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concentrations (1–10 μM), whereas the protein showed normal
levels at the highest concentration (30 μM). In order to address
this discrepancy, we assessed the levels of PrP mRNA by quan-
titative real-time PCR (RT-PCR). We found that treatment with
SM875 did not decrease PrP mRNA in the different cell lines even
at the highest concentrations, confirming the original rationale
that a compound targeting a folding intermediate of PrP should
lower its expression at a post-translational level (Fig. 3d).
Importantly, only in N2a cells, we observed a robust (>500% at
30 μM), dose-dependent increase of PrP mRNA upon treatment
with SM875, which directly explains the discrepancy observed at
the protein level. This observation also suggests that the com-
pound triggers an over-production of PrP mRNA in these cells,
likely representing a compensatory response aimed at restoring
PrP levels. The compound showed variable intrinsic toxicity in
the different cell lines, with more prominent cytotoxicity in PrP-
transfected HEK293 cells, and progressively lower toxicity in

untransfected HEK293, N2a, ZR-75, and L929 cells, respectively
(Figs. S7, S8). To further corroborate the observed effects of
SM875 on PrP load, we checked whether the compound also
decreases the amount of the protein at the cell surface. HEK293
cells stably transfected with an EGFP-tagged PrP construct were
exposed to SM875, and the localization of PrP was monitored by
detecting the intrinsic green fluorescence of EGFP. In control
conditions, EGFP-PrP localizes almost entirely in the Golgi
apparatus and at the plasma membrane, with the latter giving rise
to a typical “honeycomb-like” staining of the cell surface (Fig. 3e)
31. Compounds altering PrP trafficking, as the phenothiazine
derivative chlorpromazine, have previously been shown to alter
such localization pattern32. Incubation with SM875 for 24 h
induced a drastic reduction of cell surface EGFP-PrP at con-
centrations as low as 1 μM. Collectively, these data confirm that
SM875 selectively reduces the amount of PrP at the post-
translational level and in a cell-independent fashion.

Fig. 2 In vitro validation of selected hits. HEK293 cells expressing mouse PrP or NEGR-1 were exposed to different concentrations of SM875 a, SM930 b,
SM940 c, or SM950 d or vehicle (0.1% DMSO, volume equivalent) for 48 h, lysed in detergent buffer (Tris 10mM, pH 7.4, 0.5% NP-40, 0.5% TX-100, 150
mM NaCl plus EDTA-free Protease Inhibitors), diluted in Laemmli sample buffer and analyzed by western blotting using anti-PrP (D18) or anti-NEGR-1 (R&D,
USA) antibodies. Red arrowheads indicate the expected sizes of mature, fully glycosylated forms of PrP and NEGR-1. The compounds induce a dose-dependent
suppression of PrP (i) but not control protein NEGR-1 (ii). The graphs (iii) show the densitometric quantification of the levels of full-length PrP or NEGR-1 from
different biologically independent replicates. Each signal was normalized on the corresponding total protein lane (detected by UV of stain-free gels) and
expressed as the percentage of the level in vehicle (Vhc)-treated controls (*p < 0.05, **p < 0.01, ***p < 0.005, by one-way ANOVA test). e The picture
illustrates the predicted ligand-binding pose of the R (upper panel) and S (lower panel) SM875 enantiomers into the PrP intermediate druggable pocket.
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Variational Scheme to Compute Protein Reaction Pathways Using Atomistic Force Fields
with Explicit Solvent
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We introduce a variational approximation to the microscopic dynamics of rare conformational
transitions of macromolecules. Within this framework it is possible to simulate on a small computer
cluster reactions as complex as protein folding, using state of the art all-atom force fields in
explicit solvent. We test this method against MD simulations of the folding of an α and a β protein
performed with the same all-atom force field on the Anton supercomputer. We find that our
approach yields results consistent with those of MD simulations, at a computational cost orders of
magnitude smaller.

DOI: 10.1103/PhysRevLett.114.098103 PACS numbers: 87.15.ap, 87.10.Tf, 87.14.E-

The development of the special-purpose Anton super-
computer has recently opened the way to MD simulations
of biomolecules consisting of several hundred atoms,
covering time intervals in the millisecond range [1]. By
using this facility, Shaw and co-workers characterized the
reversible folding of several small proteins, showing that
the existing all-atom force fields are able to attain the
correct protein native structures [1–3]. Unfortunately,
many biologically important conformational reactions
occur at time scales many orders of magnitude larger than
the millisecond. Hence, it is important to continue the
development of more efficient algorithms to sample the
reactive pathways space (see, e.g., Ref. [4] and references
therein).
In particular, in the dominant reaction pathways (DRP)

approach [5–8], microscopic trajectories XðτÞ, connecting
given initial and final molecular configurations Xi ¼ Xð0Þ
and Xf ¼ XðtÞ, are determined by maximizing their prob-
ability density P½X% in the Langevin dynamics. This
algorithm was first validated against MD using both
simplified and realistic atomistic force fields (see, e.g.,
Ref. [8]). Next, it was applied to characterize in atomistic
detail conformational reactions far too slow to be inves-
tigated by means of plain MD. Notable examples include
the folding of a knotted protein [9] and the latency
transition of several serpins [10].
One crucial limitation of the DRP method is that it can

only be applied in implicit solvent simulations. In this work
we overcome this limitation by introducing a new varia-
tional approximation suitable also for atomistic simulations
in an explicit solvent.
Let (X; Y) represent a point of the system’s configuration

space, where X¼ðx1;…;xNÞ and Y ¼ ðy1;…; yN0Þ denote

the solute and solvent coordinates, respectively. The
Langevin equations for the solvent and solute are

miẍi ¼ −miγi _xi −∇iU þ ηiðtÞ;
mjÿj ¼ −mjγj _yj −∇jU þ ηjðtÞ; ð1Þ

where UðX; YÞ is the potential energy, ηi is a white noise,
and mi and γi denote mass and viscosity, respectively.
We are interested in the probability density for the solute

to make a transition from Xi to Xf in a time t, along a given
path XðτÞ. This is given by the path integral (PI),

P½X% ¼
Z

DYe−SOM½X;Y%−UðXi;YiÞ=kBT; ð2Þ

where SOM½X; Y% is the Onsager-Machlup functional,
to be defined below. Maximizing P½X% with respect to
the path X yields the DRP optimum condition [5–7]:
ðδ=δXÞhSOM½X; Y%iY ¼ 0, where the average h·iY refers
to the PI over YðτÞ.
Unfortunately, computing this average with the accuracy

required for the path optimization is computationally
unfeasible, because of large statistical fluctuations. To
overcome this problem, we need to derive an optimum
criterion that does not involve any average over the solvent
dynamics.
We begin by considering a modified stochastic dynam-

ics, defined by introducing into Eq. (1) an external
(possibly time-dependent) biasing force Fbias

i ðX; tÞ, acting
on the solute atoms only and accelerating the transition to
the product. The probability of a given reactive pathway
XðτÞ in the biased dynamics is given by
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We develop a theoretical approach to the protein-folding problem based on out-of-equilibrium
stochastic dynamics. Within this framework, the computational difficulties related to the existence of
large time scale gaps are removed, and simulating the entire reaction in atomistic details using existing
computers becomes feasible. We discuss how to determine the most probable folding pathway, identify
configurations representative of the transition state, and compute the most probable transition time. We
perform an illustrative application of these ideas, studying the conformational evolution of alanine
dipeptide, within an all-atom model based on the empiric GROMOS96 force field.
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A critical part of the protein-folding problem is to under-
stand its kinetics and the underlying physical processes. To
this aim, several different theoretical methods have been
recently developed, spanning from analytical approaches
[1] to detailed computer simulations [2,3]. A major prob-
lem in simulating the folding process using standard mo-
lecular dynamics (MD) is the huge gap between the time
scale of ‘‘elementary moves,’’ of the order of 10–100 ps,
and that of the entire folding process, which ranges from a
few microseconds for fast folders [4], up to several seconds
or even minutes for more complex proteins. This peculiar-
ity of the folding process makes the brute-force molecular
dynamics approach too demanding, and a substantial part
of the efforts in the field of protein-folding simulation aims
at bridging this gap.

In a recent paper [5] we presented a novel theoretical
framework for investigating the folding dynamics, named
hereafter Dominant Folding Pathways (DFP), which is
based on a reformulation in terms of path integrals of the
dynamics described by the Langevin equation. The DFP
analysis allows to compute rigorously (i.e., without any
assumptions other than the validity of the underlying
Langevin equation) the most probable conformational
pathway connecting two arbitrary conformations. The ma-
jor advantage of the method is the possibility of bypassing
the computational difficulties associated with the existence
of different time scales in the problem, while retaining the
ability to recover information on the time evolution of the
system. The resulting computational simplification is dra-
matic and makes it feasible to study the formation pattern
of conformational structures along the entire folding pro-
cess using realistic all-atom force fields, on available
computers.

In this Letter we further develop our formalism and we
present the first DFP simulation performed in full atomistic
detail. We show how the DFP analysis gives access to
important information about the dynamics of the folding
process, such as the characterization and determination of
the transition state, and the most probable transition time.
In addition, we show that in this formalism the native state
is characterized by a single effective parameter, and this
leads to an interesting relationship between kinetic and
thermodynamical quantities.

Let us begin our discussion by briefly reviewing the key
concepts of the DFP method, here presented for a simple
one-dimensional system, without loss of generality.

The DFP method can be applied to any system described
by the over-damped Langevin equation
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where U is the potential energy of the system, !$t% is a
Gaussian random force with zero average and correlation
given by h!$t%!$t0%i ! 2D"$t"t0%. Note that in the origi-
nal Langevin equation there is a mass term, m !x. However,
as shown in [6 ], for proteins, this term can be neglected
beyond time scales of the order of 10"13 s.

The probability of finding the system in a conformation
xf at time tf starting from a conformation xi at ti is a
solution of the well-known Fokker-Planck Equation, and
can be expressed as a path-integral:
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We present a method to investigate the kinetics of protein folding and the dynamics underlying the
formation of secondary and tertiary structures during the entire reaction. By writing the solution of the
Fokker-Planck equation in terms of a path integral, we derive a Hamilton-Jacobi variational principle from
which we are able to compute the most probable pathway of folding. The method is applied to the folding
of the Villin headpiece subdomain simulated using a Go model. An initial collapsing phase driven by the
initial configuration is followed by a rearrangement phase, in which secondary structures are formed and
all computed paths display strong similarities. This completely general method does not require the prior
knowledge of any reaction coordinate and is an efficient tool to perform simulations of the entire folding
process with available computers.

DOI: 10.1103/PhysRevLett.97.108101 PACS numbers: 87.14.Ee, 83.10.Mj, 87.15.Cc

Understanding the kinetics of protein folding [1] and the
dynamical mechanisms involved in the formation of their
structures in an all-atom approach involves simulating a
statistically significant ensemble of folding trajectories for
a system of !104 degrees of freedom. Unfortunately, the
existence of a huge gap between the microscopic time
scale of the rotational degrees of freedom !10"12 s and
the macroscopic time scales of the full folding process
!10"6– 101 s makes it extremely computationally chal-
lenging to follow the evolution of a typical !100-residue
protein for a time interval longer than a few tens of
nanoseconds.

Several approaches have been proposed to overcome
such computational difficulties and address the problem
of identifying the relevant pathways of the folding re-
action [2]. Unfortunately, these methods are either af-
fected by uncontrolled systematic errors associated to
ad hoc approximations or can be applied only to small
proteins with a typical folding time of the order of a few
nanoseconds (fast folders). In this Letter, we present a
novel approach to overcome these difficulties: We adopt
the Langevin approach and devise a method to rigor-
ously define and practically compute the most statisti-
cally relevant protein folding pathway. As a first explor-
atory application, we have studied the folding transi-
tion of the 36-monomer Villin headpiece subdomain
(Protein Data Bank code 1VII). This molecule has been
extensively studied in the literature because it is the small-
est polypeptide that has all of the properties of a single
domain protein, and, in addition, it is one of the fastest
folders [3]. The ribbon representation of this system is
shown in Fig. 1. We analyze the transition from different
random self-avoiding coil states to the native state, whose

structure was obtained from the Brookhaven Protein Data
Bank.

Our study is based on the analogy between Langevin
diffusion and quantum propagation. Previous studies have
exploited such a connection to study a variety of diffusive
problems using path-integral methods [4,5]. In this work,
we develop the formalism to determine explicitly the evo-
lution of the position of each monomer of the protein,
during the entire folding transition, without relying on a
specific choice of the reaction coordinate.

Before entering the details of our calculation, it is con-
venient to review the mathematical framework in a simple
case. For this purpose, let us consider Langevin diffusion
of a point particle in one dimension, subject to an external
potential U#x$:
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where !#t$ is a Gaussian noise with zero average and
correlation given by h!#t$!#t0$i % 2D"#t" t0$. In this
equation, D is the diffusion constant of the particle in the
solvent; kB and T are, respectively, the Boltzmann constant
and the temperature.

FIG. 1 (color online). Ribbon representation of the Villin
headpiece subdomain, drawn using RASTER3D [11].
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Characterizing thermally activated transitions in high-dimensional rugged energy surfaces is a very
challenging task for classical computers. Here, we develop a quantum annealing scheme to solve this
problem. First, the task of finding the most probable transition paths in configuration space is reduced to a
shortest-path problem defined on a suitable weighted graph. Next, this optimization problem is mapped into
finding the ground state of a generalized Ising model. A finite-size scaling analysis suggests this task may
be solvable efficiently by a quantum annealing machine. Our approach leverages on the quantized nature of
qubits to describe transitions between different system’s configurations. Since it does not involve any lattice
space discretization, it paves the way towards future biophysical applications of quantum computing based
on realistic all-atom models.

