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1 Introduction

In this memoire | present a summary of my research activity and an overviemyfuture projects. In the first
chapter | present a detailed Curriculum Vitae reporting rdycation, my teaching experiences as well as my
academic achievements. The second chapter is dedicateg iesaarch activity which is divided into three main
career periods. A list of publications and selected orasgméations are also included. The future research project
is presented in the third chapter. The teaching activitytaedadministrative activity are presented in the chapters
4 and 5.

Here | briefly introduce the body of my memoire. | had been a Bhldent for about three years and about
nine years for the post-doc. Then | spent about two years empdrary principal investigator before being hired
as CR1 researcher at CNRS and join the Laboratoire de Bigelimeorique at IBPC. During this long period |
have had opportunities to challenge myself in differentBedf research and to acquire deep expertise in computer
simulations as well as to be exposed to various scientific@mwents.

During my PhD work in the field of soft condensed matter sirtiatg | had been trained in simulation of
coarse-grained liquid crystalline systems using clak$iicante Carlo technique. This required intensive coding of
the simulation programs and analytical derivations reléethe liquid state density functional theory. | started to
learn biomolecules, specifically protein and RNA during nogtoloc. During this time, | had been trained in equi-
librium and nonequilibrium molecular dynamics simulasasf atomistic protein models. The experience in both
coarse-grained and atomistic simulations was the key fquieing expertise in my current research activity which
focuses on the development and application of computdtimethods for studying the equilibrium and nonequi-
librium structure, dynamics, thermodynamics of single@irtss and amyloids at all-atom and coarse-grained levels.
Personally, my idea in the development is that the developsitiods should be as simple as possible, yet efficient.
Also, | am more interested in principals governing the systather than going into details.

During my PhD and postdoc | had been involved in supervisirgter and PhD students. | had also been
regularly involved in teaching activity. In particular, las in charge of the tutoring associated to the Mathematics
course for undergraduate students for eight years of mydpostSince this year, | have been involved in giving
some lectures on advanced topics of computer simulatioeis @s1 simulated tempering, metadynamics as well as
weighted histogram analysis method and disconnectiviplgr

I would like to conclude this short introduction spendingesvfwords on those extra-academic activities. |
review regularly manuscripts for the American Chemicali&ycthe American Institute of Physics and the Royal
Society of Chemistry.
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3 Research Activities

3.1 PhD research

My PhD research focuses on the structure and elasticityeptieg

of liquid crystals. Nowadays, the applications of liquid/stals
can be found everywhere, from the laptop screen, digitathyat e e A

switchable windows, smartphone screen etc. Liquid crystakes S rf'

are the phases between the solid and liquid phases. Theyofrost _ “"fr ' '- P
ten occur in compounds of the rod-like shape or the discdiiape k\_\ ('-&' j >
organic molecules which interact through strongly anutr in- T —— r g rr_,"_f,. r

termolecular forces. There are three main phases of liqyitals:
nematic, smectic and columnar phases. Nematic phase igrihe s
plest phase where the molecules tend to be parallel to a commo
direction called the director. In this phase, there is nodiational
order but the orientational order is apparently[1]. Thisken sym-
metry of space leads to many interesting physics propertis
PhD work focuses on two properties that are long range sitrict
and elasticity of the nematic phase.

3.1.1 Correlation functions

We construct a coarse-grained model for the liquid crystakere
each molecule is represented by an ellipsoid particle JE49).
The interaction between particles are modeled by a simplal+e
sive pair potential
Figure 1: (A) An example diphenyl crystalline

{460(X1122 - X%) 4+ e X% >1/2, molecule is represented by an ellipsoid particle;
Vig = ) Q) . o , )

0 : otherwise (B) atypical equilibrium configuration of the crys-

talline phase.
The functionX;2 = 0¢/(r12 — 012 + 0¢) depends on the distaneg, between particles 1 and 2, and on the shape
function

(2)

uy.f1o + ug.f12)? . (ug.f12 — 112-1“‘12)2} }

(2,03,15) = 001 5
o12(uy,ug,ris) = o - =
1251, 72, 712 0 1+ Kkujg.ug 1— kuj.us

2
which approximates the contact distance between two eltissof elongatiorx = /(1 + x)(1 — x) with ori-
entationsu; andus and center - center vectog, pointing in the directiorf|5 =ryo/ r12[2]. Having defined the
potential, we carry out Monte Carlo (MC) simulations for fhetropic phase (low density = 0.24/03) and the
nematic phase (high density= 0.30/03). Fig.1(B) shows a snapshot of the system of ellipsoids énrtbmatic
phase. Our primary aim is to study the influence of the is@tfopmatic phase transition on the direct correlation
functions (DCF) in anisotropic fluids. The DCF is a centrahuiity in liquid state theories[3], and a study in
the nematic phase is therefore interesting in its own rigiite DCFc(uy, uz, r12) is determined from the pair
distribution functions by solving the full Ornstein-Zekeiequation[3]

h(uy,ug,r12) = c(uy,ug, r2) + /c(uh1137r13)ﬂ(1)(u3)h(u3,uzvf32)d113d1‘3, (3)

The total correlation functiorh, which describes the total interaction between two pasicand the one-particle
distribution functionp™, which is the probability for finding a particle, are deteme directly from the simulation
data. The DCF has been studied quite intensely in isotropidsfl In contrast, the determination of this function
in the nematic phase is quite challenge. As mentioned aliove,nematic liquid crystal, the particles remain
positionally disordered, but align preferentially alohg director vecton(r). Therefore, the isotropy of space is
spontaneously broken. Consequently, the pair correl&tioctions lose their rotational invariance. This means tha
the pair correlatiorf’(uy, us, r12) (F stands forh or ¢) must depend not only on the orientation of each pariigle



(like in the isotropic phase) but also on the center - cerdgetorr,,. The latter makes the calculation of the function
F to be much more difficult. One of the first tasks of my thesi®isdlve this issue, and below | briefly describe
the method which | developed to calculate pair correlatiorcfions in the simulated nematic phase. Details of the
method can be found in Ref.[4]. First, a Cartesian coordifi@me where the axis points in the direction of the
director vectom(r) is constructed, and all orientation-dependent functiorseapanded in spherical harmonics
Y} (u). This yields

pM=p>" fiYi, (4)

leven

with the bulk number density, and

F(u17 us, I') = Z Elm112m2lm (T)}/hml (ul)yigmz (u2)}/lm(f.) (5)

l1,l2,l,m1,ma,m

In uniaxially symmetric phases, only real coefficients with + mo + m = 0 and even; + I» + [ enter the
expansion. Since our particles have uniaxial symmetryryesmgle [; is even as well. The total correlation
function i is defined as (
4 2)(1117 uz, I')
h(ui,ug,r) = -1, 6

