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CAN MOLECULAR SIMULATIONS SUGGEST
NEW THERAPEUTIC STRATEGIES?

Main Challenges
* coupling of multiple time scale
* rare events

ZOOLOGY OF ENHANCED SAMPLING METHODS

Meta-dynamics, Milestoning, Transition Path Sampling, Transition
Interface Sampling, Markov State Models, Forward Flux Sampling,
Temperature Accelerated Molecular Dynamics, Umbrella
Sampling, Blue Moon Sampling, String Method, Stochastic
Difference, […]
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VARIATIONAL APPROXIMATIONS TO
TRANSITION PATH SAMPLING
Mathematical tools borrowed
from subnuclear physics

P (xf , t|xi ) =
<latexit sha1_base64="FyawapQW23B8YgUL+cGhWSvHKiU="></latexit>

New approximations and
algorithms

e

1
2kB T

e

1
2kB T

K(xf , t|xi ) =
<latexit sha1_base64="SHL4kZHiKxbdVncEcVklPzEeUAk="></latexit>

Z

U (xf )
U (xi )

Z

xf
xi

xf
xi

DQ e

DQ e

1
~

Rt
0

1
kB T

Rt
0

d⌧ ( M4 Q̇2 +Vef f (Q))

2
d⌧ ( m
2 Q̇ +U (Q))

VARIATIONAL APPROXIMATIONS TO
TRANSITION PATH SAMPLING
PRL 97, 108101 (2006)

week ending
8 SEPTEMBER 2006

PHYSICAL REVIEW LETTERS

PRL 99, 118102 (2007)

M. Sega,1 P. Faccioli,2,3 F. Pederiva,4 G. Garberoglio,1 and H. Orland5

P. Faccioli,1,2 M. Sega,3 F. Pederiva,4 and H. Orland5
1
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Quantitative Protein Dynamics from Dominant Folding Pathways

Dominant Pathways in Protein Folding

scale of the rotational degrees of freedom !10"12 s and
DOI: 10.1103/PhysRevLett.114.098103
the macroscopic
time scales of the full folding process
!10"6 – 101 s makes it extremely computationally challenging to follow the evolution of a typical !100-residue
protein
for a time of
interval
longer than a Anton
few tens
of
The development
the special-purpose
supernanoseconds.
computer
has recently opened the way to MD simulations
Several approaches
have been
proposed
to overcome
of biomolecules
consisting
of several
hundred
atoms,
such computational
difficulties
and addressrange
the problem
covering
time intervals
in the millisecond
[1]. By
of identifying
theShaw
relevant
the folding reusing
this facility,
and pathways
co-workersofcharacterized
the
action [2]. Unfortunately, these methods are either afreversible
folding of several small proteins, showing that
fected by uncontrolled systematic errors associated to
the existing all-atom force fields are able to attain the
ad hoc approximations or can be applied only to small
correct
native folding
structures
Unfortunately,
proteinsprotein
with a typical
time[1–3].
of the order
of a few
many
biologically
importantIn conformational
reactions
nanoseconds
(fast folders).
this Letter, we present
a
occur
time scales
many orders
of difficulties:
magnitude larger
than
novelatapproach
to overcome
these
We adopt
the
Hence, itandis devise
important
to continue
the
themillisecond.
Langevin approach
a method
to rigordevelopment
more
efficientcompute
algorithms
sample
the
ously defineofand
practically
the to
most
statistireactive
pathways
spacefolding
(see, e.g.,
Ref. [4]
references
cally relevant
protein
pathway.
As and
a first
exploratory application, we have studied the folding transitherein).

PHYSICAL REVIEW LETTERS

DYe−SOM ½X;Y%−UðXi ;Y i Þ=k B T ;