DOI: 10.1103/PhysRevLett.126.028104

Molecular dynamics (MD) provides a sound theoretical
framework to investigate the structural dynamics of macro-
molecular systems. However, this scheme is computation-
ally inefficient when applied to thermally activated
processes. To overcome this limitation, much effort has
been put over the last two decades toward devising
enhanced sampling algorithms [1]. In particular, an expo-
nential speed-up of the computational efficiency can be
obtained by introducing specific biasing forces that pro-
mote the escape rate from metastable minima [2–4].
However, methods based on this scheme typically require
some prior knowledge about the reaction coordinate or the
system’s slowest collective variables (CVs). Unfortunately,
the identification of these variables is in general a very
challenging task, and a suboptimal choice may hamper the
convergence or introduce systematic errors. On the other
hand, enhanced sampling methods which do not involve
biasing forces [5–7] are significantly more computationally
expensive.
During the last several years, quantum computing

machines have grown exponentially both in size and
performance, to a point that it is now realistic to foresee
the onset of quantum supremacy in key computational
problems [8]. It is therefore both important and timely to
address the question whether quantum computation can be
employed to identify statistically relevant transition path-
ways in high-dimensional rugged energy surfaces.
While significant progress has been made on designing

algorithms for quantum annealers [9–13] that specifically
tackle quantum chemistry applications [14–19], only a few
applications to classical molecular sampling problems have
been reported to date [20,21]. Arguably, the key limiting
factor is the fact that quantum machines are best suited to

tackle discrete problems. For this reason, to the best of
our knowledge, all the proposed quantum computing
algorithms for sampling and energy optimization of
classical molecular structures rely on simplified lattice
models. While these models have provided valuable insight
into the general statistical mechanical properties of
biopolymers [22], the lack of structural and chemical
detail hampers their applicability to realistic biophysical
systems.
In this work, we develop a rigorous approach to finding

the most statistically relevant transition paths in a thermally
activated conformational reaction, using a quantum com-
puting machine. Our method does not require lattice
discretization. Thus, it is in principle applicable to realistic
molecular models, with atomic resolution. Although the
resources available in present-day quantum computers
limit immediate implementations to rather small bench-
mark problems, our work points to a paradigmatically new
way to tackle problems from computational biophysics.
The basic idea is to first resort to classical computing to

generate large datasets of molecular conformations, mostly
concentrated in the transition region. Unlike in Markov
state models [6] or in the milestoning approach [7], this set
of molecular configurations does not need to be generated
with a realistic dynamics, nor to sample a physically
meaningful distribution. The only request is to explore
the relevant region of configuration space. For example,
one could use plain MD at high temperature, machine-
learning schemes for uncharted manifold learning [23], or
biased dynamics or combinations of these methods.
The next step is to assign a posteriori the correct relative

statistical weight to all the reactive trajectories that can be
drawn by connecting the configurations in this sparse
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We introduce a variational approximation to the microscopic dynamics of rare conformational
transitions of macromolecules. Within this framework it is possible to simulate on a small computer
cluster reactions as complex as protein folding, using state of the art all-atom force fields in
explicit solvent. We test this method against MD simulations of the folding of an α and a β protein
performed with the same all-atom force field on the Anton supercomputer. We find that our
approach yields results consistent with those of MD simulations, at a computational cost orders of
magnitude smaller.

DOI: 10.1103/PhysRevLett.114.098103 PACS numbers: 87.15.ap, 87.10.Tf, 87.14.E-

The development of the special-purpose Anton super-
computer has recently opened the way to MD simulations
of biomolecules consisting of several hundred atoms,
covering time intervals in the millisecond range [1]. By
using this facility, Shaw and co-workers characterized the
reversible folding of several small proteins, showing that
the existing all-atom force fields are able to attain the
correct protein native structures [1–3]. Unfortunately,
many biologically important conformational reactions
occur at time scales many orders of magnitude larger than
the millisecond. Hence, it is important to continue the
development of more efficient algorithms to sample the
reactive pathways space (see, e.g., Ref. [4] and references
therein).
In particular, in the dominant reaction pathways (DRP)

approach [5–8], microscopic trajectories XðτÞ, connecting
given initial and final molecular configurations Xi ¼ Xð0Þ
and Xf ¼ XðtÞ, are determined by maximizing their prob-
ability density P½X% in the Langevin dynamics. This
algorithm was first validated against MD using both
simplified and realistic atomistic force fields (see, e.g.,
Ref. [8]). Next, it was applied to characterize in atomistic
detail conformational reactions far too slow to be inves-
tigated by means of plain MD. Notable examples include
the folding of a knotted protein [9] and the latency
transition of several serpins [10].
One crucial limitation of the DRP method is that it can

only be applied in implicit solvent simulations. In this work
we overcome this limitation by introducing a new varia-
tional approximation suitable also for atomistic simulations
in an explicit solvent.
Let (X; Y) represent a point of the system’s configuration

space, where X¼ðx1;…;xNÞ and Y ¼ ðy1;…; yN0Þ denote

the solute and solvent coordinates, respectively. The
Langevin equations for the solvent and solute are

miẍi ¼ −miγi _xi −∇iU þ ηiðtÞ;
mjÿj ¼ −mjγj _yj −∇jU þ ηjðtÞ; ð1Þ

where UðX; YÞ is the potential energy, ηi is a white noise,
and mi and γi denote mass and viscosity, respectively.
We are interested in the probability density for the solute

to make a transition from Xi to Xf in a time t, along a given
path XðτÞ. This is given by the path integral (PI),

P½X% ¼
Z

DYe−SOM½X;Y%−UðXi;YiÞ=kBT; ð2Þ

where SOM½X; Y% is the Onsager-Machlup functional,
to be defined below. Maximizing P½X% with respect to
the path X yields the DRP optimum condition [5–7]:
ðδ=δXÞhSOM½X; Y%iY ¼ 0, where the average h·iY refers
to the PI over YðτÞ.
Unfortunately, computing this average with the accuracy

required for the path optimization is computationally
unfeasible, because of large statistical fluctuations. To
overcome this problem, we need to derive an optimum
criterion that does not involve any average over the solvent
dynamics.
We begin by considering a modified stochastic dynam-

ics, defined by introducing into Eq. (1) an external
(possibly time-dependent) biasing force Fbias

i ðX; tÞ, acting
on the solute atoms only and accelerating the transition to
the product. The probability of a given reactive pathway
XðτÞ in the biased dynamics is given by
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We develop a theoretical approach to the protein-folding problem based on out-of-equilibrium
stochastic dynamics. Within this framework, the computational difficulties related to the existence of
large time scale gaps are removed, and simulating the entire reaction in atomistic details using existing
computers becomes feasible. We discuss how to determine the most probable folding pathway, identify
configurations representative of the transition state, and compute the most probable transition time. We
perform an illustrative application of these ideas, studying the conformational evolution of alanine
dipeptide, within an all-atom model based on the empiric GROMOS96 force field.
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A critical part of the protein-folding problem is to under-
stand its kinetics and the underlying physical processes. To
this aim, several different theoretical methods have been
recently developed, spanning from analytical approaches
[1] to detailed computer simulations [2,3]. A major prob-
lem in simulating the folding process using standard mo-
lecular dynamics (MD) is the huge gap between the time
scale of ‘‘elementary moves,’’ of the order of 10–100 ps,
and that of the entire folding process, which ranges from a
few microseconds for fast folders [4], up to several seconds
or even minutes for more complex proteins. This peculiar-
ity of the folding process makes the brute-force molecular
dynamics approach too demanding, and a substantial part
of the efforts in the field of protein-folding simulation aims
at bridging this gap.

In a recent paper [5] we presented a novel theoretical
framework for investigating the folding dynamics, named
hereafter Dominant Folding Pathways (DFP), which is
based on a reformulation in terms of path integrals of the
dynamics described by the Langevin equation. The DFP
analysis allows to compute rigorously (i.e., without any
assumptions other than the validity of the underlying
Langevin equation) the most probable conformational
pathway connecting two arbitrary conformations. The ma-
jor advantage of the method is the possibility of bypassing
the computational difficulties associated with the existence
of different time scales in the problem, while retaining the
ability to recover information on the time evolution of the
system. The resulting computational simplification is dra-
matic and makes it feasible to study the formation pattern
of conformational structures along the entire folding pro-
cess using realistic all-atom force fields, on available
computers.

In this Letter we further develop our formalism and we
present the first DFP simulation performed in full atomistic
detail. We show how the DFP analysis gives access to
important information about the dynamics of the folding
process, such as the characterization and determination of
the transition state, and the most probable transition time.
In addition, we show that in this formalism the native state
is characterized by a single effective parameter, and this
leads to an interesting relationship between kinetic and
thermodynamical quantities.

Let us begin our discussion by briefly reviewing the key
concepts of the DFP method, here presented for a simple
one-dimensional system, without loss of generality.

The DFP method can be applied to any system described
by the over-damped Langevin equation
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@U
@x
# !$t%; (1)

where U is the potential energy of the system, !$t% is a
Gaussian random force with zero average and correlation
given by h!$t%!$t0%i ! 2D"$t"t0%. Note that in the origi-
nal Langevin equation there is a mass term, m !x. However,
as shown in [6 ], for proteins, this term can be neglected
beyond time scales of the order of 10"13 s.

The probability of finding the system in a conformation
xf at time tf starting from a conformation xi at ti is a
solution of the well-known Fokker-Planck Equation, and
can be expressed as a path-integral:
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fective action and
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We present a method to investigate the kinetics of protein folding and the dynamics underlying the
formation of secondary and tertiary structures during the entire reaction. By writing the solution of the
Fokker-Planck equation in terms of a path integral, we derive a Hamilton-Jacobi variational principle from
which we are able to compute the most probable pathway of folding. The method is applied to the folding
of the Villin headpiece subdomain simulated using a Go model. An initial collapsing phase driven by the
initial configuration is followed by a rearrangement phase, in which secondary structures are formed and
all computed paths display strong similarities. This completely general method does not require the prior
knowledge of any reaction coordinate and is an efficient tool to perform simulations of the entire folding
process with available computers.
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Understanding the kinetics of protein folding [1] and the
dynamical mechanisms involved in the formation of their
structures in an all-atom approach involves simulating a
statistically significant ensemble of folding trajectories for
a system of !104 degrees of freedom. Unfortunately, the
existence of a huge gap between the microscopic time
scale of the rotational degrees of freedom !10"12 s and
the macroscopic time scales of the full folding process
!10"6– 101 s makes it extremely computationally chal-
lenging to follow the evolution of a typical !100-residue
protein for a time interval longer than a few tens of
nanoseconds.

Several approaches have been proposed to overcome
such computational difficulties and address the problem
of identifying the relevant pathways of the folding re-
action [2]. Unfortunately, these methods are either af-
fected by uncontrolled systematic errors associated to
ad hoc approximations or can be applied only to small
proteins with a typical folding time of the order of a few
nanoseconds (fast folders). In this Letter, we present a
novel approach to overcome these difficulties: We adopt
the Langevin approach and devise a method to rigor-
ously define and practically compute the most statisti-
cally relevant protein folding pathway. As a first explor-
atory application, we have studied the folding transi-
tion of the 36-monomer Villin headpiece subdomain
(Protein Data Bank code 1VII). This molecule has been
extensively studied in the literature because it is the small-
est polypeptide that has all of the properties of a single
domain protein, and, in addition, it is one of the fastest
folders [3]. The ribbon representation of this system is
shown in Fig. 1. We analyze the transition from different
random self-avoiding coil states to the native state, whose

structure was obtained from the Brookhaven Protein Data
Bank.

Our study is based on the analogy between Langevin
diffusion and quantum propagation. Previous studies have
exploited such a connection to study a variety of diffusive
problems using path-integral methods [4,5]. In this work,
we develop the formalism to determine explicitly the evo-
lution of the position of each monomer of the protein,
during the entire folding transition, without relying on a
specific choice of the reaction coordinate.

Before entering the details of our calculation, it is con-
venient to review the mathematical framework in a simple
case. For this purpose, let us consider Langevin diffusion
of a point particle in one dimension, subject to an external
potential U#x$:

@x
@t

% " D
kBT

@U
@x

& !#t$; (1)

where !#t$ is a Gaussian noise with zero average and
correlation given by h!#t$!#t0$i % 2D"#t" t0$. In this
equation, D is the diffusion constant of the particle in the
solvent; kB and T are, respectively, the Boltzmann constant
and the temperature.

FIG. 1 (color online). Ribbon representation of the Villin
headpiece subdomain, drawn using RASTER3D [11].
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Characterizing thermally activated transitions in high-dimensional rugged energy surfaces is a very
challenging task for classical computers. Here, we develop a quantum annealing scheme to solve this
problem. First, the task of finding the most probable transition paths in configuration space is reduced to a
shortest-path problem defined on a suitable weighted graph. Next, this optimization problem is mapped into
finding the ground state of a generalized Ising model. A finite-size scaling analysis suggests this task may
be solvable efficiently by a quantum annealing machine. Our approach leverages on the quantized nature of
qubits to describe transitions between different system’s configurations. Since it does not involve any lattice
space discretization, it paves the way towards future biophysical applications of quantum computing based
on realistic all-atom models.

DOI: 10.1103/PhysRevLett.126.028104

Molecular dynamics (MD) provides a sound theoretical
framework to investigate the structural dynamics of macro-
molecular systems. However, this scheme is computation-
ally inefficient when applied to thermally activated
processes. To overcome this limitation, much effort has
been put over the last two decades toward devising
enhanced sampling algorithms [1]. In particular, an expo-
nential speed-up of the computational efficiency can be
obtained by introducing specific biasing forces that pro-
mote the escape rate from metastable minima [2–4].
However, methods based on this scheme typically require
some prior knowledge about the reaction coordinate or the
system’s slowest collective variables (CVs). Unfortunately,
the identification of these variables is in general a very
challenging task, and a suboptimal choice may hamper the
convergence or introduce systematic errors. On the other
hand, enhanced sampling methods which do not involve
biasing forces [5–7] are significantly more computationally
expensive.
During the last several years, quantum computing

machines have grown exponentially both in size and
performance, to a point that it is now realistic to foresee
the onset of quantum supremacy in key computational
problems [8]. It is therefore both important and timely to
address the question whether quantum computation can be
employed to identify statistically relevant transition path-
ways in high-dimensional rugged energy surfaces.
While significant progress has been made on designing

algorithms for quantum annealers [9–13] that specifically
tackle quantum chemistry applications [14–19], only a few
applications to classical molecular sampling problems have
been reported to date [20,21]. Arguably, the key limiting
factor is the fact that quantum machines are best suited to

tackle discrete problems. For this reason, to the best of
our knowledge, all the proposed quantum computing
algorithms for sampling and energy optimization of
classical molecular structures rely on simplified lattice
models. While these models have provided valuable insight
into the general statistical mechanical properties of
biopolymers [22], the lack of structural and chemical
detail hampers their applicability to realistic biophysical
systems.
In this work, we develop a rigorous approach to finding

the most statistically relevant transition paths in a thermally
activated conformational reaction, using a quantum com-
puting machine. Our method does not require lattice
discretization. Thus, it is in principle applicable to realistic
molecular models, with atomic resolution. Although the
resources available in present-day quantum computers
limit immediate implementations to rather small bench-
mark problems, our work points to a paradigmatically new
way to tackle problems from computational biophysics.
The basic idea is to first resort to classical computing to

generate large datasets of molecular conformations, mostly
concentrated in the transition region. Unlike in Markov
state models [6] or in the milestoning approach [7], this set
of molecular configurations does not need to be generated
with a realistic dynamics, nor to sample a physically
meaningful distribution. The only request is to explore
the relevant region of configuration space. For example,
one could use plain MD at high temperature, machine-
learning schemes for uncharted manifold learning [23], or
biased dynamics or combinations of these methods.
The next step is to assign a posteriori the correct relative

statistical weight to all the reactive trajectories that can be
drawn by connecting the configurations in this sparse
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FIG. 1. (a) Graphical representation of the Dyson Eq. (44) for the exciton propa-
gator. The line with open white triangle denotes the full (non-perturbative) time-
ordered exciton propagator, while the other continuous line appearing in the
righthand-side represents the free exciton propagator. (b) Example of loop diagram
neglected in the proposed approximation. The dashed line denotes the stochastic
propagator of classical damped Langevin oscillations of the configuration vector
δQ. (c) Estimating the 1PI term by the lowest-order self-energy diagram.