( 1, U2 ) p(l)(lh)p(l)(uz) ( )
where p(2)(uy, ug, r) is the pair distribution function. In terms of the spherit@rmonic expansion, Eq.6 is
rewritten as

2 A 1001
Phe s tamatom (") = 02 (VAT i, fiam00ma00i00mo + D Rgmtmatm (M) fiy FTomity o Do ) (7)

RTRN

with
ol / duy? (W)Y (W)Y . (u), ()

and the coefficients of the pair distribution are determidieelctly from the simulation data

2 * * *
o msam(T) = 402G () (Y7 (W) Vi, () Vi, (W), )

where the averagé - - )s, is performed over all molecule pairs at distangas— 3| = [r,r + dr], andg(r) is
the radial distribution function, i.e., the average totainier of molecule pairs divided W47Tp25r. Then, the
coefficients of the total correlation functignare determined by solving the matrix Eq.7. The D&E most easily
calculated in Fourier representation. Therefore, we perfa Hankel transformation of all functions in Eq.3 and
obtain a new representation in thespace

hll,ml,lmmz,l,m(k) = Cl1,m1,l2,m27l7m(k)+p Z Cll,m17137m37l’7m’(k)hlé,ms,lmm%l”,m”(k) (10)

13,15,1% ,ms3,
Um/T"m" 13
mapll'l” sl
X flé’(_l) me’m”rmgmgo‘

The coefficients of the DCF are obtained by solving the maiixation 10. Fig.2 shows an example of an expansion
coefficient,cap2020 , Which vanishes in the case of rotational invariance. Inisb&opic phased < 0.2830 3),

the values are indeed close to zero. In the nematic phaseyzemoDCF coefficient not only emerges, it may
even grow quite large. Ab = 0.300‘3 the values are comparable to those of a symmetry preseroeiaient

of similar order. Hence the DCF really reflects the brokenmsatny in the nematic phase. To summarize, | have
developed a method to calculate DCF without any approxonati and applied it to study the local structure of
fluids of uniaxial ellipsoids at different densities in thieimity of the nematic/isotropic phase transition. We find
that the DCF suitably characterizes the local structuréhérsense that it is short ranged both in the isotropic and
the nematic phase.

3.1.2 Elastic constants



We then use the DCF to calculate the elastic constants of the
nematic phase. Due to the long range orientational order
breaks a continuous symmetry, the isotropy of space, there 100
exist soft fluctuation modes-spatial variations of the cive

n(r) - which cost no energy in the infinite wavelength limit | || — Pfggége(:ea;:‘;)ﬁc)
(i.e., the limit wheren is rotated uniformly) and are other- .+ || _____ 2;0:283 (isotropic)

wise penalized by elastic restoring forces[5]. For symynetr % 50 ———- p=0.24 (isotropic)
reasons, the latter depend on only three material parasneteaﬁ
at large finite wavelengths[1], which are described by asr-ela
tic free energy functional[6]

F{n(r)} = /dr{K11 ]> + Kyn.(v x n]*+
Ks3[n x (7 x n))?}, (11) 116,

which has three contributions: the splay, twist, and beﬁ'q;ure 2: Expansion coefficient with = [ = 2 and
modes. The parameters,, (o« = 1,2,3), called Frank m; = m = 0 of the direct correlation function in
elastic constants, control almost excluswely the stmecaind the molecular frame vs for different densities. In the
the properties of nematic liquid crystals at mesoscopigtren 'SOIroPiC pzase t5n258<::))oeif£|ment mUITt vanish for symmtetry
scales. It has been derived in Ref.[7], these elastic cotsstaSasons: Ap = %o . @ sSMmal NONzero remnants

. . are observed due to finite size effects
are expressed in terms of the DCF in thepace as the fol-

lowing
Ku = _kB;T / 520(12;121, uz) o X pM (u12)pM) (ug2 Jurptizeduy dug
Koy — kT [ 9%c(k,u1, up) heeo % p (112)p D (1192 urs g duy du. (12)

k2

We calculate the DCF from the pair distribution functji@d® using an upper cutoff,,. = 2, 4, and 6, respectively,
in the matrix equations 7 and 10, and the elastic constaetsaculated from Eq.12. Already the lowest order
calculation withl,,., = 2 gave elastic constants of the correct order of magnituden@atively reliable results
were obtained with,,., > 6. In summary, we have presented a reliable method to cadcalastic constants from
pair distributions in computer simulations.

3.2 Postdoc research

After my PhD in condensed matter physics, | changed my rekdald to biophysical chemistry with a focus on

proteins. With this, | started to learn molecular dynamM®] simulation techniques using protein all-atom mod-
els. My first projects were the development and applicatiboomputational strategies that allows us to extend
well-established MD techniques to the description of pimotoced nonequilibrium dynamics simulations using
standard MD program packages. This allows us to study theygreansport[8, 9, 10] and ultrafast conforma-

tional dynamics[11, 12, 13] of large systems, which are mtis very difficult to study by means of semiclas-

sical or quantum molecular dynamics methods. To quamigticompare with picosecond pump-probe Infrared
(IR) experiments, | am also involved in the development afuaate methods to simulate 1D and 2D IR spec-
tra of peptides[14, 15, 16]. | am also interested in equitlitor fast dynamics such as folding of small peptides.
Along this direction, | develop methods to reduce the comipleof peptides in order to capture essential physics
of folding pathways[17, 18, 19, 20, 21, 22], and collabonatth NMR experiment to determine accurately the

structure of small peptides[23]. Finally, | start to work e protein aggregation to understand the fibril growth
mechanism[24], and on RNA systems aiming to charactergstiiucture RNA hairpins[25] and long-range corre-
lations in ligand-binding riboswitch[26]. Below, | sumnyasome main results in details.



3.2.1 Energy transfer in peptides

(a) Vibrational energy relaxation. In recent years, femtosecond time-resolved infrared spsmipy has made it
possible to watch the flow of vibrational energy within antAmen molecules with unprecedented time resolution[27].
Particular interest has been payed to biomolecular systeimse the celebrated concept of the relation between
protein structure, dynamics, and function ultimately fieggian microscopic understanding of the energy flow in
the system. Employing the amide | modes (which mainly inedlve stretching of the peptide C= O bond) as a
conformational probe, experiments have provided new Imsigo the structure, fluctuations, and conformational
transitions of peptides in aqueous solution. Interesfintjle experiments have shown that the- 1 — 0 popu-
lation decay timel; of the amide | mode is consistently about 1 ps for all systeomsidered. This includes the
model systems N-methylacetamid[28], and trialanine[28tjous small globular peptides such as apamin, sylla-
toxin, and bovine pancreatic tripsin inhibitor[28], ane throtein myoglobin[30]. These findings indicate that the
amide | population relaxation in peptides (i) is a highly @it and unusually fast example of vibrational energy
redistribution and (ii) represents a generic, sequendependent feature of peptides.

