fig. 1. Mechanical stretching vs. translocation. The reaction coordinate z is defined as the end-
to-end distance projected onto the stretching force (mechanical stretching) and as the location of
the chain end along the pore axis (translocation). This and other protein pictures were generated

with the PyMol software.

Fig. 2. A model free energy profile G, (z) shown at zero force and at a finite value of the force f.

Fig. 3. A-B: Two stages of translocation of an unstructured polymer through a pore. During the
first stage the chain has not yet emerged on the other side of the pore. C: Translocation of a

folded protein through a pore. An unstructured targeting sequence enters the pore first.

Fig. 4. The free energy profile G(n) described by Egs. 6-8 assuming N = 300, n, =35, a=5A,

and D=20A. The dashed line shows how G(n) is modified when the chain contains a folded

domain, as in Fig. 3C.

Fig. 5. The expulsion force acting on an unstructured polypeptide in a pore as a function of the
pore diameter (courtesy of Lei Huang). The model of the pore and the peptide is described in

ref.’®. Here 0=3.8A is the distance between adjacent a-carbons.

Fig. 6. Comparison of mechanical stretching (A) with mechanically driven translocation through
a narrow pore (B-C) for a ubiquitin-like domain®. The force is applied at the N-terminus and

the C-terminus of the chain in cases B and C, respectively. The potential of mean force G, (z) is

plotted as a function of the translocation coordinate defined in Fig. 1. The pore radius is

Moore = 3-8 A. The free energy is measured in units of &, and the force is measured in units of



f, =&, /0, where & sets the scale of hydrophobic interactions within the protein and o'is the
distance between adjacent a-carbons. For &, =1kcal/mol f,=18 pN. The simulations were
performed at T =0.26¢&, / k. The minima of G, (z) correspond to translocation intermediates,
whose structure is shown along with their contact maps. The contact maps were constructed by
plotting the contacting pairs of residues {i,j} such that ‘rj - ri‘ <75Aand |i-j[>3. The

darkness of each point reflects the probability of observing the respective contact in the
equilibrium ensemble of conformations for given z, black corresponding to the highest

probability.

Fig. 7. (A) The average translocation time as a function of the total force acting on (3- hairpin
forming peptides'?. The peptide stability decreases from Peptide 1 to Peptide 4. (B) Typical
conformations of the peptide inside the [-barrel part of the aHL pore corresponding to three

types of observed translocation trajectories.
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