Equation (43) provides the starting point to apply our non-
perturbative approximation scheme. To this end, we consider the
standard Dyson equation, obtained by resumming all 1-particle irre-
ducible (1PI) diagrams for the single-exciton propagator G [see
Fig. 1(a)]. In frequency representation and omitting all indices for
sake of simplicity, the Dyson equation reads

G(ω) = G0(ω) +G0(ω)Σ(ω)G(ω), (44)

where Σ(ω) denotes the sum over all 1PI diagrams. Splitting this
equation into its forward and backward components leads to two
decoupled Dyson expressions

Gf �b(ω) = Gf �b
0 (ω)

1 −Gf �b
0 (ω)Σ f �b(ω) . (45)

To evaluate Σf /b(ω), further approximations are required. First
of all, we neglect all diagrams containing exciton loops, such as the
one shown in Fig. 1(b). The reason is that the energy of molecular
vibrations is much lower than that required to lift electronic excita-
tions. Furthermore, we can assume that the couplings f inm entering
Eq. (19) are small and estimate the 1PI in perturbation theory. At the
leading-order, this corresponds to re-summing the self-energy dia-
gram reported in Fig. 1(c). Insisting using this re-summation scheme
even beyond the small coupling regime corresponds to defining a
dynamical mean-field approximation.44

Explicit evaluation of the self-energy diagram leads to

Σ f �b
nm(ω) � f lnm′U

†
lj′V

†
m′s[i(Es − ω) ± γ]Vsn′Uj′hf

h
n′m

βM ⌦2
j′�⌦2

j′ − (Es − ω)(Es ∓ iγ − ω)� , (46)

and the corresponding f /b components of the propagator are

Gf �b(n,m;ω) = ±i�V†
ns(ω − Es ± iε)Vsm ± iΣf �b

nm(ω)�−1, (47)

whereV is the unitarymatrix which diagonalizes the f 0 matrix. Plug-
ging Eq. (47) into the Fourier transform of Eq. (43), we reach the
following expression for the response function in the simplified case
where only diagonal entries of the self-energy Σf �b

nn = Σf �b
n are rele-

vant, i.e., when vibrations only couple to the diagonal elements of
the Frenkel Hamiltonian

R(ω) = −2�
n

(ω − En) + iReΣf
n(ω)

(ω − En)2 − �Σf
n(ω)�2 + 2i(ω − En)ReΣf

n(ω) . (48)

An analytic formula for the absorption coefficient κa(ω) can
be obtained by combining real and imaginary parts, according to
Eqs. (34)–(36). It is instructive to analyze the structure of its imagi-
nary part ImR(ω), which controls the position and the width of the
resonances

ImR(ω) = −�
n

2ReΣf
n(ω)�(ω − En)2 + �Σf

n(ω)�2�
�(ω − En)2 − �Σf

n(ω)�2�2 + 4�(ω − En)ReΣf
n(ω)�2 .

(49)

The splitting and shifting of the poles generated by the vibronic
coupling is determined by the self-energy function Σf

n(ω), given in
Eq. (46). For illustration purposes, here we discuss its expression, in
the case of a single normal mode

Σf
nm(ω) = δnmf 2

βM⌦
γ⌦2 + i(ω − En)�(ω − En)2 −⌦2 + γ2�

�(ω − En)2 −⌦2�2 + γ2(ω − En)2 . (50)

This equation shows how the vibronic correction of the response
function scales with the temperature and bath viscosity. Note that
the shifting, splitting, and broadening of the resonances are large
when the difference between ω and the excitonic energies is com-
parable with the frequency of the vibrational normal mode ⌦. We
emphasize that the new resonances correspond to the vibronic
states, i.e., unstable bound-states of excitonic and vibrational
modes.

In Sec. V, we apply this scheme to compute an absorption
spectrum of a relevant macromolecular system.

V. ABSORPTION SPECTRUM OF THE FMO COMPLEX
In this section, we report on an application of MQFT to

computing the absorption spectrum of the FMO complex, which
represents one of the most thoroughly studied photosynthetic
systems.

Structurally, the FMO complex is a trimer, in which each
monomer is composed by a protein scaffold non-covalently bound
to 8 bacteriochlorophylls of type-a (BChla)45 [see Figs. 2(a) and
2(b)].46,47 Exciton propagation is mainly confined within each
monomer and involves only the 7 inner chlorophylls.47

In the following, we adopt a model in which excitonic and con-
formational degrees of freedom are treated at the explicit level and
their dynamics is defined by the Hamiltonian discussed in Sec. II. In
particular, we coarse-grain the electronic dynamics at the level of the
excitonic states created or annihilated at the 7 inner chlorophyll sites
of each monomer, i.e.,

HEx = 21�
n,m=1 f

0
nm â†

nâm. (51)

The matrix elements f 0nm carry the information about the energies
of each site and the transition amplitudes between the chlorophylls.
The diagonal elements have been obtained from density functional
theory (DFT) calculations on each chlorophyll, while off diagonal
matrix elements can be estimated from the dipole-dipole interac-
tions between chlorophyll transition densities (for a detailed dis-
cussion, see Refs. 45, 48, and 49). We neglect all couplings between
chlorophylls belonging to different monomeric units. Consequently,
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FIG. 1. (a) Graphical representation of the Dyson Eq. (44) for the exciton propa-
gator. The line with open white triangle denotes the full (non-perturbative) time-
ordered exciton propagator, while the other continuous line appearing in the
righthand-side represents the free exciton propagator. (b) Example of loop diagram
neglected in the proposed approximation. The dashed line denotes the stochastic
propagator of classical damped Langevin oscillations of the configuration vector
δQ. (c) Estimating the 1PI term by the lowest-order self-energy diagram.

Equation (43) provides the starting point to apply our non-
perturbative approximation scheme. To this end, we consider the
standard Dyson equation, obtained by resumming all 1-particle irre-
ducible (1PI) diagrams for the single-exciton propagator G [see
Fig. 1(a)]. In frequency representation and omitting all indices for
sake of simplicity, the Dyson equation reads

G(ω) = G0(ω) +G0(ω)Σ(ω)G(ω), (44)

where Σ(ω) denotes the sum over all 1PI diagrams. Splitting this
equation into its forward and backward components leads to two
decoupled Dyson expressions

Gf �b(ω) = Gf �b
0 (ω)

1 −Gf �b
0 (ω)Σ f �b(ω) . (45)

To evaluate Σf /b(ω), further approximations are required. First
of all, we neglect all diagrams containing exciton loops, such as the
one shown in Fig. 1(b). The reason is that the energy of molecular
vibrations is much lower than that required to lift electronic excita-
tions. Furthermore, we can assume that the couplings f inm entering
Eq. (19) are small and estimate the 1PI in perturbation theory. At the
leading-order, this corresponds to re-summing the self-energy dia-
gram reported in Fig. 1(c). Insisting using this re-summation scheme
even beyond the small coupling regime corresponds to defining a
dynamical mean-field approximation.44

Explicit evaluation of the self-energy diagram leads to

Σ f �b
nm(ω) � f lnm′U

†
lj′V

†
m′s[i(Es − ω) ± γ]Vsn′Uj′hf

h
n′m

βM ⌦2
j′�⌦2

j′ − (Es − ω)(Es ∓ iγ − ω)� , (46)

and the corresponding f /b components of the propagator are

Gf �b(n,m;ω) = ±i�V†
ns(ω − Es ± iε)Vsm ± iΣf �b

nm(ω)�−1, (47)

whereV is the unitarymatrix which diagonalizes the f 0 matrix. Plug-
ging Eq. (47) into the Fourier transform of Eq. (43), we reach the
following expression for the response function in the simplified case
where only diagonal entries of the self-energy Σf �b

nn = Σf �b
n are rele-

vant, i.e., when vibrations only couple to the diagonal elements of
the Frenkel Hamiltonian

R(ω) = −2�
n

(ω − En) + iReΣf
n(ω)

(ω − En)2 − �Σf
n(ω)�2 + 2i(ω − En)ReΣf

n(ω) . (48)

An analytic formula for the absorption coefficient κa(ω) can
be obtained by combining real and imaginary parts, according to
Eqs. (34)–(36). It is instructive to analyze the structure of its imagi-
nary part ImR(ω), which controls the position and the width of the
resonances

ImR(ω) = −�
n

2ReΣf
n(ω)�(ω − En)2 + �Σf

n(ω)�2�
�(ω − En)2 − �Σf

n(ω)�2�2 + 4�(ω − En)ReΣf
n(ω)�2 .

(49)

The splitting and shifting of the poles generated by the vibronic
coupling is determined by the self-energy function Σf

n(ω), given in
Eq. (46). For illustration purposes, here we discuss its expression, in
the case of a single normal mode

Σf
nm(ω) = δnmf 2

βM⌦
γ⌦2 + i(ω − En)�(ω − En)2 −⌦2 + γ2�

�(ω − En)2 −⌦2�2 + γ2(ω − En)2 . (50)

This equation shows how the vibronic correction of the response
function scales with the temperature and bath viscosity. Note that
the shifting, splitting, and broadening of the resonances are large
when the difference between ω and the excitonic energies is com-
parable with the frequency of the vibrational normal mode ⌦. We
emphasize that the new resonances correspond to the vibronic
states, i.e., unstable bound-states of excitonic and vibrational
modes.

In Sec. V, we apply this scheme to compute an absorption
spectrum of a relevant macromolecular system.

V. ABSORPTION SPECTRUM OF THE FMO COMPLEX
In this section, we report on an application of MQFT to

computing the absorption spectrum of the FMO complex, which
represents one of the most thoroughly studied photosynthetic
systems.

Structurally, the FMO complex is a trimer, in which each
monomer is composed by a protein scaffold non-covalently bound
to 8 bacteriochlorophylls of type-a (BChla)45 [see Figs. 2(a) and
2(b)].46,47 Exciton propagation is mainly confined within each
monomer and involves only the 7 inner chlorophylls.47

In the following, we adopt a model in which excitonic and con-
formational degrees of freedom are treated at the explicit level and
their dynamics is defined by the Hamiltonian discussed in Sec. II. In
particular, we coarse-grain the electronic dynamics at the level of the
excitonic states created or annihilated at the 7 inner chlorophyll sites
of each monomer, i.e.,

HEx = 21�
n,m=1 f

0
nm â†

nâm. (51)

The matrix elements f 0nm carry the information about the energies
of each site and the transition amplitudes between the chlorophylls.
The diagonal elements have been obtained from density functional
theory (DFT) calculations on each chlorophyll, while off diagonal
matrix elements can be estimated from the dipole-dipole interac-
tions between chlorophyll transition densities (for a detailed dis-
cussion, see Refs. 45, 48, and 49). We neglect all couplings between
chlorophylls belonging to different monomeric units. Consequently,
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DIRECT COMPARISON AGAINST EXPERIMENT

state, which requires excursions to more expanded states with
high free energy, from which folding to the native state is
possible.
The combination of experiment and simulations thus

provides novel insight into the folding process of a protein
of such large size, which can be illustrated in terms of the free-
energy surface approximated from the simulations (Figure 5a).
Using the radius of gyration and the fraction of native contacts
as reaction coordinates, the starting point is the highly
expanded chain with the dimensions of the protein in 4 M
GdmCl. Upon dilution of denaturant (or the jump to low
temperature in the simulations), the chain collapses rapidly to
a compact ensemble with high helicity but a low fraction of
native contacts and large conformational heterogeneity. Owing
to the non-native interactions and the pronounced compaction

of the intermediate, reconfiguration within this ensemble is
sluggish, and finding the correct length and arrangement of the
long helices of ClyA is an accordingly slow process that
requires rare large conformational fluctuations out of the
molten-globule-like intermediate, which corresponds to a deep
trap in the free-energy surface.
On the path to the native state, the simulations identify the

possibility of an on-pathway intermediate, in which the C-
terminal αG helix is not yet docked onto the helix bundle.
Directly testing the presence of this intermediate in the
microfluidic single-molecule experiments used here was not
possible. However, previous single-molecule denaturation
experiments indicated the existence of an equilibrium folding
intermediate of ClyA at low GdmCl concentration in which
the terminal helices are denatured, whereas the rest of the helix