To describe the vibrational relaxation dynamics, usuablystem-bath approach is employed in which the sys-
tem includes the initially excited vibrational mode (andsgbly further strongly coupling modes) and the bath
comprises all other degrees of freedom[31]. Second-oimter-tlependent perturbation theory with respect to the
systembath interaction leads to a reduced density-mairmdlation in which the system is treated numerically
exactly, while the dynamics of the bath enters via equilitbriautocorrelation functions. Being mostly interested
in the vibrational energy relaxation rat¢7; , well-established assumptions then lead to the widely Gaden
Rule expression. To obtain a realistic modeling of the salviurthermore, many workers have pursued a mixed
guantum-classical strategy and calculate the bath ctimelfunctions from a classical molecular dynamics simu-
lation

Here, my primary aim is to develop an all-atom nonequilibrimolecular dynamics simulation (NEMD)
method to directly simulate the vibrational relaxation qgass using a standard MD program package such as
GROMACS[32]. Our method includes the following main st&)s[First, a quasiclassical sampling of the initial
atom positions and velocities is performed to account ferrtbnequilibrium initial preparation of the system. To
this end, we represent the solute normal moges g } in terms of classical action-angle variables;, ¢y }[33]

@k = (2ng +7)singy
P = (2ng + ) cos ¢y. (13)

where the factory = 1 accounts for the zero-point energy (ZPE) of the mode. Toiolbkee initial positions and
momenta of the initially excited amide | normal mode, we aide the actiom, with the initial quantum state of
the amide | mode, e.gn; = 1 for the first excited state. The initial actions of the renragnsolute modes (which
are at thermal equilibrium) may be sampled from the Boltzmdistribution P(n;,) oc e™"/kT |n all cases,
the vibrational phases; are picked randomly from the intervdl, 27| . This way an ensemble of normal-mode
positions and momenta are calculated, which present adssical representation of the quantum initial state of
the solute molecule. Next, employing these initial comdig, classical MD simulations are performed. To monitor
the vibrational dynamics, the overall rotation and intémmation are separated and a hormal-mode analysis is
performed, which yields the time-dependent energy corgktite normal modes. It turns out, however, that these
procedures are well established only in the case that thatiohal dynamics is well described by small-amplitude
motion around a single equilibrium structure. Consideflagible biophysical systems far from equilibrium (e.g., a
folding peptide) , the single-reference normal-mode axipration must break down. To extend the nonequilibrium
description of vibrational-energy redistribution to theatment of molecular systems undergoing large amplitude
motion, we adopt the ideas underlying the instantaneousyalemode theory[34]. In this formulation at every
time step a normal-mode calculation is performed, whichleygpthe instantaneous position of the trajectory as
reference structure, and the instantaneous vibratiorabgrof the system at timg, ; is

3N—-6

1
Eyp = Vo + 5 ; her (Pt + a2), (14)
1

whereqy(t,), px(tn), andwy(t,) represent the positions, momenta, and frequencies of ghentaneous normal
modes.Vy = Vr(t,)] — & 3, fwga? with ay = (myhew}) =2 32N FU, being the coordinate shift accounts

9



for the non-zero force term;, andU;;, is the eigenvector of the normal modes. To demonstrate tiierpence of
the method, we study the vibrational energy relaxation ggedollowing the excitatior = 0 — 1 of the amide |
mode of the model system N-methylacetamid peptidgdQ4COND-CH;).

Figure 3(a) shows the time-dependent energy
content of the amide | mode. In the purely
classical case, where the ZPE is not included 1800
in modes ¢ = 0), the decay can be well fit- 12001
ted to a biexponential function with the decay
timest; = 1.9 ps (80%) and, = 13.3 (20%)
ps. At longer times, the amide | energy con-
verges tokgT ~ 200 cm~! which is consis-
tent with the equipartition theorem. Including
ZPE in the amide | modey( = 1) is seen to
lead to a considerable enhancement of the ini-
tial relaxation processt{ = 1.5 ps). There -600g 2 6 8 10
is only little change, though, if the ZPE is also time [ps]

included in the remaining solute modes. If
we include only a fraction of ZEP withy = Figure 3: Vibrational energy relaxation of the amide | mode of

0.35 to the amide | such that the amide | er{}lMA in DO following v1 — 0 excitation as obtained for vari-

. . __ous quasiclassical initial conditions. For better comsam, the ini-
ergy remains larger than the ZPE for all tim g o

. ? ) et%ally included zero-point energy is subtracted. (a) Comgan of
under consideration, we obtaii = 1.8 PS 4ction-angle initial conditions including zero point eggrin all so-

( 75%) andt; = 7.5 ps ( 25%) [Fig.3(b)]. Iute modes (dashed line), in the amide | mode only (lowedsinie),
In summary, we show that the vibrational erand no solute mode (upper solid line). Note that in the first tases
ergy relaxation rate obtained from the nonequie energy content of the amide | mode drops below zero fastim
librium simulations is in qualitative agreement 4 PS. (b) Including only 35% of the zero-point energy in all so-

with experiment, and our approach therefOIlBte modes (dashed line) and in the amide | mode only (sali) i

may represent a reasonable and direct descrr%s_pectwely, the amide | energy remains positive.

tion of the quantum-mechanical relaxation pro-
cess.

600
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(b) Photoinduced energy transfer.In another work, we investigate energy transport through-aminoisobutyric
acid-based @-helix (Aib) dissolved in chloroform in a combined experimi&-theoretical approach[9]. The basic
idea is that the vibrational energy is locally depositedhat M-terminus of the Aib by ultrafast internal conver-
sion of a covalently attached, electronically excited,ler@ene moiety [Fig.4(A)]. Heat flow through the helix
is detected with sub-picosecond time resolution by emptpyibrational probes as local thermometers at various
distances from the heat source. This peptide was chosengeeitdorms exceptionally a stablgy3helix even in
a relatively short sequence of 8 amino acids. The apolaesblehloroform was used to minimize potential loss
of the heat flow into the surrounding solvent and moreoverinsrthe hydrophobic environment in the interior of
a protein. We chose azobenzene molecule because it undartjadast internal conversiorité andtrans iso-
merization) on a 200-fs timescale. To guide the interpi@iadf the experiments and obtain a microscopic picture
of the molecular processes underlying energy transporepiiges, we have developed a simple computational
strategy that allows us to extend well-established MD tagles to the description of photoinduced nonequilib-
rium dynamics[11, 12]. To model the laser-induced photoisozation process, we use a minimal model for the
corresponding potential-energy surfaces that diabticahnects the excited-statg of the cis-isomer with the
ground stateS, of the trans-isomer [Fig.4(B)]. The photoexcitation of the system byudinafast laser pulse is
mimicked by instantly switching from the ground-state N=i¥sional potential to the excited-state potential. Fol-
lowing this nonequilibrium preparation at time= 0, the system isomerizes along an excited-state N=N potentia
within 0.2 ps. After isomerization (i.e, for times 0.5 ps), the N=N torsional potential is switched back to its
ground state form, and a constant-energy MD simulation ifopaed up to 100 ps. All simulations were per-
formed with the GROMACS program suite[32], using the GROM®B ®rce field 43a1[35]. Additional force field
parameters for the azobenzene unit were derived from gefusittional theory. Following the nonequilibrium
simulations, the time-dependent observables of intemespltained via an ensemble average over 800 equilib-