ð2Þ

Prediction

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,For
here
presented
simple
tackle discrete
problems.
this
reason, for
to athe
best of
one-dimensional
without
loss ofquantum
generality.
our knowledge,system,
all the
proposed
computing
The DFP method
can be applied
any system
described of
algorithms
for sampling
and toenergy
optimization
byclassical
the over-damped
equation
molecularLangevin
structures
rely on simplified lattice
D have
@U provided valuable insight
models. While these
@x models
# !$
t%;
(1)
!"
into the general
kB T @xmechanical properties of
@t statistical
biopolymers [22], the lack of structural and chemical
where U is the potential energy of the system, !$
t% is a
detail hampers their applicability to realistic biophysical
Gaussian random force with zero average and correlation
systems.
given by h!$
t%!$
t0 %i ! 2D"$
t" t0 %. Note that in the origiIn this work, we develop a rigorous approach to finding
! However,
nal Langevin equation there is a mass term, mx.
most in
statistically
relevant this
transition
paths
a thermally
asthe
shown
[6 ], for proteins,
term can
beinneglected
activated
reaction,
"13 s. a quantum combeyond
timeconformational
scales of the order
of 10using
puting
machine.ofOur
method
does innot
require lattice
The probability
finding
the system
a conformation

VALIDATING AGAINST MD

106s

Protein
, folding

MD
ms

s

minutes

VALIDATION AGAINST EXPERIMENT

Experiment

Main Challenges
Most available techniques provide
only indirect probes, we seek for
direct validation

-2.5

-2

-1.5

-1

Theory

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

ics

The Journal
of Chemical Physics

ARTIC
scitation.org/journal/jc

ARTICLE

TIME-DEPENDENT LINEAR SPECTROSCOPY

An analytic
formulκ
An analytic formula for the absorption
coefficient
be obtained
combini
be obtained by combining real and
imaginarybyparts,
acc
(34)–(36).
It is instr
Eqs. (34)–(36). It is instructive to Eqs.
analyze
the structure
of
part ImR(ω),
which
nary part ImR(ω), which controlsnary
the position
and the
wi
resonances
resonances

2ReΣn (ω)�(ω − En )2 + �Σn (ω)�2 �2
ImR(ω)
= −�
ImR(ω) = − �
2
n −�(ω
n �(ω − En )2 − �Σf (ω)�2 � + 4�(ω
− En
En )ReΣ
n
f

f

FIG.
1. (a)Eq.
Graphical
representation
of the Dyson Eq. (44) for the exciton propasentation of the
Dyson
(44) for the
exciton propagator. The
open white triangle
white triangle denotes
theline
full with
(non-perturbative)
time- denotes the full (non-perturbative) timeordered
exciton propagator,
whilein the
or, while the other
continuous
line appearing
the other continuous line appearing in the
splitting
and by
shiftin
The splitting
shifting
poles
generated
the
free
exciton propagator.
(b) Exampleand
of loop
diagram of theThe
he free exciton righthand-side
propagator. (b)represents
Example ofthe
loop
diagram
f
in the
approximation.
line denotes
the stochastic
approximation.neglected
The dashed
lineproposed
denotes the
stochastic The dashed
coupling function
is determined
coupling
is determined
by the self-energy
Σn (ω)b
damped Langevin
of the
vector
mped Langevinpropagator
oscillationsofofclassical
the configuration
vector oscillations
(46).
illustration
Eq. (46).
Forconfiguration
illustration
purposes,Eq.
here
weFor
discuss
its expr
δQ. (c) Estimating
thediagram.
1PI term by the lowest-order self-energy diagram.
term by the lowest-order
self-energy

case of a single norm
the case
of a single
normal mode
Need
a theory
for the
dynamics
Ground state
2 γ ⌦2 + i(ω − E )�(ω − E )2 − ⌦22 +
γ22
n
n δ nm f γ ⌦
δ nm f our
Equation
provides
the starting point
apply
non-excitations
f
ovides the starting
point (43)
to apply
our nonf oftoquantum
Σnm (ω)2 =
Σ (ω) =
One exciton
perturbative
approximation
scheme.
consider
the
mation scheme.
To this end,
we consider
the To thisnmend, weβM
⌦
2 − ⌦2 � + γβM
2 (ω⌦
�(ω
−
E
)
− En )
n
In
proteins
standard
Dyson equation,
obtained
on, obtained
by resumming
all 1-particle
irre- by resumming all 1-particle irre-

This equation
shows
ho
This equation
shows G
how
the vibronic
correction
of the
(1PI) diagrams
forGthe
propagator
[see
ms for the ducible
single-exciton
propagator
[seesingle-exciton
function
scalesviscosity.
with the
function
scalesallwith
the temperature
and bath
Fig. 1(a)].
frequency
representation
and omitting
indices
for
y representation
and In
omitting
all indices
for
the shifting,
an
the shifting, splitting, and broadening
of the splitting,
resonances
sake of
simplicity, the Dyson equation reads
Dyson equation
reads
when
difference
betw
when the difference between ω and
thethe
excitonic
energie