Figure 5. Summary of the refolding mechanism obtained with MD simulations and comparison with experimental results. (a) Density plots
showing the unfolded high-temperature ensemble (“U”), the collapsed intermediate (“C”), and a set of folding trajectories obtained by a bias
functional method projected onto the plane selected by the fraction of native contacts Q and the radius of gyration. All these configurations were
extracted from simulations performed in explicit solvent (CHARMM36). The bias functional folding trajectories were started from initial
conditions in C that were obtained by independent short (1.5 ns) implicit solvent MD starting from U. This procedure was adopted to ensure the
statistical independence of the initial conditions. The heat map extending from low to high Q denotes the frequency histogram calculated from the
entire ensemble of ratchet-and-pawl MD trajectories, and the thin red lines are the least-biased trajectories selected by the variational criterion (see
Methods). Representative structural ensembles and intramolecular contact maps are shown for different stages of the folding process (black
indicates high and yellow low contact probability; green frames indicate the regions in the contact map where new native interactions are formed;
the helical stretches along the sequence are indicated schematically for the native state contact plot). The structural ensembles show overlays of five
configurations with one highlighted in color. “I” denotes a near-native folding intermediate observed in the simulations and “N” the native state. (b)
Comparison of experimental mean transfer efficiencies with results from MD simulations for the four different states indicated in (a).
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ABSTRACT: The pore-forming toxin cytolysin A (ClyA) is expressed as a large α-
helical monomer that, upon interaction with membranes, undergoes a major
conformational rearrangement into the protomer conformation, which then assembles
into a cytolytic pore. Here, we investigate the folding kinetics of the ClyA monomer
with single-molecule Förster resonance energy transfer spectroscopy in combination
with microfluidic mixing, stopped-flow circular dichroism experiments, and molecular
simulations. The complex folding process occurs over a broad range of time scales,
from hundreds of nanoseconds to minutes. The very slow formation of the native state
occurs from a rapidly formed and highly collapsed intermediate with large helical
content and nonnative topology. Molecular dynamics simulations suggest pronounced
non-native interactions as the origin of the slow escape from this deep trap in the free-
energy surface, and a variational enhanced path-sampling approach enables a glimpse
of the folding process that is supported by the experimental data.
KEYWORDS: protein folding, single-molecule spectroscopy, microfluidic mixing, molecular dynamics simulations

Much of our current mechanistic understanding of
protein folding is based on experiments with small

single-domain proteins, which often fold on a millisecond time
scale or faster, and whose kinetics can frequently be
approximated with a two-state mechanism.7,8 Progress in the
field over the past decade has greatly benefitted from the
convergence of accessible time scales in experiments and
simulations. On the one hand, experimental techniques are
now able to monitor folding kinetics on shorter and shorter
time scales, down to the folding speed limit in the microsecond
range;11 on the other hand, simulations have extended their
reach to longer and longer time scales, into the microsecond
and millisecond range even for all-atom molecular dynam-
ics.12−15 In contrast, the detailed folding mechanisms of larger
proteins are still challenging to investigate, since the relevant
time scales can extend to seconds, minutes, or even longer,
often owing to the population of partially folded intermedi-
ates,16 which can be prone to misfolding and aggregation.17,18

Consequently, many large or multimeric proteins do not refold
reversibly after dilution from denaturant solutions, and
kinetically trapped states and competition with irreversible
aggregate formation lead to complex kinetics and complicate
quantitative analysis.19−21 However, large proteins, including
membrane proteins, account for the majority of the proteome,7

so understanding their folding process is of great importance.
From the experimental side, structural and kinetic

heterogeneity of folding processes can often be resolved by
single-molecule techniques. For example, single-molecule force

experiments have provided insight into the misfolding pathway
of large biomolecular complexes such as Hsp9022 and have
resolved misfolding events in single prion proteins.17 Single-
molecule Förster resonance energy transfer (FRET) can be
used to investigate time scales from nanoseconds to hours23,24

and has helped to elucidate, e.g., interdomain misfolding in
tandem repeat proteins25,26 and complex folding kinetics.27,28

Furthermore, single-molecule FRET is especially well suited
for investigating the dimensions and dynamics of non-native
states.29−32 Here, we take advantage of the combination of
single-molecule FRET with microfluidic mixing,33 a versatile
tool for the investigation of nonequilibrium dynamics from
milliseconds to minutes.29,34 We complement the distance
information from FRET with circular dichroism (CD)
spectroscopy to obtain equilibrium and kinetic information
on secondary structure formation during folding.
A promising approach for investigating the complex folding

mechanisms of large proteins is the combination of
experimental techniques with simulations.35,36 While exper-
imental techniques monitor global properties of the folding
kinetics (such as the evolution of the average content of
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ABSTRACT: Circular dichroism (CD) is known to be an excellent tool for
the determination of protein secondary structure due to fingerprint signatures
of α and β domains. However, CD spectra are also sensitive to the 3D
arrangement of the chain as a result of the excitonic nature of additional signals
due to the aromatic residues. This double sensitivity, when extended to time-
resolved experiments, should allow protein folding to be monitored with high
spatial resolution. To date, the exploitation of this very appealing idea has been
limited, due to the difficulty in relating the observed spectral evolution to
specific configurations of the chain. Here, we demonstrate that the
combination of atomistic molecular dynamics simulations of the folding
pathways with a quantum chemical evaluation of the excitonic spectra provides
the missing key. This is exemplified for the folding of canine milk lysozyme
protein.

1. INTRODUCTION
More than 50 years after protein folding was proven to be a
spontaneous process,1 a general agreement on the underlying
molecular mechanisms has not been reached yet.2−4 In the
quest to solve this uncertainty and achieve a complete
understanding at the required spatiotemporal resolution, a
central role is played by the combination of atomistic computer
simulations and experimental measurements.5 Unfortunately,
such a combination is still quite challenging, due to both
computational and experimental limitations.
On the one hand, the complexity combined to the large

dimension of proteins hampers the application of accurate
quantum-mechanical approaches to the study of their energy
surfaces and dynamics, forcing the use of classical descriptions
based on molecular mechanics force fields. Moreover, even
adopting such simplified models, computer simulations can
only cover relatively short time intervals, up to milliseconds.6,7

Consequently, additional approximations need to be intro-
duced in order to bridge the gap between the biologically
relevant and the computationally accessible time scales (see refs
8−18 and references therein). All the limitations intrinsic to
these approximated methods have so far prevented any of them
from becoming consensually accepted.
On the other hand, the available experimental techniques

either have a low spatial resolution or can probe with high
resolution only point-to-point distances. For example, hydro-
gen−deuterium exchange detected by mass spectroscopy19

provides information about the solvent accessible regions, while
small-angle scattering combined with the stopped-flow
technique measures the overall degree of compactness of the
polypeptide chain.20 However, these methods lack the
resolution required to thoroughly assess the predictions of
atomistic models. Furthermore, the limited time-resolution
restricts their applicability to relatively slow structural reactions.
A few alternative experimental techniques have been developed
to probe specific distances, with much higher spatial and
temporal resolution. In particular, single-molecule Förster
resonance energy transfer (smFRET) experiments can measure
subnanometric variations of the distance between two
chromophores located at specific positions along the chain,
with a time resolution on the microsecond scale.21,22 Atomic
force microscopy can also measure with subnanometric
resolution the relative distance between two residues, subject
to an externally applied mechanical stress.23,24 In general, the
development of these single-molecule techniques has brought
inestimable new insight into protein folding kinetics and
thermodynamics.25,26 However, they require alteration of the
chemical structure of the polypeptide chain, by implementing
point mutations and attaching fluorescent probes or molecular
“handles”. The question then arises whether such chemical
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SM875 induces the degradation of PrP by the lysosomes. Pro-
teins trafficking through the ER that fail to fold properly are usually
degraded to prevent the accumulation of toxic aggregates. Most
of these aberrantly folded polypeptides undergo retro-translocation
into the cytosol, poly-ubiquitination, and degradation by the
26S proteasome, a process known as ER-associated degradation
(ERAD)33. Although ERAD is the main degradation pathway for
most misfolded ER proteins, GPI-anchored proteins like PrP are
primarily cleared by the so-called ER-to-lysosome-associated
degradation pathway34,35. For example, the expression of disease-
associated, aggregation-prone mutants of PrP in different cells
increases several markers of the autophagy–lysosomal pathway,
such as the autophagosome-specific marker microtubule-associated
protein 1 A/1B-light chain 3-II (LC3-II)28. Here, we sought to test
whether SM875 lowers PrP levels by inducing its lysosomal

degradation. By comparing PrP-transfected and untransfected
HEK293 cells, we observed that SM875 (10–30 μM) increases LC3-
II levels in a PrP-dependent manner (Fig. 4a). Next, we directly
tested the role of lysosomal clearance for the observed PrP-lowering
effect of SM875. As previous data showed that inhibiting degra-
dation pathways in transfected cells could possibly generate over-
transcriptional artifacts of exogenous genes35,36, for these experi-
ments, we relied on ZR-75 cells, expressing PrP endogenously. We
found that autophagy inhibitor Bafilomycin A1 largely rescues
SM875-induced PrP decrease in these cells (Fig. 4b). Of note, the
natural disaccharide trehalose, reported to increase de novo for-
mation of autophagosomes, did not alter the PrP-lowering effects of
SM875 (Fig. S9)37. Collectively, these data indicate that SM875
promotes the degradation of PrP by the autophagy–lysosomal
pathway.

Fig. 3 SM875 lowers the amount of PrP at a post-translational level in different cell lines. Cells were exposed to different concentrations of SM875 or
vehicle (0.1% DMSO) for 48 h, lysed, and analyzed by western blotting. a In ZR-75 cells, SM875 suppresses PrP, but not Thy-1, in a concentration-
dependent fashion. b Similar effects were observed in cultured L929 fibroblasts. c In N2a cells, SM875 shows a dose-dependent lowering effect of PrP at
1–10 μM. However, in contrast to the other cell lines, the compound showed no effect at 30 μM. All signals were detected by using a specific anti-PrP (D18)
or anti-Thy-1 primary antibodies. Red arrowheads indicate the expected sizes of mature, fully glycosylated forms of PrP or Thy-1. Western blotting analysis
(i) and graphs reporting the densitometric quantification of signals (ii) are shown. Each signal was normalized on the corresponding total protein lane
(detected by UV of stain-free gels) and expressed as the percentage of vehicle (Vhc)-treated controls (*p < 0.05, **p < 0.01, ***p < 0.005, by one-way
ANOVA test). d Graphs show the levels of PrP mRNA upon treatment with SM875, as evaluated by RT-PCR. Specific forward and reverse primers were
used to amplify endogenous or exogenous, mouse or human PrP transcripts (see Materials and Methods). Relative quantification was normalized to mouse
or human HPRT (hypoxanthine–guanine phosphoribosyltransferase). Statistical analyses refer to the comparison with vehicle controls (**p < 0.01, ***p <
0.005, by one-way ANOVA test). Dots represent biologically independent replicates. e HEK293 stably expressing a PrP form tagged with a monomerized
EGFP molecule at its N-terminus (EGFP-PrP) were incubated with vehicle (0.1% DMSO) control (i) or SM875 at different concentrations (ii–vi) for 24 h.
Fluorescence of the EGFP protein was then visualized with an Olympus BX51WI microscope equipped with reflected fluorescence. Scale bar 50 μm.
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Fluorescence of the EGFP protein was then visualized with an Olympus BX51WI microscope equipped with reflected fluorescence. Scale bar 50 μm.
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….YET SOMETHING IS STILL MISSING….

concentrations (1–10 μM), whereas the protein showed normal
levels at the highest concentration (30 μM). In order to address
this discrepancy, we assessed the levels of PrP mRNA by quan-
titative real-time PCR (RT-PCR). We found that treatment with
SM875 did not decrease PrP mRNA in the different cell lines even
at the highest concentrations, confirming the original rationale
that a compound targeting a folding intermediate of PrP should
lower its expression at a post-translational level (Fig. 3d).
Importantly, only in N2a cells, we observed a robust (>500% at
30 μM), dose-dependent increase of PrP mRNA upon treatment
with SM875, which directly explains the discrepancy observed at
the protein level. This observation also suggests that the com-
pound triggers an over-production of PrP mRNA in these cells,
likely representing a compensatory response aimed at restoring
PrP levels. The compound showed variable intrinsic toxicity in
the different cell lines, with more prominent cytotoxicity in PrP-
transfected HEK293 cells, and progressively lower toxicity in

untransfected HEK293, N2a, ZR-75, and L929 cells, respectively
(Figs. S7, S8). To further corroborate the observed effects of
SM875 on PrP load, we checked whether the compound also
decreases the amount of the protein at the cell surface. HEK293
cells stably transfected with an EGFP-tagged PrP construct were
exposed to SM875, and the localization of PrP was monitored by
detecting the intrinsic green fluorescence of EGFP. In control
conditions, EGFP-PrP localizes almost entirely in the Golgi
apparatus and at the plasma membrane, with the latter giving rise
to a typical “honeycomb-like” staining of the cell surface (Fig. 3e)
31. Compounds altering PrP trafficking, as the phenothiazine
derivative chlorpromazine, have previously been shown to alter
such localization pattern32. Incubation with SM875 for 24 h
induced a drastic reduction of cell surface EGFP-PrP at con-
centrations as low as 1 μM. Collectively, these data confirm that
SM875 selectively reduces the amount of PrP at the post-
translational level and in a cell-independent fashion.

Fig. 2 In vitro validation of selected hits. HEK293 cells expressing mouse PrP or NEGR-1 were exposed to different concentrations of SM875 a, SM930 b,
SM940 c, or SM950 d or vehicle (0.1% DMSO, volume equivalent) for 48 h, lysed in detergent buffer (Tris 10mM, pH 7.4, 0.5% NP-40, 0.5% TX-100, 150
mM NaCl plus EDTA-free Protease Inhibitors), diluted in Laemmli sample buffer and analyzed by western blotting using anti-PrP (D18) or anti-NEGR-1 (R&D,
USA) antibodies. Red arrowheads indicate the expected sizes of mature, fully glycosylated forms of PrP and NEGR-1. The compounds induce a dose-dependent
suppression of PrP (i) but not control protein NEGR-1 (ii). The graphs (iii) show the densitometric quantification of the levels of full-length PrP or NEGR-1 from
different biologically independent replicates. Each signal was normalized on the corresponding total protein lane (detected by UV of stain-free gels) and
expressed as the percentage of the level in vehicle (Vhc)-treated controls (*p < 0.05, **p < 0.01, ***p < 0.005, by one-way ANOVA test). e The picture
illustrates the predicted ligand-binding pose of the R (upper panel) and S (lower panel) SM875 enantiomers into the PrP intermediate druggable pocket.
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Figure S1. Thermally activated transitions in the Müller
Brown energy surface. In the left panel, the heat-map dis-
plays the potential energy in units of thermal energy kBT ,
while the points have been sampled from a flat distribution.
The red line is the the minimum-energy path calculated using
the Dijkstra algorithm. The right panel shows the associated
weighted graph and (in red) the corresponding optimal path.