10



rium conformations. We observe that after the photoexoitaat timet = 0, the kinetic energy is deposited into
the azobenzene photoswitch within 0.1 ps. While the excitatf the photoswitch decays on a picosecond time
scale, its energy is transferred to the Aib peptide (30%) direttly to the solvent (70%). The peptide energy
rises within 0.3 ps and remains approximately constant utps, before it decays with an 20-ps time constant.
The solvent energy,,(t) rises with time constants
0.5 ps and 20 ps, where the shorter time scale reflects
the initial momentum transfer of the isomerizing pho-
toswitch to its surrounding solvent molecules. After
the thermalization of the photoinduced energy, the 20-
ps time scale off,, (¢) accounts for the subsequent
cooling of the peptide. We also observe that the pho-
toexcitation does not lead to significant conformational
changes of the peptide. To elucidate the energy transfer
along the peptide chain, we displays the time evolu-
tion of the mean kinetic energy for most of the peptide 350
groups. The kinetic energy of unit 1 (the linker unit to 300
the photoswitch, Fig.3.2.1) reaches its peak at 0.3 ps,
which nicely agrees with the experimental finding that
unit 1 takes up substantial energy within the time reso-
lution (0.2 ps). Unit 2 receives 50% of the energy from
unit 1, and unit 3 receives 35% within 1 ps. Accord- 100
ing to the simulation, the terminal unit 9 still receives St
a small (20%) amount of the excess energy because of L . o,
the photoexcitation, but this effect is not measurable 0 4 Ll 135 150
in the experiment. However, we found that in terms ¢ [degree]
of quantitative numbers, the MD simulation seems to
overestimate the heat diffusion constant by a factor Eifyure 4:(A) Structure of a stable Aib peptide where one end
five. is attached to an azobenzene molecule which plays a role as
To understand this discrepancy, we perform expérheater. (B) Scheme of ti& and theS, potential-energy

iments with a lower energy excitation[10]. To this en§urves of azobenzene as a function of the N#N— trans

. . . . : |stomerization coordinaté. The solid lines represent the adia-
we carry out experiment and simulation with the diregt .. . S )
o . . . atic potentials of a model which is designed to reproduee th
excitation of a peptide C=0 oscillator (amide | mod

perimentatis andtrans absorption bands and the ground-
of unit 1 with 0.2 eV (IR) photons. We should recalitatecis — trans energy barrier. The dashed line corresponds
that the energy deposited through the excitation of tleethe GROMOS force field potential of the N=N torsion, the
azobenzene chromophore is much higher, about 3 @fted line shows a model of the cis-trans photoisomednati
(UV) photons. The difference in the two excitatiootential, which simply connects titg cis state and theS,
methods has not only a consequence for the amotii§f?s State of azobenzene.

of energy deposited, but also the form in which it is

provided. The experiments show that heat transport

through the peptide after excitation with low energy phst@mat least 4 times faster than after UV excitation.
On the other hand, the heat transport obtained by nonequitidMD simulations is largely insensitive to the kind
of excitation. Thus, the calculations agree well with th@exxmental results for the low-frequency case. This
finding suggests that the photoinduced energy gets tragpes, deposited in high amounts.

250
200

150 H

energy [kJ/mol]

3.2.2 Photoinduced conformational rearrangements of pepdes

In recent times, a number of experimental techniques haga Heveloped which study biomolecular processes
such as protein folding directly and in a time-resolved neginfror example, there have been various suggestions
to include a molecular photoswitch such as azobenzene epbdes[36]. This guarantees that the light-induced
structural changes of the chromophore upon photoisontenizaround the central N=N double bond are directly
transferred into the peptide chain. Femtosecond timdwedg@ump-probe experiments with optical and infrared
detection indicate that the main conformational changab@®peptide backbone are completed after only 20 ps,
although the subsequent structural equilibration of thaige continues for about 20 ns. These types of experi-
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ments, especially in combination with 2D-IR probing, pd®ia new and promising way to study the folding and
unfolding of peptides in unprecedented detalil.

To guide the interpretation of the experiments and obtain
a microscopic picture of the conformational dynamics of -pep
tides, we carry out NEMD simulations of the experimentallgliw
characterized octapeptide fragment H-Ala-Cys-Ala-Tls-@sp- Ala’-Cys2-Ala®-Thré-CysS-Asps-Gly’-Phe?
Gly-Phe-OH which was connected head to tail via a azobenzen
molecule[11, 12] [Fig.5]. Our replica-exchange MD (REMD)
simulations of this bicyclic azobenzene peptide (bcAMPB) i N=N—©—C—N
its cis andtrans equilibrium states[37] are in direct agreement 2
with nuclear magnetic resonance (NMR) results, which shat t
the trans-azopeptide is predominantly in a single conformationigure 5: Structure and amino acid labeling of
state, while there are many conformations of similar enéngipe the bicyclic azobenzene peptide bcAMPB
cis state of the peptide. To model the photoinduced conformatio
dynamics of the peptide we employ the simple model of the gehatitation process described above (Section
2.2.1), which allows us to employ the standard GROMACS MDgpam package[32]. We used the GROMOS96
force field 43a1[35] to model the bcAMPB peptide. Additiofatce field parameters for the azobenzene unit
were derived from density functional theory. For the inigguctures, we selected 200 statistically independent
conformations from the previous equilibrium REMD simuteis, and the time-dependent observables of interest
are obtained via an ensemble average over the initial lbligioin. Our NEMD simulation draws a detailed picture
of the photoinduced dynamics of the photoswitchable pep#itlich occurs on at least four timescales, including
(i) femtosecond:is — trans nhonadiabatic photoisomerization of the azobenzene tipipi¢osecond-driven dy-
namics which include the rapidly redistribution of the pfintluced excess energy of the azobenzene chromophore
to the vibrational modes of the peptide (1 ps) as well as tostireounding solvent molecules (13 ps), and the
ultrafast (0.2 and 14 ps) stretching of the peptide, (iigtfaonformational rearrangement (50 -100 ps) of most
local (backbone dihedral angles) and global (radius oftgymaroot mean squared deviation) reaction coordinates,
and (iv) slow conformational equilibration ( 500 - 1000 psgaunts for the subsequent conformational equilibra-
tion of the system. This process is diffusion-controllesitlze peptide needs solvent-driven fluctuations to escape
from traps on the way to the final state. A quantitative congparto experiment can only be obtained by a direct
calculation of the measured transient spectra. Theretaigjng from semiclassical line shape theory, we have de-
rived explicit expressions for transient one- and two disi@mal IR spectra, which can be directly evaluated from
nonequilibrium MD simulation trajectories[16]. Applyinbe method to the bcAMPB system, our results are in re-
markable agreement with the experimental studies[38Jutnmsary, our simulation of transient IR spectra together
with nonequilibrium photoinduced peptide dynamics sirtiafaclearly suggest that transient IR spectroscopy on
isotope-labeled biomolecules has a great potential tat@anformational dynamics in unprecedented detail.