DYNAMICS IN OPEN SYSTEMS IS TRICKY

⇢ˆ(t) = e

i
~ Ĥt
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~ Ĥt

<latexit sha1_base64="Y2rVb7njpgu1wxnlJxdxEcAy5gM="></latexit>

e
e

i
~ Ĥt
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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 2.5
as a result of the excitonic nature of additional signals
due to the aromatic residues. This double sensitivity, when extended to timeresolved experiments, should allow protein folding to be monitored with high
spatial resolution. To date, 2the 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
1.5molecular dynamics simulations of the folding
combination of atomistic
pathways with a quantum chemical evaluation of the excitonic spectra provides
the missing key. This is exempliﬁed for the folding of canine milk lysozyme
1
protein.

Native

I-Burst
0.5

provides information about the solvent accessible regions, while
1. INTRODUCTION
small-angle scattering combined with the stopped-ﬂow
More than 50 years after protein folding was proven to be a
1
technique measures the overall degree of compactness of the
0 agreement on the underlying
spontaneous process, a general
20
2−4 0.5 0.6 0.7
0.1 reached
0.2 0.3yet.0.4
0.8 0.9 chain.
polypeptide
However, these methods lack the
molecular mechanisms has not0 been
In the
resolution required to thoroughly assess the predictions of
quest to solve this uncertainty andFraction
achieve ofa native
complete
contacts Q
atomistic
models.
Furthermore,
the limited time-resolution
understanding at the required spatiotemporal resolution, a
restricts their applicability to relatively slow structural reactions.
central role is played by the0.4
combination of atomistic computer
5
A few alternative experimental
techniques
simulations and experimental measurements.Experimental
Unfortunately,
Calc.
−S−S−have been developed
to1000
probe speciﬁc distances,
with
much
higher spatial and
such a combination is still quite challenging,
due −S−S−
to 100
both
10Calc.
Calc.
−SH
HS−
computational and experimental limitations.
temporal resolution. In particular, single-molecule Förster
On the one hand, the complexity combined to the large
resonance energy transfer (smFRET) experiments can measure
dimension of proteins hampers the application of accurate
subnanometric variations of the distance between two
quantum-mechanical approaches
0.2 to the study of their energy
chromophores located at speciﬁc positions along the chain,
surfaces and dynamics, forcing the use of classical descriptions
with a time resolution on the microsecond scale.21,22 Atomic
based on molecular mechanics force ﬁelds. Moreover, even
force microscopy can also measure with subnanometric
adopting such simpliﬁed models, computer simulations can
resolution the relative distance between two residues, subject
only cover relatively short time intervals, up to milliseconds.6,7
to an externally applied mechanical stress.23,24 In general, the
Consequently, additional approximations need to be introdevelopment of these single-molecule techniques has brought
duced in order to bridge the
gap
between
the
biologically
0
inestimable new insight into protein folding kinetics and
relevant and the computationally accessible time scales (see refs
thermodynamics.25,26 However, they require alteration of the
8−18 and references therein). All the limitations intrinsic to
chemical structure of the polypeptide chain, by implementing
these approximated methods have so far prevented any of them
point mutations and attaching ﬂuorescent probes or molecular
from becoming consensually accepted.
“handles”. The question then arises whether such chemical
On the other hand, the available experimental techniques
either have a low spatial
resolution or can probe with high
−0.2
resolution only point-to-point distances. For example, hydroReceived: November 23, 2017
gen−deuterium exchange detected by mass spectroscopy19
Published: February 23, 2018
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ABSTRACT: The pore-forming toxin cytolysin A (ClyA) is expressed as a large αhelical 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 freeenergy 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

M

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 Singlemolecule 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 experimental techniques monitor global properties of the folding
kinetics (such as the evolution of the average content of

uch 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 dynamics.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 intermediates,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
© 2021 The Authors. Published by
American Chemical Society
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Figure 5. Summary of the refolding mechanism obtained with MD simulations and comparison with experimental results. (a) Density plo
showing the unfolded high-temperature ensemble (“U”), the collapsed intermediate (“C”), and a set of folding trajectories obtained by a bi
functional method projected onto the plane selected by the fraction of native contacts Q and the radius of gyration. All these conﬁgurations we
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Biochemical
Validation

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 concentrationdependent 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
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The Power of the PPI-FIT Platform: the CCND1 Case
Cyclin D1 (CCND1)

Cyclin D1 is amplified in 15% and overexpressed in 30-50% of breast, lung, and colon cancers. It is currently considered an undruggable target

September 2021 / Courtesy of Sibylla Biotech

The Power of the PPI-FIT Platform: the CCND1 Case

CMP1 (M254), CMP2 (M258), and CMP3 (M263) are our best hits.