Our goal is to find the dominant reaction path con-
necting the local energy minimum QR = �(0.56, 1.44) to
the energy minimum at QP = (0.62, 0.03). To facilitate
the visual assessment of the results, we focus on the low-
temperature regime, in which the SH functional reduces
to

SHJ = (kBT/2)
�1

Z Qf

Qi

dl|rU [Q(l)]|. (S8)

Thus, in this limit, the dominant pathway reduces to the
minimum-energy path [6]. As a first step, we generated
an ensemble of 2000 configurations by randomly sampling
points in the region q1 2 [�1.5, 0.65], q2 2 [0.65, 1.6]. In
applications to macromolecular systems, this random en-
semble of points would be replaced by molecular confor-
mations generated on a classical machine. We empha-
size that the flat distribution of points on the plain does
not correspond to any physically meaningful ensemble,
though it does provide a practical testbed. Next, we
built the sparse network connecting each point to its 10
nearest neighbors and assigned a weight to each edge pro-
portional to the corresponding contribution w(ij) to the
HJ action (inset in the left panel of Fig. S1). Finally, to
compute the shortest path on this graph we resorted to
a classical computer, using the Dijkstra algorithm. The
result is the red line, which clearly provides a very accu-
rate representation of the minimum-energy path in this
landscape.

Transition path sampling by quantum anneal-

ing. In the main text, we discuss a calculation of the
minimum energy path in the two-dimensional double well
potential,

U(x, y) = u0(x
2 � x

2

0
)2 +

1

2
k0y

2
, (S9)

where u0 = kBT = 1, and k0 = 2 and x0 = 1, in ap-
propriate units. To this goal, we computed the global

Table I. Parameters of the Müller-Brown potential

A1=-200, A2=-100, A3=–170, A4=15

x1

0=1, x2

0=0, x3

0=-0.5, x4

0=1

y1

0=0, y2

0=0.5, y3

0=-1.5, y4

0=1

a1=1, a2=-1, a3=–6.5, a4=0.7

b1=0, b2=0, b3=-11, b4=0.6,

c1=-10, c2=-10, c3=–6.5, c4=0.7.

minimum of the generalized Ising Hamiltonian, by com-
bining the classical simulating annealing and quantum
annealing protocols available in the OCEAN suite, oper-
ating on the D-WAVE quantum annealing machine.

DETAILS ON THE DRP CALCULATION OF
FOLDING PATHWAYS OF PROTEIN TRP-CAGE

Generation of the initial and final configura-

tions. 20 initial unfolded conformations were randomly
retrieved from the plain MD trajectories made available
by D.E.S. Research by randomly sampling states with
fraction of native contacts (Q) lower than 0.1 that are
separated by at least one folding-unfolding event.
Protein topologies were generated using Charmm22

force field with TIPS3P water model. Lys, Arg, Asp,
and Glu residues as well as the N-termini and C-termini
were treated in their charged states. Each initial condi-
tion was solvated in a cubic box with size 20 Å greater
than the maximum diameter of the system and neutral-
ized with the appropriate number of Na+ and Cl� ions.
Each system was then energy minimized using the steep-
est descent algorithm then equilibrated in a 500 ps NVT
simulation carried out by restraining the protein heavy
atoms using a harmonic potential with constant 1000
kJ mol�1nm�2.
Generation of molecular configurations in the

transition region. To produce an ensemble of molec-
ular configurations (to be associated to vertices of our
sparse graph), we adopted the following procedure. From
each of 20 initial unfolded configurations, we used 3 it-
erations of the Self-Consistent Path Sampling (SCPS)
algorithm [7] to generate 30 folding trajectories, reach-
ing the native state in 15⇥105 integration steps. Config-
urations were saved every 500 steps and configurations
with a fraction of native contact Q > 0.9 were discarted.
Further details about the SCPS implementation and the
parameters used can be found in Ref. [8].
Graph Construction and Cost Calculation. The

ensemble of configurations generated by SCPS was down-
sampled to 2180 independent configurations. We as-
signed edges in the graph to pairs of vertices i and
j separated by a Root-Mean-Square (RMSD) distance
�l(ij) < 3Å. According to the DRP theory described in
the main text, the cost of each edge w(ij) is calculated

+
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Cyclin D1 is amplified in 15% and overexpressed in 30-50% of breast, lung, and colon cancers. It is currently considered an undruggable target
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CMP1 (M254), CMP2 (M258), and CMP3 (M263) are our best hits.

Among the compounds, M254, M258, and M263 showed the best profile. Molecule M254 displays the stronger effects in the cell 
growth assay and a more pronounced decrease of cyclin D1 protein level with small variability compared to the other two. 
Therefore, we focused our further characterization studies on this compound. For simplicity, we will refer to our best hit, M254, as 
compound 1 (CMP1)

Evaluation of effects on cell growth, cyclin D1 protein and mRNA expression, and cytotoxicity

Huh7
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Cyclin D1 protein levels after treatment with CMP1 in Huh7 cells. Each dot corresponds to an independent biological replicate, obtained by 
densitometric quantification of the western blot. Vhc = control vehicle (% DMSO equivalent).

Cyclin D1 protein suppression by CMP1 in Huh7 cells at different time-points

Suppression of Cyclin D1 Protein Expression

Huh7 (Max Effect: 1 < IC50 < 3 at 1.5 h)
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FIG. 2. Transition probability density for our two-dimensional toy model, computed with different methods. The background in the upper left panel shows the
contour plot of the energy surface.

reactive pathways. To this goal, we implemented the algo-
rithm described in Appendix B. First, we performed 1000
plain rMD simulations, starting from xR and biased along the
coordinate

z(x) =
q

(x � xP)2 + (y � yP)2, (37)

which measures the instantaneous Euclidean distance to the
product state. The ratchet elastic constant in Eq. (B2) was set
to kR = 50.

With this choice of the collective coordinate and parame-
ters, all the rMD trajectories reached the product basin within
the total simulation time of 4 ⇥ 103 time steps. However,
the results of this rMD simulation is flawed by systematic
errors due to the suboptimal choice of the biasing coordi-
nate. Indeed, the collective coordinate z ignores the existence
of the intermediate state. Moreover, we note that the modu-
lus of the bias force is very large, approximately twice that
of the physical force. Both such choices were made because
we were interested to study to what extent the SCPS iter-
ations can correct for systematic errors on the initial trial
guess.

The results reported in Fig. 2 show that the rMD trajecto-
ries reproduce at the qualitative level some of the main features
of the transition path ensemble, in spite of the fact that they
were performed using a large biasing force, acting along a

rather bad reaction coordinate. By contrast, a plain steered
MD with external force FB = �k2rz(x) of comparable mag-
nitude would yield completely wrong information about the
reaction mechanism. However, several systematic errors can
be noticed in the rMD results: first, the heat map showing the
density of points is clearly not symmetric, and thus, it does
not reflect the structure of the underlying energy landscape;
moreover, the presence of an intermediate energy minimum is
not evident, as the trajectories do not significantly populate the
region around xI ; finally, the average pathway does not cross
the intermediate state xI .

Next, we used the rMD results as the starting point to per-
form three iterations of the SCPS algorithm. At each iteration,
we first computed the average path hx(t)i using the reactive tra-
jectories generated at the previous iteration. Then, we used this
path to define two collective coordinates in Eqs. (B4) and (B5)
with tf = 4 ⇥ 103dt and � = 30. Details about the selection
of the reactive part of the trajectories, the averaging proce-
dure, and the choice of the � parameter are provided in the
supplementary material. At each iteration, we ran 5000 inde-
pendent rMD simulations employing the bias force defined
in Eq. (B7). After 3 iterations, we observed that the aver-
age path does not appreciably change, according to the L2
norm (the results are reported in Fig. 1 of the supplementary
material).

…more slides for 
discussion session…: 
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the results of this rMD simulation is flawed by systematic
errors due to the suboptimal choice of the biasing coordi-
nate. Indeed, the collective coordinate z ignores the existence
of the intermediate state. Moreover, we note that the modu-
lus of the bias force is very large, approximately twice that
of the physical force. Both such choices were made because
we were interested to study to what extent the SCPS iter-
ations can correct for systematic errors on the initial trial
guess.
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of the transition path ensemble, in spite of the fact that they
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reaction mechanism. However, several systematic errors can
be noticed in the rMD results: first, the heat map showing the
density of points is clearly not symmetric, and thus, it does
not reflect the structure of the underlying energy landscape;
moreover, the presence of an intermediate energy minimum is
not evident, as the trajectories do not significantly populate the
region around xI ; finally, the average pathway does not cross
the intermediate state xI .

Next, we used the rMD results as the starting point to per-
form three iterations of the SCPS algorithm. At each iteration,
we first computed the average path hx(t)i using the reactive tra-
jectories generated at the previous iteration. Then, we used this
path to define two collective coordinates in Eqs. (B4) and (B5)
with tf = 4 ⇥ 103dt and � = 30. Details about the selection
of the reactive part of the trajectories, the averaging proce-
dure, and the choice of the � parameter are provided in the
supplementary material. At each iteration, we ran 5000 inde-
pendent rMD simulations employing the bias force defined
in Eq. (B7). After 3 iterations, we observed that the aver-
age path does not appreciably change, according to the L2
norm (the results are reported in Fig. 1 of the supplementary
material).
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reactive pathways. To this goal, we implemented the algo-
rithm described in Appendix B. First, we performed 1000
plain rMD simulations, starting from xR and biased along the
coordinate

z(x) =
q

(x � xP)2 + (y � yP)2, (37)

which measures the instantaneous Euclidean distance to the
product state. The ratchet elastic constant in Eq. (B2) was set
to kR = 50.

With this choice of the collective coordinate and parame-
ters, all the rMD trajectories reached the product basin within
the total simulation time of 4 ⇥ 103 time steps. However,
the results of this rMD simulation is flawed by systematic
errors due to the suboptimal choice of the biasing coordi-
nate. Indeed, the collective coordinate z ignores the existence
of the intermediate state. Moreover, we note that the modu-
lus of the bias force is very large, approximately twice that
of the physical force. Both such choices were made because
we were interested to study to what extent the SCPS iter-
ations can correct for systematic errors on the initial trial
guess.

The results reported in Fig. 2 show that the rMD trajecto-
ries reproduce at the qualitative level some of the main features
of the transition path ensemble, in spite of the fact that they
were performed using a large biasing force, acting along a

rather bad reaction coordinate. By contrast, a plain steered
MD with external force FB = �k2rz(x) of comparable mag-
nitude would yield completely wrong information about the
reaction mechanism. However, several systematic errors can
be noticed in the rMD results: first, the heat map showing the
density of points is clearly not symmetric, and thus, it does
not reflect the structure of the underlying energy landscape;
moreover, the presence of an intermediate energy minimum is
not evident, as the trajectories do not significantly populate the
region around xI ; finally, the average pathway does not cross
the intermediate state xI .

Next, we used the rMD results as the starting point to per-
form three iterations of the SCPS algorithm. At each iteration,
we first computed the average path hx(t)i using the reactive tra-
jectories generated at the previous iteration. Then, we used this
path to define two collective coordinates in Eqs. (B4) and (B5)
with tf = 4 ⇥ 103dt and � = 30. Details about the selection
of the reactive part of the trajectories, the averaging proce-
dure, and the choice of the � parameter are provided in the
supplementary material. At each iteration, we ran 5000 inde-
pendent rMD simulations employing the bias force defined
in Eq. (B7). After 3 iterations, we observed that the aver-
age path does not appreciably change, according to the L2
norm (the results are reported in Fig. 1 of the supplementary
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• SM875 reduces the amount of mature PrP

SM875 induces the degradation of PrP by the lysosomes. Pro-
teins trafficking through the ER that fail to fold properly are usually
degraded to prevent the accumulation of toxic aggregates. Most
of these aberrantly folded polypeptides undergo retro-translocation
into the cytosol, poly-ubiquitination, and degradation by the
26S proteasome, a process known as ER-associated degradation
(ERAD)33. Although ERAD is the main degradation pathway for
most misfolded ER proteins, GPI-anchored proteins like PrP are
primarily cleared by the so-called ER-to-lysosome-associated
degradation pathway34,35. For example, the expression of disease-
associated, aggregation-prone mutants of PrP in different cells
increases several markers of the autophagy–lysosomal pathway,
such as the autophagosome-specific marker microtubule-associated
protein 1 A/1B-light chain 3-II (LC3-II)28. Here, we sought to test
whether SM875 lowers PrP levels by inducing its lysosomal

degradation. By comparing PrP-transfected and untransfected
HEK293 cells, we observed that SM875 (10–30 μM) increases LC3-
II levels in a PrP-dependent manner (Fig. 4a). Next, we directly
tested the role of lysosomal clearance for the observed PrP-lowering
effect of SM875. As previous data showed that inhibiting degra-
dation pathways in transfected cells could possibly generate over-
transcriptional artifacts of exogenous genes35,36, for these experi-
ments, we relied on ZR-75 cells, expressing PrP endogenously. We
found that autophagy inhibitor Bafilomycin A1 largely rescues
SM875-induced PrP decrease in these cells (Fig. 4b). Of note, the
natural disaccharide trehalose, reported to increase de novo for-
mation of autophagosomes, did not alter the PrP-lowering effects of
SM875 (Fig. S9)37. Collectively, these data indicate that SM875
promotes the degradation of PrP by the autophagy–lysosomal
pathway.