3.2.3 Free energy landscapes of biomolecules

(a) Dihedral angle principal component analysis The concept of describing biomolecular processes in tefms
the molecule’s energy landscape has promoted much of teatrpoogress in understanding the process of protein
folding. However, since it is neither possible nor desieatal represent the free energy as a function of All&
coordinates of a biomolecule, one needs to invoke a strateiggntify the most important conformational degrees
of freedom of a simulation. To this end, the principal comgraranalysis (PCA) method has been found useful[39].
The approach is based on the covariance matrix

oij = (i — () (25 — (2;)))- (15)

wherez; --- x3y are the mass-weighted Cartesian coordinates ofMhgarticle system and-:--) denotes the
average over all sampled conformations. The eigenvectmisegyenvalues of yield the modes of collective
motion and their amplitudes. It has been shown that a largeop#he system’s fluctuations can be described in
terms of only a few principle components[39]

3N
yi=» Uwzp  i=1,- 3N -1, (16)
k=1
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with U is the (3N x 3NN) matrix where theith column contains théth eigenvector of the matrix [EqQ.15].
Although the method has been widely used, it has two seriooblgms. First, the coordinates in Eq.15
describe the internal motion, and must be separated fronovwbeall motion. However, the completely elimi-
nation of overall rotation is impossible in the case of laageplitude motion such as protein folding/unfolding.
As aresult, the outcome of a PCA depends significantly
on the reference structure chosen to remove the overall
motion. As a solution to this problem, we develop the
so-called dihedral angle PCA (dPCA), where we use
the internal protein dihedral angles instead of Cartesian
coordinates[17]. To avoid the periodicity of the dihe-
dral angles, we transform each dihedral anglé& two
variables ag;; = cos(¢;), gi+1 = sin(¢;). Then, the
PCA is performed for the new variables

Fig.6 shows the free energy landscape of the penta-
alanine peptide obtained using the Cartesian coorlligure 6: Free energy landscape of the penta-alanine pep-
nates (left) and dPCA (right). The free energy surfatide plotted as a function of the first two principal compotsen
obtained from the Cartesian PCA exhibits a smodthtained from Cartesian coordinates (left) and transfodrde
appearance and a simple single-minimum funnel-liﬁ?dral angles (right) PCA. The unit of free energy is kcalimo
shape, and these features are an artifact of the mixing
of internal and overall motion. The dPCA shows that the trae &nergy landscape of penta-alanine is quite rugged,
that is, it contains numerous minima of comparable profiggsland life times. The method is further developed
and applied to visualize the free energy landscapes ofgesjfi8, 19], RNA[25] and to analyze the complexity of
peptide folding[20]. The dPCA is now the method of choicetudges of the conformational analysis of peptides,
proteins and implemented in the GROMACS simulation packaje

V2

2

(b) Nonlinear principal component analysis

The second problem associated with the conventional PCA
method described above is that the transformation fromiige o
inal coordinates to the principal components [Eqs.15 4 @]lin- 1.86
ear transformation. And, in this respect it is not necelstre
most appropriate methodology for handling problems which e
hibit nonlinear behavior. For complex biological systefss
likely that nonlinear characteristics exist in some dyraahpro- =
cesses, like protein folding and unfolding. If that is theethen
there are two obvious drawbacks in using PCA: (i) one stitidse
many principal components to construct a low dimensionatep
to represent meaningfully molecular conformations; (@
states in low dimensional space maybe mixed up by several con
formations. To solve this drawbacks, | have developed a non-
linear PCA (NLPCA) method using the artificial neural netiwor
(ANN) theory[21]. By analogy to Eq. 16 one seeks a mapplngN

in the form

y = G(X)7 (17)
whered is an nonlinear vector function composednehonlin-
ear functionsG = {Gy,--- ,G,,}. In terms of the components,

this transformation is rewritten as follows

A c 1. Figure 7:Free energy landscape of hexaalanine (in
yi = Gilx) ¢=1--m. (18) kcal/mol) in water at 300 K as a function of the first
The nonlinear functions’; can be obtained by fitting Eq.18 tdWo principal components; andy,. Results are ob-
the following nonlinear function tained from PCA (A) and NLPCA (B).

v = Z wjk20'<z w1 + 9j) (19)



whereo (x) is any continuous and monotonically increasing functiothwi(z) — 1 asz — oo ando(z) — 0 as

x — —oo, and the optimal values of the parameters;, 6, N1, and N, are obtained from the training and learning
modes of an ANN. As an example, Fig.7 shows the free energistape as a function of the first two principal
components obtained from linear and nonlinear PCA of ther20MD simulation trajectoty of the hexaalanine
peptide in water at 300 K. As seen, the PCA yields a relativedyl-structured free energy landscape, exhibiting
10 prominent local minima which cover nearly 60% of the camfagions sampled in the simulation. The NLPCA,
on the other hand, gives a somewhat much more complicatéuargiof the conformational distribution. In total,
we can identify 31 main conformational states. In both casesfolded state«-helical conformations) are found.
However, in the unfolded regions, the NLPCA reveals manfediht states which are hidden in the PCA map.
This indicates that the NLPCA method appears to give an @piaite description of molecular conformations in
the low-dimensional space. With this method, one needsrfprirecipal components to represent the full dimension
of the original data but more accuracy to reveal the molecatmformational states. Thus, the NLPCA technique
may be valuable to reveal a detailed picture of protein f@diathways.