Huh7

Evaluation of effects on cell growth, cyclin D1 protein and mRNA expression, and cytotoxicity
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)
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The Power of the PPI-FIT Platform: the CCND1 Case
Suppression of Cyclin D1 Protein Expression

Huh7 (Max Effect: 1 < IC50 < 3 at 1.5 h)

Cyclin D1 protein suppression by CMP1 in Huh7 cells at different time-points
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).
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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.
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reactive pathways. To this goal, we implemented the algorithm described in Appendix B. First, we performed 1000
plain rMD simulations, starting from x and biased along the

rather bad reaction coordinate. By contrast, a plain steered
MD with external force F B = k 2 rz(x) of comparable magnitude would yield completely wrong information about the
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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 concentrationdependent 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.
nt of PrP at a post-translational level in different cell lines. Cells were exposed to different concentrations of SM875 or
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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Folding of protein Im7
Figure 1.

Density plot for the folding of Im7 projected onto the plane defined by the RMSD
to the crystal native structure and the fraction of native contacts Q. The high
ion around Q = 0.9 and RM SD = 0.1nm corresponds to the Native configuration,
e region around Q = 0.6 and RM SD = 0.1nm corresponds to the Intermediate.

ransition, we report in Figure S6(c) the di↵erence CD spectrum, calculated as Native
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! 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.
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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,*
1
Department 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 Protein misfolding is implicated in many diseases, including serpinopathies. For the canonical inhibitory serpin a1-antitrypsin, mutations can result in protein deficiencies leading to lung disease, and misfolded mutants can accumulate in hepatocytes,
leading to liver disease. Using all-atom simulations based on the recently developed bias functional algorithm, we elucidate how wildtype a1-antitrypsin folds and how the disease-associated S (Glu264Val) and Z (Glu342Lys) mutations lead to misfolding. The deleterious 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 clashes and electrostatic interactions in Z misfolding. 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.
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The Power of the PPI-FIT Platform: the CCND1 Case

CMP1 (M254), CMP2 (M258), and CMP3 (M263) are our best hits.

Huh7

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

VARIATIONAL TRANSITION PATH SAMPLING
Mathematical tools borrowed
from subnuclear physics
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Dominant Pathways in Protein Folding
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Quantitative Protein Dynamics from Dominant Folding Pathways
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C.N.R./I.N.F.M. and Dipartimento di Fisica, Universitá degli Studi di Trento, Via Sommarive 14, Povo (Trento), I-38050 Italy
4
Dipartimento di Fisica and C.N.R./I.N.F.M.-DEMOCRITOS National Simulation Center, Universitá degli Studi di Trento,
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(2005)

Bias Functional Approach

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
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E Wto perform
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E R S of the entire folding
PRL 114, 098103
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process with available computers.
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(2006)

Self Consistent Path Sampling
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.

DOI: 10.1103/PhysRevLett.99.118102
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Variational Scheme to Compute Protein Reaction Pathways Using Atomistic Force Fields
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A critical part of the protein-folding problem is to understand 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 problem in simulating the folding process using standard molecular dynamics (MD) is the huge gap between the time

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

(2017)
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Suppression of Cyclin D1 Protein Expression

Huh7 (Max Effect: 1 < IC50 < 3 at 1.5 h)

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

EXAMPLE: Self Consistent Path Sampling
Theorem:
rMD along the ideal reaction coordinate
RC (the committor) yields the exact
equilibrium distribution and reactive
current

Self consistent path sampling
Compute the RC self-consistently, through an iterative procedure
derived from a variational principle

Initial guess of RC

RMSD hairpin 2

Initial conditions

iter. 1
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and 35. The folding mechanism of much larger polypeptide
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