Fig. 3 SM875 lowers the amount of PrP at a post-translational level in different cell lines. Cells were exposed to different concentrations of SM875 or
vehicle (0.1% DMSO) for 48 h, lysed, and analyzed by western blotting. a In ZR-75 cells, SM875 suppresses PrP, but not Thy-1, in a concentration-
dependent fashion. b Similar effects were observed in cultured L929 fibroblasts. c In N2a cells, SM875 shows a dose-dependent lowering effect of PrP at
1–10 μM. However, in contrast to the other cell lines, the compound showed no effect at 30 μM. All signals were detected by using a specific anti-PrP (D18)
or anti-Thy-1 primary antibodies. Red arrowheads indicate the expected sizes of mature, fully glycosylated forms of PrP or Thy-1. Western blotting analysis
(i) and graphs reporting the densitometric quantification of signals (ii) are shown. Each signal was normalized on the corresponding total protein lane
(detected by UV of stain-free gels) and expressed as the percentage of vehicle (Vhc)-treated controls (*p < 0.05, **p < 0.01, ***p < 0.005, by one-way
ANOVA test). d Graphs show the levels of PrP mRNA upon treatment with SM875, as evaluated by RT-PCR. Specific forward and reverse primers were
used to amplify endogenous or exogenous, mouse or human PrP transcripts (see Materials and Methods). Relative quantification was normalized to mouse
or human HPRT (hypoxanthine–guanine phosphoribosyltransferase). Statistical analyses refer to the comparison with vehicle controls (**p < 0.01, ***p <
0.005, by one-way ANOVA test). Dots represent biologically independent replicates. e HEK293 stably expressing a PrP form tagged with a monomerized
EGFP molecule at its N-terminus (EGFP-PrP) were incubated with vehicle (0.1% DMSO) control (i) or SM875 at different concentrations (ii–vi) for 24 h.
Fluorescence of the EGFP protein was then visualized with an Olympus BX51WI microscope equipped with reflected fluorescence. Scale bar 50 μm.
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Fluorescence of the EGFP protein

SM875 induces the degradation of PrP by the lysosomes. Pro-
teins trafficking through the ER that fail to fold properly are usually
degraded to prevent the accumulation of toxic aggregates. Most
of these aberrantly folded polypeptides undergo retro-translocation
into the cytosol, poly-ubiquitination, and degradation by the
26S proteasome, a process known as ER-associated degradation
(ERAD)33. Although ERAD is the main degradation pathway for
most misfolded ER proteins, GPI-anchored proteins like PrP are
primarily cleared by the so-called ER-to-lysosome-associated
degradation pathway34,35. For example, the expression of disease-
associated, aggregation-prone mutants of PrP in different cells
increases several markers of the autophagy–lysosomal pathway,
such as the autophagosome-specific marker microtubule-associated
protein 1 A/1B-light chain 3-II (LC3-II)28. Here, we sought to test
whether SM875 lowers PrP levels by inducing its lysosomal

degradation. By comparing PrP-transfected and untransfected
HEK293 cells, we observed that SM875 (10–30 μM) increases LC3-
II levels in a PrP-dependent manner (Fig. 4a). Next, we directly
tested the role of lysosomal clearance for the observed PrP-lowering
effect of SM875. As previous data showed that inhibiting degra-
dation pathways in transfected cells could possibly generate over-
transcriptional artifacts of exogenous genes35,36, for these experi-
ments, we relied on ZR-75 cells, expressing PrP endogenously. We
found that autophagy inhibitor Bafilomycin A1 largely rescues
SM875-induced PrP decrease in these cells (Fig. 4b). Of note, the
natural disaccharide trehalose, reported to increase de novo for-
mation of autophagosomes, did not alter the PrP-lowering effects of
SM875 (Fig. S9)37. Collectively, these data indicate that SM875
promotes the degradation of PrP by the autophagy–lysosomal
pathway.

Fig. 3 SM875 lowers the amount of PrP at a post-translational level in different cell lines. Cells were exposed to different concentrations of SM875 or
vehicle (0.1% DMSO) for 48 h, lysed, and analyzed by western blotting. a In ZR-75 cells, SM875 suppresses PrP, but not Thy-1, in a concentration-
dependent fashion. b Similar effects were observed in cultured L929 fibroblasts. c In N2a cells, SM875 shows a dose-dependent lowering effect of PrP at
1–10 μM. However, in contrast to the other cell lines, the compound showed no effect at 30 μM. All signals were detected by using a specific anti-PrP (D18)
or anti-Thy-1 primary antibodies. Red arrowheads indicate the expected sizes of mature, fully glycosylated forms of PrP or Thy-1. Western blotting analysis
(i) and graphs reporting the densitometric quantification of signals (ii) are shown. Each signal was normalized on the corresponding total protein lane
(detected by UV of stain-free gels) and expressed as the percentage of vehicle (Vhc)-treated controls (*p < 0.05, **p < 0.01, ***p < 0.005, by one-way
ANOVA test). d Graphs show the levels of PrP mRNA upon treatment with SM875, as evaluated by RT-PCR. Specific forward and reverse primers were
used to amplify endogenous or exogenous, mouse or human PrP transcripts (see Materials and Methods). Relative quantification was normalized to mouse
or human HPRT (hypoxanthine–guanine phosphoribosyltransferase). Statistical analyses refer to the comparison with vehicle controls (**p < 0.01, ***p <
0.005, by one-way ANOVA test). Dots represent biologically independent replicates. e HEK293 stably expressing a PrP form tagged with a monomerized
EGFP molecule at its N-terminus (EGFP-PrP) were incubated with vehicle (0.1% DMSO) control (i) or SM875 at different concentrations (ii–vi) for 24 h.
Fluorescence of the EGFP protein was then visualized with an Olympus BX51WI microscope equipped with reflected fluorescence. Scale bar 50 μm.
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SM875 induces the degradation of PrP by the lysosomes. Pro-
teins trafficking through the ER that fail to fold properly are usually
degraded to prevent the accumulation of toxic aggregates. Most
of these aberrantly folded polypeptides undergo retro-translocation
into the cytosol, poly-ubiquitination, and degradation by the
26S proteasome, a process known as ER-associated degradation
(ERAD)33. Although ERAD is the main degradation pathway for
most misfolded ER proteins, GPI-anchored proteins like PrP are
primarily cleared by the so-called ER-to-lysosome-associated
degradation pathway34,35. For example, the expression of disease-
associated, aggregation-prone mutants of PrP in different cells
increases several markers of the autophagy–lysosomal pathway,
such as the autophagosome-specific marker microtubule-associated
protein 1 A/1B-light chain 3-II (LC3-II)28. Here, we sought to test
whether SM875 lowers PrP levels by inducing its lysosomal

degradation. By comparing PrP-transfected and untransfected
HEK293 cells, we observed that SM875 (10–30 μM) increases LC3-
II levels in a PrP-dependent manner (Fig. 4a). Next, we directly
tested the role of lysosomal clearance for the observed PrP-lowering
effect of SM875. As previous data showed that inhibiting degra-
dation pathways in transfected cells could possibly generate over-
transcriptional artifacts of exogenous genes35,36, for these experi-
ments, we relied on ZR-75 cells, expressing PrP endogenously. We
found that autophagy inhibitor Bafilomycin A1 largely rescues
SM875-induced PrP decrease in these cells (Fig. 4b). Of note, the
natural disaccharide trehalose, reported to increase de novo for-
mation of autophagosomes, did not alter the PrP-lowering effects of
SM875 (Fig. S9)37. Collectively, these data indicate that SM875
promotes the degradation of PrP by the autophagy–lysosomal
pathway.

Fig. 3 SM875 lowers the amount of PrP at a post-translational level in different cell lines. Cells were exposed to different concentrations of SM875 or
vehicle (0.1% DMSO) for 48 h, lysed, and analyzed by western blotting. a In ZR-75 cells, SM875 suppresses PrP, but not Thy-1, in a concentration-
dependent fashion. b Similar effects were observed in cultured L929 fibroblasts. c In N2a cells, SM875 shows a dose-dependent lowering effect of PrP at
1–10 μM. However, in contrast to the other cell lines, the compound showed no effect at 30 μM. All signals were detected by using a specific anti-PrP (D18)
or anti-Thy-1 primary antibodies. Red arrowheads indicate the expected sizes of mature, fully glycosylated forms of PrP or Thy-1. Western blotting analysis
(i) and graphs reporting the densitometric quantification of signals (ii) are shown. Each signal was normalized on the corresponding total protein lane
(detected by UV of stain-free gels) and expressed as the percentage of vehicle (Vhc)-treated controls (*p < 0.05, **p < 0.01, ***p < 0.005, by one-way
ANOVA test). d Graphs show the levels of PrP mRNA upon treatment with SM875, as evaluated by RT-PCR. Specific forward and reverse primers were
used to amplify endogenous or exogenous, mouse or human PrP transcripts (see Materials and Methods). Relative quantification was normalized to mouse
or human HPRT (hypoxanthine–guanine phosphoribosyltransferase). Statistical analyses refer to the comparison with vehicle controls (**p < 0.01, ***p <
0.005, by one-way ANOVA test). Dots represent biologically independent replicates. e HEK293 stably expressing a PrP form tagged with a monomerized
EGFP molecule at its N-terminus (EGFP-PrP) were incubated with vehicle (0.1% DMSO) control (i) or SM875 at different concentrations (ii–vi) for 24 h.
Fluorescence of the EGFP protein was then visualized with an Olympus BX51WI microscope equipped with reflected fluorescence. Scale bar 50 μm.
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• SM875 acts only on nascent proteins

Fig. 5 SM875 acts exclusively on non-native, newly synthesized PrP. a DMR was employed to assess whether SM875 has an affinity for the native
conformation of PrP. Different concentrations (0.03–100 μM) of SM875, SM940 or PrP ligand Fe3+-TMPyP (TP), used as a control, were added to label-
free microplate well surfaces on which either (i) full-length, human recombinant PrP (23–230) or (ii) N-terminally deleted mouse recombinant PrP
(111–230) had previously been immobilized. All signals were fitted (continuous lines), when possible, to a sigmoidal function using a 4PL non-linear
regression model. In contrast to SM875 and SM940, TP shows a detectable affinity for both full-length, human, and N-terminally deleted, mouse PrP
molecules (for full-length PrP, Kd = 0.67 ± 0.05, R2 = 0.99). b In order to dissect the effect of SM875 on nascent vs mature, native PrP molecules, we
turned to RK13 cells expressing mouse PrP under control a doxycycline-inducible promoter. (i) PrP expression was induced over 8 h, in the presence of
SM875 (10 μM), brefeldin-1A (BREF, 10 μM), or vehicle (Vhc) control, samples were collected at different time points (indicated) and PrP signals were
visualized by western blotting. Signals were detected by probing membrane blots with anti-PrP antibody (D18). As expected, in control cells, the level of
full-length PrP (red arrowheads) increases in a time-dependent fashion. Conversely, a lower molecular weight band (blue arrowheads) is detected in
brefeldin-treated cells. (ii) Next, we designed an experiment to test the effect of SM875 exclusively on mature, natively folded PrP. PrP expression was
induced for 24 h, in the absence of any additional treatment. Doxycycline was then removed, and after 4 h without inducer, the cells were exposed to
SM875 or Vhc control, and subsequently lysed at different time points (indicated). In this experimental setting, cells are exposed to SM875 only when all
PrP molecules are synthesized and likely in transit to, or already reached the plasma membrane. In these conditions, normal PrP patterns appear in both
compound-treated and Vhc-treated cells. c A high-content approach was employed to the same experimental setting described above by analyzing the
localization of PrP after immunostaining with an anti-PrP antibody (D18) coupled to an Alexa 488 secondary antibody. (i) The expression of PrP was
induced for 2, 4, or 8 h by doxycycline 1× (0.01 mg/mL) or 10× (0.1 mg/mL) and the effect of SM875 (10 μM) incubated with doxycycline 1× was
measured by Harmony software after the image acquisition performed by Operetta Imaging System. Green spots detected in cells were quantified
and plotted against the total green fluorescence relative to each cell. Representative images were acquired at 8 h of incubation, scale bar 50 μm.
(ii) Quantification of the average number of green spots per cell in wells incubated for 2, 4, 8, and 24 h with doxycycline 1× (white bars), doxycycline 10×
(gray bars) and doxycycline 1× + SM875 (red bars). Quantification of at least three independent experiments.
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• SM875 autophagy-mediated  lysosomal degradation 

• Does not act on mRNA. 

• Does not act on proteins with similar biogenesis 
• Does not interfere with mRNA. 
• […]

SM875 acts exclusively on nascent PrP. Based on the initial
hypothesis that SM875 acts on an intermediate appearing along
the folding pathway of PrP, we decided to rule out the possibility
that the molecule instead targets native PrP. First, we used
dynamic mass redistribution (DMR), a technique previously
employed to characterize small molecule ligands of PrP. In con-
trast to Fe3+-TMPyP, an iron tetrapyrrole known to interact with
PrP, SM875 (0.1–100 μM) showed no detectable binding to either
human full-length (23–231) or mouse N-terminally truncated
(111–230) recombinant PrP molecules (Fig. 5a). These data
indicate that the compound has no detectable affinity for natively
folded PrP. In order to further validate this conclusion in a cell
system, we turned to previously described RK13 cells expressing
mouse PrP in a doxycycline-inducible fashion (Fig. S10)38. In the
first set of experiments, we turned on the expression of PrP with
doxycycline, in the presence of SM875 (10 μM), brefeldin-1A
(10 μM), an inhibitor of the ER-to-Golgi protein trafficking39, or
vehicle control (0.1% dimethyl sulfoxide (DMSO), volume
equivalent). Cells were then lysed and analyzed by western blot-
ting at different time points (2, 4, 8, or 24 h, Fig. 5b panel i;
Fig. S11A). As expected, in contrast to the typical size of full-
length, diglycosylated PrP (∼35 kDa) obtained in the control
samples, brefeldin-1A induced the accumulation of an immature,
low molecular weight band (∼20 kDa), previously described to
correspond to a N-terminally cleaved PrP molecule formed by a
lysosomal-dependent event40. Interestingly, SM875 induced the
accumulation of a similar PrP band, compatible with its hypo-
thesized activity of targeting a folding intermediate of the protein
(Fig. 5b panel I; and Fig. S11A). Next, we sought to directly test
the effect of the molecule on pre-synthesized, mature PrP. To
pursue this objective, we induced the expression of PrP for 24 h
with doxycycline. We then removed the inducer, waited 4 h,
treated the cells with SM875 or vehicle control, and analyzed PrP
content at different time points (5, 19, and 24 h). In this case, we
found no difference between compound- and control-treated
samples (Fig. 5b, panel ii; and Fig. S11B). The results were further
validated by high-content imaging analysis of immunostained

PrP, which showed that in the same doxycycline-induced RK13
cells, SM875 causes the rapid (as early as 4 h) accumulation of
PrP species in intracellular compartments, preventing their cor-
rect delivery to the cell surface (Fig. 5c). Collectively, these data
show that SM875 acts exclusively on nascent, immature PrP
molecules, whereas the compound exerts no effect on pre-syn-
thesized, mature PrP.