(c) Principal-independent component analysis methad The primary aim of the linear or nonlinear PCA
methods described above is to reduce the high dimensioaabspf a biomolecule to a low dimensional space,
which allow one to capture the important conformations. & kmit ourself to a subspace which has only two
dimensions then the analysis of conformations is simplab®e the states are clearly visualized. However, the state
identification task becomes much more difficult if the sulegspia formed by more than two principal components.
This is mainly due to the fact that the states in this spacencare visualized. With this in mind, | propose a
method which allows one to capture the distribution of molac conformations in the form of one dimensional
(1D) distribution plots[22]. The basic idea of our methodhat we first reduce the dimension of the original
multidimensional conformational space by performing thedr or nonlinear PCA to obtain the most important
principal components (PCs). Subsequently, the so-caflddpendent component analysis (ICA) method [40] is
employed to obtain the independent components (ICs) frasetPCs. Basically, the ICA allows one to decompose
an input data set into components so that each componerstatestically independent from the others as possible.
The task is now to identify the states in the subspace spdmpétk ICs. Letsy, - - , s, be thosem ICs. Since
the ICs are independent, the joint probability distribatjg(sy,--- , s,,) can be factorized ag(s1,- -, sm) =
p1(s1) - pm(sm). Thus, the number of states in the subspace spanned by the égsal to the number of all
possible combinations of the states obtained from each (€= 1---m). Of course, the conformational states
distributed along each IC are easily determined by locatiegpeaks in the distribution function of that IC. Thus
the identification of conformations in the subspace is themghtforward.

3.3 Current research

My current research basically continues the directioncivhiave been established during the postdoctoral study.
The first research topic focuses on the aggregation of théoanyproteins. These systems are studied predomi-
nantly by means of computer simulations, through which we tai realize our primary goals: first, to determine
the structure of small oligomers - the most toxic species, setond to understand the aggregation mechanism.
The insight thus gained allows the design of new anti-Alatexis disease drugs. The second topic concerns the
nonequilibrium simulations of the laser-induced disstoraof various systems including amyloid fibrils, nanos-
tructures, viruses and cellulose. Not only do these systibit fascinating properties stimulating our scientific
curiosity, but they are also strongly gaining importanceamotechnological and bioengineering applications. Fi-
nally, despite the steady increase in available computeepanany of these problems hover on the verge of what
is feasible. Therefore, in order to obtain scientificallyrtki@vhile results within an acceptable time frame, it is es-
sential to employ state-of-the-art techniques. We takectiveainterest in the development of new methodologies,
both simulation techniques and advanced approaches tawalsis. Below | present some main achievements in
details.

3.3.1 Protein aggregation

Amyloid fibrils are the production of an aggregation pro¢ess, it represents an accumulation and clumping to-
gether, of mis-folded proteins. In our brains, fibrils are tause of several significant neurodegenerative diseases,
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such as Parkinson disease, Alzheimer’s disease (AD)[41T#2re is increasing in vivo evidence that the amyloid-

B (AB) protein and A5 oligomers are the proximate neurotoxic agents in AD. Thiggin usually presents in the
two forms 1 -40 @5, _40) and 1 - 42 A5, _40) amino acids sequences. Currently, there are no effeceatments

for this dreaded disease. As a consequence, extensiveshalie been devoted to understand the fundamental as-
pects of the aggregation mechanism as well as to develo dndjalternative approaches for treating AD[42, 43].
Below, | summary the main achievements of my research irepretggregation.

(a) Mechanism of oligomer growth. To monitor the early events that direct assembly of amyigéhic
peptides we probe the dynamics of format(O‘tﬁlﬁ_gg)n_l + AB1g_22 = (A516—22)n of (A516—22)n oligomers
by adding a monomer to a preformedA_22),—1 (n = 4 — 6) oligomer in which the peptides are arranged in an
antiparallelg-sheet conformation[24].

To this end, we first carry out multiple long all-atom MD
simulations in water using the GROMOS43al force field[35]
for the trimer (A816—22)3. We find that the in-register an-
tiparallel structure is most populated. We then place at ran
domly an unstructuredi 315_22 monomer at the vicinity of 08
the preformed trimer, and carry out again multiple MD simu- I
lations for the new tetramer. Then, an unstructured monomer ¢
is added to the most populated tetramer and multiple MD S
simulations are carried out for the pentamer. This processi 06
repeated with hexamer system. Fig.8 shows the time evolu-
tion of the 5-strand content of the peptides of the reaction 057" Shexe ™
(Aﬁ16_22)4 + A516_22 = (A516_22)5. It shows cIearIy that S
the oligomer grows by a two-stage dock-lock mechanism. %% 0 0 30
The largest conformational change in the added disordered t(ns)
monomer occurs during the rapig (50 ns) first dock stage Figure 8: Probes of lockdock mechanisms. Average
in which the-strand content of the monomer increases syBver the four trajectories) value of the dependence of
stantially from a low initial value. In the second slow-lockhe 3-strand content for the preformed pentamer and the
phase, the monomer rearranges to form in register antipagdtied monomeras a function of time. The valug (@}
lel structures. Surprisingly, the mobile structured ofigars for the structured oligomer remains high and fluctuates
undergo large conformational changes in order to accomrpund its initial value off ~ 0.8. The §-strand con-

date the added monomer. The time needed to incorpo{ﬁpéfnc the added monomer s considerably less than that

. - . e structured pentamer far< 120 ns that roughly
the monomer into the fluid-like oligomer grows even Wh%rresponds to the dock phase. For 120 ns, which

n = 6, which suggests that the critical nucleus size Myghresents the lock phase, thestrand content coincides
exceed six. Stable antiparallel structure formation estse&yith the value in the ordered state. (Inset) The changes

hundreds of nanoseconds even though frequent interpepiidge 5-strand of the monomer far< 1 ns. Itis clear
collisions occur at elevated monomer concentrations use¢hgt the maximum change in the extentiedtrand con-
the simulations. We suggest that the dock-lock mechanitfination occurs immediately upon docking

should be a generic mechanism for growth of oligomers of

amyloidogenic peptides.

preformed peptides (a)

added monomer

1

(b) Structure and dynamics of A5 oligomers. As mentioned, oligomers, but not mature fibrils, are the most
toxic components in AD. Therefore, it is important to undiensl the structure and dynamics of oligomers. For
example, any effective drug design strategy targetingydarmed oligomers requires detailed knowledge on the
structure of AS oligomers in aqueous solution. Currently, most all-atom NiBwlations were performed on
small oligomers, and there are only a few all-atom simurfetiof large oligomers with sizes ranging from 8- to
18-mers and time scales of 50-500 ns[44, 45, 46, 47]. Thietawse, at least partly, the all-atom simulations
are too expensive to capture the time scales associatedilritiformation. Thus, we are still lacking detailed
information on the equilibrium structure and dynamics afiéaoligomers. With this in mind, we carry out an
extensive all-atom REMD simulation of 16-mdi537;_40 peptide in explicit water for 460 ns/replica [47] using
CHARMMZ27 force field. This peptide was chosen because ofdtsmter intuitive feature. That is, the amyloid
fibril structure reveals antiparallgl-sheets and parallgl-strands within individual sheets, although the peptide
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has two opposite charges at the extremities [48]. The exterm®nformational sampling allows us to address
important questions: what is the equilibrium populatiostiiibution of oligomers an@-sheets? what is the fraction
of mixed parallel/antiparalleB-sheets? what is the critical nucleus size? what is the nmésrnaof forming
ordered aggregates? Our simulation shows that the pepgierily follows the "condensation-polymerization”
mechanism observed experimentally[49]: In the first stpgpdymerization driven by hydrophobic collapse take
places resulting in various oligomer sizes with little amdadl 5-strand formed. Then, within the amorphous
aggregates, two small sheets extend by essentially monadtition and further conversion of peptides from
random coil tog-strand can either lead to longérsheetsor nevs-sheet layer.