SM875 suppresses prion replication in mouse L929 fibroblasts.
One of the most solid concepts in prion diseases is that sup-
pressing PrP should abrogate prion replication41. The most direct
way to achieve this objective is to silence PrP expression, either
through a selective decrease of its synthesis or increase of its
clearance. Following the observation that SM875 lowers PrP level
by inducing the degradation of a folding intermediate, we tested
the ability of the compound to inhibit the replication of the Rocky
Mountain Laboratories (RML) prion strain in persistently infec-
ted L929 mouse fibroblasts42. We found that SM875 inhibits
prion replication in a dose-dependent fashion, decreasing prion
loads similarly to anti-prion molecule Fe3+-TMPyP, used as a
control (Fig. 6)43.

SM875 induces the aggregation of partially denatured PrP.
Despite the different pieces of evidence collected in silico and in
cell-based assays, the formal demonstration that SM875 directly
targets a folding intermediate of PrP would require a structural
characterization of the complex. Unfortunately, solving the
structure of folding intermediates is limited by the transient
nature of these protein conformers. In an attempt to overcome
this problem, we designed an experimental paradigm aimed at
inducing the appearance of non-native conformers of PrP by
thermally induced partial denaturation (Fig. S12). The underlying
hypothesis is that the PrP folding intermediate predicted by our
in silico analyses could also be reached from the native state by
overcoming an energy barrier so that SM875 could bind and
stabilize it. Here, we explored this possibility by trying to

Fig. 4 SM875 decreases PrP level via the autophagy-mediated lysosomal degradation. a (i) PrP-transfected or untransfected HEK293 cells were treated
with different concentrations of SM875 or vehicle (0.1% DMSO, volume equivalent) and the levels of PrP, LC3-I, and LC3-II were evaluated by western
blotting (indicated by the red arrowheads). As a positive control, cells were treated with 100 μM trehalose (TRE), a disaccharide previously reported to
induce autophagy. (ii) Graphs show the densitometric quantification of LC3-II from independent replicates (n= 8 for PrP-expressing HEK293 cells; n= 5
for untransfected HEK293 cells). Each signal was normalized on the corresponding total protein lane (detected by UV) and expressed as the percentage of
vehicle (Vhc)-treated controls (**p < 0.01, by one-way ANOVA test). b (i) ZR-75 cells were treated with different concentrations of SM875 in the presence
or absence of autophagy–lysosomal inhibitor bafilomycin A1 (BAF, 10 μM) and PrP levels were evaluated by western blotting. (ii) Graphs show the
densitometric quantification of full-length PrP from independent replicates (n= 3). Each signal was normalized on the corresponding total protein lane
(detected by UV) and expressed as the percentage of vehicle (Vhc)-treated controls (**p < 0.01, by one-way ANOVA test).
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Folding of protein Im7

Figure S5: Density plot for the folding of Im7 projected onto the plane defined by the RMSD

of Helix 1 to the crystal native structure and the fraction of native contacts Q. The high

density region around Q = 0.9 and RMSD = 0.1nm corresponds to the Native configuration,

whereas the region around Q = 0.6 and RMSD = 0.1nm corresponds to the Intermediate.

! Native transition, we report in Figure S6(c) the di↵erence CD spectrum, calculated as Native

minus Intermediate, in analogy to Figure 6(a) in the main text.

Figure S6: (a,b) CD spectra of Im7 calculated as average on the (a) Native, and (b) Interme-

diate structures. Experimental spectra are shown as dash-dotted lines. For the Intermediate,

two spectra corresponding to di↵erent mutants (I54A and L53AI54A) are shown. (c) Di↵er-

ence spectrum (Native�Intermediate) compared with the corresponding experiments.

The di↵erence CD correctly reproduces the experimental di↵erence, especially for the I54A

mutant, despite a small blue shift, which however was already observed in Figure 6(a).

The negative peak in the di↵erence spectrum, at ⇠285 nm, is mainly determined by the CD

induced on the Lb band (See Table S1) of Trp75 by the other aromatic residues. This is in line

S12
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All-Atom Simulations Reveal How Single-Point
Mutations Promote Serpin Misfolding

Fang Wang,1 Simone Orioli,2,3 Alan Ianeselli,2,3 Giovanni Spagnolli,2,3 Silvio a Beccara,2,3 Anne Gershenson,4,*
Pietro Faccioli,2,3,* and Patrick L. Wintrode1,*
1Department of Pharmaceutical Sciences, University of Maryland School of Pharmacy, Baltimore, Maryland; 2Dipartimento di Fisica, Università
degli Studi di Trento, Povo (Trento), Italy; 3Trento Institute for Fundamental Physics and Applications, Povo (Trento), Italy; and 4Department of
Biochemistry and Molecular Biology, University of Massachusetts Amherst, Amherst, Massachusetts

ABSTRACT Proteinmisfolding is implicated inmanydiseases, includingserpinopathies.For thecanonical inhibitoryserpina1-anti-
trypsin, mutations can result in protein deficiencies leading to lung disease, and misfoldedmutants can accumulate in hepatocytes,
leading to liver disease.Using all-atomsimulationsbasedon the recently developedbias functional algorithm,weelucidate howwild-
type a1-antitrypsin folds and how the disease-associated S (Glu264Val) and Z (Glu342Lys) mutations lead to misfolding. The dele-
terious Z mutation disrupts folding at an early stage, whereas the relatively benign S mutant shows late-stage minor misfolding. A
number of suppressor mutations ameliorate the effects of the Z mutation, and simulations on these mutants help to elucidate the
relative roles of steric clashesandelectrostatic interactions inZmisfolding. These results demonstrate a striking correlation between
atomistic events and disease severity and shine light on the mechanisms driving chains away from their correct folding routes.

INTRODUCTION

Understanding how mutations alter protein misfolding pro-
pensities and the physicochemical mechanisms underlying
this shift is key to clarifying the molecular basis of many dis-
eases. One set of relatively common protein-misfolding dis-
eases known as serpinopathies arises when mutations in
inhibitory serpins lead to misfolding, thus reducing the
secreted levels of these important protease inhibitors (1).
Mutations in the canonical secretory serpin a1-antitrypsin
(A1AT) result in the most common serpinopathies: the
A1AT deficiencies. In these deficiencies, low circulating
A1AT levels dysregulate leukocyte serine proteases, result-
ing in lung disease, which can be slowed but not halted
by A1AT augmentation therapy (2). Extremely pathogenic
A1AT mutations such as Z (Glu342Lys) can lead to both
lung disease, because of loss of function, and liver disease,
because of A1ATaccumulation in the endoplasmic reticulum
of hepatocytes, which generatemost of the circulatingA1AT.
With the exception of liver transplants, there are no effective
treatments for A1AT-associated liver disease (3).

In vitro, the pathogenic A1AT Z mutant folds very
slowly, spending hours in at least one partially folded inter-

mediate state (4). Similarly, Z secretion from cells is slow,
and although some Z species are targeted for degradation
(5–7), misfolded Z accumulates in the endoplasmic reticu-
lum, where it can polymerize (8). Despite numerous exper-
imental studies (9–13), little is known about the structure of
misfolded species for any A1AT disease-associated mutant,
hindering efforts to either rescue the folding of these species
or to target them for degradation.

Molecular dynamics (MD) simulations offer an attractive
approach to studying protein folding and misfolding, as
they can in principle reveal folding pathways and intermedi-
ates in atomistic detail. To date, the application of all-atom
MDsimulations to investigate protein folding andmisfolding
has been limited to small, single-domain proteins with rela-
tively short folding times. In particular, recent developments,
such as the Anton special-purpose supercomputer (14) and
the massively distributed folding@home project (15), have
made it possible to generate in silico several reversible
folding/unfolding events for a number of small globular pro-
teins (<100 amino acids) with folding times up to the milli-
second range. These studies have demonstrated that current
all-atom force fields in explicit solvent can lead to the correct
native states of proteins and predict with good accuracy their
folding kinetics. Unfortunately, most biologically relevant
proteins are much larger than 100 amino acids and have
folding times as long as seconds and beyond. In particular,
A1AT and other serpins contain !400 amino acids and fold
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Abstract

Prions are unusual protein assemblies that propagate their conformationally-encoded infor-

mation in absence of nucleic acids. The first prion identified, the scrapie isoform (PrPSc) of

the cellular prion protein (PrPC), caused epidemic and epizootic episodes [1]. Most aggre-

gates of other misfolding-prone proteins are amyloids, often arranged in a Parallel-In-Regis-

ter-β-Sheet (PIRIBS) [2] or β-solenoid conformations [3]. Similar folding models have also

been proposed for PrPSc, although none of these have been confirmed experimentally.

Recent cryo-electron microscopy (cryo-EM) and X-ray fiber-diffraction studies provided evi-

dence that PrPSc is structured as a 4-rung β-solenoid (4RβS) [4, 5]. Here, we combined dif-

ferent experimental data and computational techniques to build the first physically-plausible,

atomic resolution model of mouse PrPSc, based on the 4RβS architecture. The stability of

this new PrPSc model, as assessed by Molecular Dynamics (MD) simulations, was found to

be comparable to that of the prion forming domain of Het-s, a naturally-occurring β-solenoid.

Importantly, the 4RβS arrangement allowed the first simulation of the sequence of events

underlying PrPC conversion into PrPSc. This study provides the most updated, experimen-

tally-driven and physically-coherent model of PrPSc, together with an unprecedented recon-

struction of the mechanism underlying the self-catalytic propagation of prions.

Author summary

Prions are unusual infectious pathogens that do not contain any nucleic acid. They consist
of assemblies of misfolded proteins. The scrapie isoform of the mammalian prion protein,
PrPSc, is the most notorious prion, and is responsible for deadly neurodegenerative dis-
eases affecting humans, like Creutzfeldt-Jakob disease, and animals, such as bovine spon-
giform encephalopathy (“mad cow disease”) and chronic wasting disease affecting elk and
deer in North America and, more recently, Europe). Understanding the structure
(“shape”) of the PrPSc prion is critical to understand how it propagates. We have created a
very detailed model of PrPSc, which includes all its atoms, using computational
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Abstract 
 
Prions are self-replicative protein particles lacking nucleic acids. Originally discovered for causing infectious 
neurodegenerative disorders, they have also been found to play several physiological roles in a variety of 
species. Functional and pathogenic prions share a common mechanism of replication, characterized by the 
ability of an amyloid conformer to propagate by inducing the conversion of its physiological, soluble 
counterpart. In this work, we focus on the propagation of the prion forming domain of HET-s, a physiological 
fungal prion for which high-resolution structural data are available. Since time-resolved biophysical 
experiments cannot yield a full reconstruction of prion replication, we resort to computational methods. To 
overcome the computational limitations of plain Molecular Dynamics (MD) simulations, we adopt a special 
type of biased dynamics called ratchet-and-pawl MD (rMD). The accuracy of this enhanced path sampling 
protocol strongly depends on the choice of the collective variable (CV) used to define the biasing force.  Since 
for prion propagation a reliable reaction coordinate (RC) is not yet available, we resort to the recently 
developed Self-Consistent Path Sampling (SCPS). Indeed, in such an approach the CV where the biasing force 
is applied is not heuristically postulated but is calculated through an iterative refinement procedure. Our 
atomistic reconstruction of the HET-s replication shows remarkable similarities with a previously reported 
mechanism of mammalian PrPSc propagation obtained with a different computational protocol. Together, 
these results indicate that the propagation of prions generated by evolutionary distant proteins shares 
common features. In particular, in both these cases, prions propagate their conformation through a very 
similar templating mechanism.  
 
Introduction 
 

The phenomenon of protein-based inheritance characterizes prions, proteins appearing at various 
levels along the evolutionary scale that are capable of propagating their conformationally encoded 
information in absence of nucleic acids [1]. Despite their original identification as causative agents of 
neurodegenerative conditions in mammals, prions also exert regulatory roles in different biological contexts 
[2, 3]. For example, a mechanism of heterokaryon incompatibility in different fungi is regulated by a prion [3-
5]. This process reflects the inability of vegetative fungal cells from two different strains to undergo fusion, 
depending on specific loci (het) whose alleles must be identical for stable hyphal fusion to occur. Strain 
compatibility ultimately determines whether the heterokaryon develops normally or undergoes controlled 
cell-death. In Podospora anserina, the heterokaryon incompatibility is specified by a het locus appearing as 
two distinct and incompatible alleles (HET-s and HET-S), encoding two corresponding proteins (HET-s and 
HET-S, respectively) [6]. When a HET-s strain fuses with another expressing HET-S, the heterokaryon can 
undergo controlled cell death. However, incompatibility occurs only when the HET-s factor is folded in an 
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CMP1 (M254), CMP2 (M258), and CMP3 (M263) are our best hits.

Among the compounds, M254, M258, and M263 showed the best profile. Molecule M254 displays the stronger effects in the cell 
growth assay and a more pronounced decrease of cyclin D1 protein level with small variability compared to the other two. 
Therefore, we focused our further characterization studies on this compound. For simplicity, we will refer to our best hit, M254, as 
compound 1 (CMP1)

Evaluation of effects on cell growth, cyclin D1 protein and mRNA expression, and cytotoxicity

Huh7
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VARIATIONAL TRANSITION PATH SAMPLING

Self Consistent Path SamplingBias Functional Approach

Variational Scheme to Compute Protein Reaction Pathways Using Atomistic Force Fields
with Explicit Solvent
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We introduce a variational approximation to the microscopic dynamics of rare conformational
transitions of macromolecules. Within this framework it is possible to simulate on a small computer
cluster reactions as complex as protein folding, using state of the art all-atom force fields in
explicit solvent. We test this method against MD simulations of the folding of an α and a β protein
performed with the same all-atom force field on the Anton supercomputer. We find that our
approach yields results consistent with those of MD simulations, at a computational cost orders of
magnitude smaller.