While this is the longest simulation of such large amyloidj@er starting from randomized and disordered
chains, this approach is too expensive if one wants to sttltsr darge oligomers. Thus, our strategy is to develop
further a coarse-grained lattice model[50], where a residuepresented by a bead located on a corner of a simple
cubic lattice, and its side chain is described by an unitarecthe interaction between residues is modeled by
the coarse-grained off-lattice OPEP force field[51]. Outdra-up approach starts with the determination of the
best lattice force field parameters for théA oo dimer by fitting its equilibrium parallel and anti-paralleisheet
populations to all-atom simulation results. Surprisindhe calibrated force field is transferable to the trimer of
AB16_22 and the dimer and trimer of &;_4>. The dominant structure of the#s_oo decamer matches the mi-
crocrystal structure. In contrast, the8&_ 4o decamer is largely disordered with mixed by parallel andoanllel
chains, suggesting that the nucleus size i$0 peptides. Our refined force field coupled to this on-lattitodel
should provide useful insights into the critical nucleatimumber associated with neurodegenerative diseases[52].

In another work, we carry out long all-atom REMD simulatidrttee dimeric system formed by the full-length
AB1_40 peptide for 400 ns/replica using the CHARMM22* force fiel8[5The dimer is chosen because it is the
smallest toxic specie in AD. We find transient configuratievith an unstructured N-terminus and multipte
hairpins spanning residues 17-21 and 30-36, but the aatipeand perpendicular peptide orientation is preferred
over the parallel organization. Short-lived conformadibstates also consist of alltopologies, and one compact
peptide with beta-sheet structure stabilized by a rathiemebed peptide witlhv-helical content. Overall, this study
provides, for the first time, insights into the equilibriutnusture of A1 4o dimer in explicit aqueous solution,
opening a new avenue for a comprehensive understanding ahitact of pathogenic and protective mutations in
early-stage Alzheimer disease at a molecular level.

Finally, we study the interaction between the
well-studied inhibitor 1,4-naphthoquinon-2-yl-L-trygghan(NQTrp,

Fig.9) with the A5,_os monomer and dimer[54, 55]. 01z

This compound has been reported to inhibit aggrega- g\ |C| 8 B i

tion, to rescue cells from A toxicity, and showed Hey 67 " SeH e Hos oo R

complete phenotypic recovery in an in vivo AD chl; J:ﬁ le & \};ﬂ_ Cfi, 26 o
RS~ N LAY 7 Nz

model[56]. The A5, _o5 segment, rather than the full- & ﬁ N & c==CH

length A5;_40 or AB1_40 peptides was chosen for the o ? H

following reasons: M;_»g forms fibrils with in reg-
ister parallel 5-sheets, as in the A _4 or AB1_4o Befera MO-Tip adeition & miin aftes adttion of 171 KO Top
fibrils[57], and thev-secretase generates mostly pep- = B :
tides from AB;_s4 to AB1_43, but AB1_30 and AB1_26
peptides were reported by mass spectrometry analyses
of human AD brains[58]. Electrospray ionization mass
spectrometry showed that low molecular weight com-
pOUﬂdS bind Similarly to ﬁ1_42, AB1_40 and ABl_gg
peptides[59]. Finally, as A _»s is much less prone

to aggregation than the A_4y or AB1_4o peptides,

our theoretical results can be more easily tested exgEigure 9: (Above) The chemical structure of NQTrp. (Below)
imentally. The simulations show that while the seé&FM images of pre-aggregatedA s fibrils after 70 h before
ondary structure contents and the intrinsic disorder @sift) and after (right) the addition of 1 equivalent of N@Tr
the AB;_2s monomer with and without NQTrp are Very(500 mm aggregated peptide diluted to 200 mm for imaging).
similar, and the lifetimes of the salt-bridges remain

constant, the population ¢f-hairpin is reduced by a
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factor of 1.5 and the population afhelix in the region 17-24 is increased by a factor of two up@itrp binding.
These two factors, which impact the free energy barrier émeation, provide a first explanation for the reported
reduced 46,40 and A5;_4o aggregation kinetics in the presence of NQTrp. Howeverptifmulation of the free
A1_28 monomer (does not bind to NQTrp) is rather high (20-25%) atdbncentration of 17.5 mM, and this
shows that the affinity of NQTrp is low and hence its inhibjtarctivity is not very strong[54]. Furthermore, the
interaction of NQTrp with the dimer of A, _og is very diffuse and not very specific, as most residues digmiab-
ability contacts between 1 and 3% with the NQTrp moleculdsesE findings are confirmed by our experimental
results obtained by fluorescence spectroscopy, FTIR ggecpy, NMR spectroscopy as well as by cell viability
studies[55]. For example, as seen from Fig.9, which dispthg AFM images acquired immediately before and
after the addition of NQTrp, there is no significant changeijnaboth cases images with high concentrations of
fibrils were observed, even when fibrils were incubated forvéith NQTrp. Taken together, our study suggests
that the reported anti-AD activity of NQTrp-type moleculasn vivo models has to involve another mechanism.
This study has revealed the potential pitfalls in the dguaslent of aggregation inhibitors for amyloidogenic pep-
tides, which are of general interest for all the moleculeslied in the context of inhibiting the formation of toxic
aggregates.