DOI: 10.1103/PhysRevLett.114.098103 PACS numbers: 87.15.ap, 87.10.Tf, 87.14.E-

The development of the special-purpose Anton super-
computer has recently opened the way to MD simulations
of biomolecules consisting of several hundred atoms,
covering time intervals in the millisecond range [1]. By
using this facility, Shaw and co-workers characterized the
reversible folding of several small proteins, showing that
the existing all-atom force fields are able to attain the
correct protein native structures [1–3]. Unfortunately,
many biologically important conformational reactions
occur at time scales many orders of magnitude larger than
the millisecond. Hence, it is important to continue the
development of more efficient algorithms to sample the
reactive pathways space (see, e.g., Ref. [4] and references
therein).
In particular, in the dominant reaction pathways (DRP)

approach [5–8], microscopic trajectories XðτÞ, connecting
given initial and final molecular configurations Xi ¼ Xð0Þ
and Xf ¼ XðtÞ, are determined by maximizing their prob-
ability density P½X% in the Langevin dynamics. This
algorithm was first validated against MD using both
simplified and realistic atomistic force fields (see, e.g.,
Ref. [8]). Next, it was applied to characterize in atomistic
detail conformational reactions far too slow to be inves-
tigated by means of plain MD. Notable examples include
the folding of a knotted protein [9] and the latency
transition of several serpins [10].
One crucial limitation of the DRP method is that it can

only be applied in implicit solvent simulations. In this work
we overcome this limitation by introducing a new varia-
tional approximation suitable also for atomistic simulations
in an explicit solvent.
Let (X; Y) represent a point of the system’s configuration

space, where X¼ðx1;…;xNÞ and Y ¼ ðy1;…; yN0Þ denote

the solute and solvent coordinates, respectively. The
Langevin equations for the solvent and solute are

miẍi ¼ −miγi _xi −∇iU þ ηiðtÞ;
mjÿj ¼ −mjγj _yj −∇jU þ ηjðtÞ; ð1Þ

where UðX; YÞ is the potential energy, ηi is a white noise,
and mi and γi denote mass and viscosity, respectively.
We are interested in the probability density for the solute

to make a transition from Xi to Xf in a time t, along a given
path XðτÞ. This is given by the path integral (PI),

P½X% ¼
Z

DYe−SOM½X;Y%−UðXi;YiÞ=kBT; ð2Þ

where SOM½X; Y% is the Onsager-Machlup functional,
to be defined below. Maximizing P½X% with respect to
the path X yields the DRP optimum condition [5–7]:
ðδ=δXÞhSOM½X; Y%iY ¼ 0, where the average h·iY refers
to the PI over YðτÞ.
Unfortunately, computing this average with the accuracy

required for the path optimization is computationally
unfeasible, because of large statistical fluctuations. To
overcome this problem, we need to derive an optimum
criterion that does not involve any average over the solvent
dynamics.
We begin by considering a modified stochastic dynam-

ics, defined by introducing into Eq. (1) an external
(possibly time-dependent) biasing force Fbias

i ðX; tÞ, acting
on the solute atoms only and accelerating the transition to
the product. The probability of a given reactive pathway
XðτÞ in the biased dynamics is given by
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We develop a theoretical approach to the protein-folding problem based on out-of-equilibrium
stochastic dynamics. Within this framework, the computational difficulties related to the existence of
large time scale gaps are removed, and simulating the entire reaction in atomistic details using existing
computers becomes feasible. We discuss how to determine the most probable folding pathway, identify
configurations representative of the transition state, and compute the most probable transition time. We
perform an illustrative application of these ideas, studying the conformational evolution of alanine
dipeptide, within an all-atom model based on the empiric GROMOS96 force field.
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A critical part of the protein-folding problem is to under-
stand its kinetics and the underlying physical processes. To
this aim, several different theoretical methods have been
recently developed, spanning from analytical approaches
[1] to detailed computer simulations [2,3]. A major prob-
lem in simulating the folding process using standard mo-
lecular dynamics (MD) is the huge gap between the time
scale of ‘‘elementary moves,’’ of the order of 10–100 ps,
and that of the entire folding process, which ranges from a
few microseconds for fast folders [4], up to several seconds
or even minutes for more complex proteins. This peculiar-
ity of the folding process makes the brute-force molecular
dynamics approach too demanding, and a substantial part
of the efforts in the field of protein-folding simulation aims
at bridging this gap.

In a recent paper [5] we presented a novel theoretical
framework for investigating the folding dynamics, named
hereafter Dominant Folding Pathways (DFP), which is
based on a reformulation in terms of path integrals of the
dynamics described by the Langevin equation. The DFP
analysis allows to compute rigorously (i.e., without any
assumptions other than the validity of the underlying
Langevin equation) the most probable conformational
pathway connecting two arbitrary conformations. The ma-
jor advantage of the method is the possibility of bypassing
the computational difficulties associated with the existence
of different time scales in the problem, while retaining the
ability to recover information on the time evolution of the
system. The resulting computational simplification is dra-
matic and makes it feasible to study the formation pattern
of conformational structures along the entire folding pro-
cess using realistic all-atom force fields, on available
computers.

In this Letter we further develop our formalism and we
present the first DFP simulation performed in full atomistic
detail. We show how the DFP analysis gives access to
important information about the dynamics of the folding
process, such as the characterization and determination of
the transition state, and the most probable transition time.
In addition, we show that in this formalism the native state
is characterized by a single effective parameter, and this
leads to an interesting relationship between kinetic and
thermodynamical quantities.

Let us begin our discussion by briefly reviewing the key
concepts of the DFP method, here presented for a simple
one-dimensional system, without loss of generality.

The DFP method can be applied to any system described
by the over-damped Langevin equation

 

@x
@t
! " D

kBT
@U
@x
# !$t%; (1)

where U is the potential energy of the system, !$t% is a
Gaussian random force with zero average and correlation
given by h!$t%!$t0%i ! 2D"$t"t0%. Note that in the origi-
nal Langevin equation there is a mass term, m !x. However,
as shown in [6 ], for proteins, this term can be neglected
beyond time scales of the order of 10"13 s.

The probability of finding the system in a conformation
xf at time tf starting from a conformation xi at ti is a
solution of the well-known Fokker-Planck Equation, and
can be expressed as a path-integral:

 P$xf; tfjxi; ti% ! e"&U$xf%"U$xi%'=2kBT
Z xf

xi
Dx$#%e"Seff&x';

where Seff&x' !
Rtf
ti d#$

_x2$#%
4D # Veff&x$#%'% is called the ef-

fective action and
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We present a method to investigate the kinetics of protein folding and the dynamics underlying the
formation of secondary and tertiary structures during the entire reaction. By writing the solution of the
Fokker-Planck equation in terms of a path integral, we derive a Hamilton-Jacobi variational principle from
which we are able to compute the most probable pathway of folding. The method is applied to the folding
of the Villin headpiece subdomain simulated using a Go model. An initial collapsing phase driven by the
initial configuration is followed by a rearrangement phase, in which secondary structures are formed and
all computed paths display strong similarities. This completely general method does not require the prior
knowledge of any reaction coordinate and is an efficient tool to perform simulations of the entire folding
process with available computers.

DOI: 10.1103/PhysRevLett.97.108101 PACS numbers: 87.14.Ee, 83.10.Mj, 87.15.Cc

Understanding the kinetics of protein folding [1] and the
dynamical mechanisms involved in the formation of their
structures in an all-atom approach involves simulating a
statistically significant ensemble of folding trajectories for
a system of !104 degrees of freedom. Unfortunately, the
existence of a huge gap between the microscopic time
scale of the rotational degrees of freedom !10"12 s and
the macroscopic time scales of the full folding process
!10"6– 101 s makes it extremely computationally chal-
lenging to follow the evolution of a typical !100-residue
protein for a time interval longer than a few tens of
nanoseconds.

Several approaches have been proposed to overcome
such computational difficulties and address the problem
of identifying the relevant pathways of the folding re-
action [2]. Unfortunately, these methods are either af-
fected by uncontrolled systematic errors associated to
ad hoc approximations or can be applied only to small
proteins with a typical folding time of the order of a few
nanoseconds (fast folders). In this Letter, we present a
novel approach to overcome these difficulties: We adopt
the Langevin approach and devise a method to rigor-
ously define and practically compute the most statisti-
cally relevant protein folding pathway. As a first explor-
atory application, we have studied the folding transi-
tion of the 36-monomer Villin headpiece subdomain
(Protein Data Bank code 1VII). This molecule has been
extensively studied in the literature because it is the small-
est polypeptide that has all of the properties of a single
domain protein, and, in addition, it is one of the fastest
folders [3]. The ribbon representation of this system is
shown in Fig. 1. We analyze the transition from different
random self-avoiding coil states to the native state, whose

structure was obtained from the Brookhaven Protein Data
Bank.

Our study is based on the analogy between Langevin
diffusion and quantum propagation. Previous studies have
exploited such a connection to study a variety of diffusive
problems using path-integral methods [4,5]. In this work,
we develop the formalism to determine explicitly the evo-
lution of the position of each monomer of the protein,
during the entire folding transition, without relying on a
specific choice of the reaction coordinate.

Before entering the details of our calculation, it is con-
venient to review the mathematical framework in a simple
case. For this purpose, let us consider Langevin diffusion
of a point particle in one dimension, subject to an external
potential U#x$:

@x
@t

% " D
kBT

@U
@x

& !#t$; (1)

where !#t$ is a Gaussian noise with zero average and
correlation given by h!#t$!#t0$i % 2D"#t" t0$. In this
equation, D is the diffusion constant of the particle in the
solvent; kB and T are, respectively, the Boltzmann constant
and the temperature.

FIG. 1 (color online). Ribbon representation of the Villin
headpiece subdomain, drawn using RASTER3D [11].

PRL 97, 108101 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
8 SEPTEMBER 2006

0031-9007=06=97(10)=108101(4) 108101-1 © 2006 The American Physical Society

(2005) (2006)

(2015) (2017)

Mathematical tools borrowed  
from subnuclear physics



Cyclin D1 protein levels after treatment with CMP1 in Huh7 cells. Each dot corresponds to an independent biological replicate, obtained by 
densitometric quantification of the western blot. Vhc = control vehicle (% DMSO equivalent).

Cyclin D1 protein suppression by CMP1 in Huh7 cells at different time-points

Suppression of Cyclin D1 Protein Expression

Huh7 (Max Effect: 1 < IC50 < 3 at 1.5 h)
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EXAMPLE: Self Consistent Path Sampling

 Theorem:

 rMD along the ideal reaction coordinate 

RC (the committor) yields the exact 
equilibrium distribution and reactive 

current


Compute the RC self-consistently, through an iterative procedure

derived from a variational  principle

Self consistent path sampling



SCPS iterations
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iter. 2

152724-4 Orioli et al. J. Chem. Phys. 147, 152724 (2017)

FIG. 1. The left panel reports the 8 folding pathways
obtained with the BF approach, projected onto the plane
identified by the RMSD to native of the two hairpins
of FIP35 (crystal structure shown in the right panel).
The heat map in the background is the free energy as
a function of the same collective variables obtained from
a histogram of plain MD simulations performed on the
Anton supercomputer.

and 35. The folding mechanism of much larger polypeptide
chains predicted by BF was validated against experiment in
Refs. 17–19.

We conclude this section by discussing the main draw-
backs of the BF approach. Like any variational approximation,
this method may suffer from systematic errors related to the
choice of the trial space. In particular, low accuracy is gener-
ally expected whenever the quality of the rMD trajectories is
poor. This scenario is realized if the collective variable z given
in Eq. (2) is not a good reaction coordinate. This problem was
solved in a recent work,35 by developing an improved iterative
rMD algorithm which enables to correct the collective coor-
dinate in a self-consistent way. We demonstrated that the trial
paths obtained with this new type of rMD dynamics are biased
along the average unbiased folding trajectory and that the cor-
responding biasing collective coordinate provides a stochastic
estimate of the reaction coordinate.

A second important limitation of the BF approach arises
from the fact that the rMD trajectories do not satisfy the
microscopic reversibility condition. As a consequence, the
corresponding time scales do not have a direct physical inter-
pretation and the BF trajectories cannot be used to extract
in a straightforward way the information about the relevant
metastable states and free energy barriers involved in the fold-
ing transition. In Sec. III, we present an algorithm to tackle
this limitation.

III. COMPUTING FREE ENERGY PROFILES FROM
BF SIMULATIONS

A commonly adopted strategy to gain insight into reaction
mechanisms in complex molecular systems consists in project-
ing the very high dimensional configuration space into a single
collective variable, which is assumed to approximate the reac-
tion coordinate. Using Zwanzig-Mori projection formalism, it
can be shown that this collective variable evolves according to
a generalized Langevin equation.37,38 In addition, if the char-
acteristic relaxation time scales of this collective variable are
much longer than that those of all internal degrees of freedom
in the system, then the generalized Langevin equation can be
replaced by a standard over-damped Langevin equation, which
depends only on the diffusion coefficient and on the PMF of
the collective variable.

In principle, the PMF G(Q) can be estimated from an
ensemble of equilibrium configurations, e.g., sampled from

long MD trajectories. Indeed, if Peq(Q) is the probability of
observing a value Q at equilibrium (which can be estimated
from a frequency histogram), then G(Q) is defined by

G(Q) = �kBT log Peq(Q). (5)

This method is in principle exact, but computationally
extremely expensive. Indeed, it requires simulating the dynam-
ics for a time scale sufficiently long to attain complete thermal
equilibrium. For most polypeptide chains of biophysical or
biological interest, the sampling of the equilibrium distribution
Peq(Q) remains a formidable computational challenge, even
using advanced Monte Carlo algorithms or more sophisticated
methods.23,24

In the following, we devise an alternative scheme which
exploits the results of BF simulations and enables us to com-
pute G(Q) in a very computationally efficient way. For the sake
of simplicity, to illustrate the approach, we shall assume that
the slow dynamics of the collective variable Q can be effec-
tively described by an over-damped Langevin equation with a
uniform diffusion coefficient D0,

Q̇ = � D0

kBT
G
0(Q) + ⌘(t). (6)

The probability distribution generated by integrating
Eq. (6) evolves according to the Fokker–Planck equation,

@
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In such a framework, an arbitrary initial probability den-
sity ⇢0(Q) changes in time according to an evolution operator
defined by

P(Q, t) = e
�F̂t ⇢0(Q). (9)

Equivalently, Eq. (9) can be written in terms of the conditional
probability to perform a transition form Q

0 to Q in time t (i.e.,
the propagator),

P(Q, t) =
⌅

dQ
0

P(Q, t |Q0, 0) ⇢0(Q0). (10)

Some general properties of the dynamics defined by
Eq. (7) are in order. Even though the F̂ operator is not Her-
mitian, its left and right eigenfrequencies coincide and are
real,

!
F̂ Rk(Q) = �k Rk(Q), (11)
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