(c) Effects of mutation on the oligomer structure.Because of the disordered structure of the N-terminal in the
fibril structure, the role of this region in aggregation,itity and pathogenesis was considered for a long time to be
negligible, thus remained largely unexploited. Therefanest of mutation studies have focused on the C-terminal
of the A3_49 or the A5 _4o peptides. However, several recent studies indicate theilgesmportant of the N-
terminal in the AG structure, aggregation and toxicity. For examples, Stsfam and co-workers first discovered the
single-point Ala2»Thr2 (A2T) mutation effects by comparing the complete geaseuences of 1795 Icelanders
with their medical histories[60]. The variant is rare, bubas a huge impact on those fortunate enough to inherit
even a single copy of it. About 0.5% of Icelanders have a ptivie gene that prevents mental deterioration in old
age. Compared with their countrymen who lack the mutatioaelahders who carry this mutation are more than
five times more likely to reach 85 without being diagnosechvdiD. In another work, the Italian team leaded by
Tagliavini has shown that the single-point mutation AlaZal2 (A2V) causes dementia in homozygous carriers,
whereas heterozygous carriers were found to be protedtpd[6

To explain these experimental findings, we carry out extenall-atom REMD simulations (400 ns/replica)
for the wild-type (WT) and A2V mutation of the & _ss monomer, and also for the WT-WT, WT-A2V, WT-
A2T dimers of the A8;_4o peptide. We show that upon A2V mutation, the populatiorB-dfairpins of A3;_os
monomer is increased significantly (by a factor of 4), itsimsic disorder is reduced by a factor of 2, and the
free energy landscape is completely different as comparduketwild type counterpart[62]. Our results also show
that for the homozygous A2V-A2V dimer, the A2V mutation enbes the intermolecular interaction between two
N-terminals, thus reduces the intramolecular interachetween N-terminal with CHC and C-terminal of each
monomer. This means that all three regions N-terminal, Ca&id, C-terminal have strong tendency to participate
into the aggregation as compared to WT-WT dimer, leadingpecaicceleration of the aggregation of A2V chains.
In contrast, for the heterozygous WT-A2V dimer, the A2V ntigta enhances the intramolecular N-terminal-CHC
interaction, leading to the double-hairpin structure togy. This means that the N-terminal and CHC have weaker
tendency to form intermolecular contacts as compared toWNTdimer, leading to the slowdown of aggregation
of the wild-type and mutated A2V chains[63].

In contrast to A2V and A2T mutations, the other single-pomitations Hisé+Arg6 (H6R), Asp7Asn7
(D7N) and Asp#His7 (D7H) are reported to alter the monomer misfolding aratipce oligomers that are toxic
compared with the wild-type. To explain this, we carry out Minulations for both monomers and dimers of
AB1_40 and A31_4o WT and mutant counterparts[64, 65, 66]. The long simulatianth total time of 3-4us
allows us to understand for the first time the microscopiect§ of the mutations. For example, for both;A 40
and A3, _4o systems, we did not find an increasemstrand content upon D7N mutation. Rather, we found that
the enhanced formation rate oA fibrils comes essentially from the formation of the loop A3%s28 in the
monomer. In contrast, the enhanced rate 6f A fibrils does not result from the formation of the loop Asp23-
Lys28 in monomer, but may result from the formation of the sdoop in dimer, the increased turn propensity of
the residues 28-30 in monomer, and the higher populatigh-béirpin conformations involving the residues 19-20
with residues 31-32 in the dimer.
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3.3.2 Nonequilibrium MD simulation of laser-induced diss@iation of nanostructures

Recently, new mid-infrared free-electron laser (FEL) hgvspecific oscillation characteristics of a picosecond
pulse structure, a tunable wavelength within infrared dmwies and a high photon density has been developed
and applied to the amyloid field. By tuning the laser freqyetacthe amide | bands of the amyloid, experiments
were able to refold amyloid-like fibrils into native form,Gito dissociate fibrils of short peptides[67, 68, 69, 70]

. These findings are very interesting, however, the micq@issoof the dissociation process is largely unknown.
To this end, | have developed a comprehensive laser-indd&?D simulation method, where a time-dependent
electric field

(t —to)?

E(t) = Epexp[— 572

| cos[2mew(t — to)], (20)

is applied to mimic a laser pulse. Hetg; represents amplitude of the electric fieddis the pulse widtht is the
time after the pulse maximumy, c is the speed of light and is the frequency. By scanning, we identify the
frequencyw where the resonance between the vibrational modes of tiensyshd laser frequency takes place, and
this results in quick dissociation of the system. The mettasl been applied to study the dissociation of various
systems including amyloid fibrils[71], peptide nanotul®[#irus[73] and cellulose.

As an example, Fig.10 shows the dissociation of the
Poliovirus after 300 ps laser-induced excitation with

the laser frequencw = 1675 cm™! and intensity
Ep=2 Vnm~!. We find that the process is determined 0 ps & 300 ps

by a balance between the formation and dissociation Laser Radiation
of the protein shell, reflecting the highly plasticity of S e
the virus. Furthermore, our method should provide a
feasible approach to simulate viruses, which is other-
wise too expensive for conventional equilibrium all-

atom simulations of such very large systems. Our work
shows a proof of concept which may open a new, ef-
ficient way to cleave or to recycle virus-based mate-

rial, proylde an extremeI)_/ valuable tool to eIUCIdat'ngigure 10:The initial (left) and after 300 ps (right) structures
mechanical aspects of viruses, and may well play gfthe poliovirus following a NEMD laser-induced disso@at
important role in future fighting against virus-relategimulation. For clarity, a cross section is shown.

diseases. The use of laser to dissociate amyloid fibrils

may open up new venues to investigate the complex

phenomena associated with amyloidogenesis. Finallyh®peptide nanostructure our method should provide a
motivation for future experimental developments with theaffiaim is to open a new and efficient way to cleave
or to recycle peptide-inspired. The dissolution of celd@aising laser may provide an alternative approach to the
current widely used ionic liquids which might be toxic, thusviding a green method for producing biofuels.

3.3.3 Enhanced sampling in molecular dynamics simulations

In general, a biomolecule is represented by a multidimerdimugh free energy landscape with a huge number of
local minima separated by high barriers. Therefore, samgmf conformational space becomes an extremely hard
computational task. My idea is to develop simple but efficreethods to enhance the sampling.

a) Speed up convergence in the Wang-Landau simulationin the first study, | propose a simple technique
to speed up the convergence of the Wang-Landau method[#Hfl\B given some temperatufg, the canonical
probability distribution is given by

P(E) = g(E) exp(—BE), (21)
where = 1/kT, k is Boltzmanns constant, andF) is the density of states (DOS) as a function of endgyn

the Wang-Landau method the probabilfy.. of accepting a move from an energy levgl to a new trial levelr,
is given by

. g(E1)
PacC(El — E2) - mm(l, g(E2)> (22)
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whereg(FE) denotes the current estimate DOS for the system. As the afimnlprogresses, DOS is updated and
the process is repeated until the histogram of enerffiéE) becomes flat, i.e, the system samples all possible
energy states. This method has been applied in variousxtsntanging from random spin models and quantum
systems to simple models for proteins. Despite the advastacan still be difficult to obtain a reliable DOS with
the Wang-Landau method. With this in mind, my idea is to agpfieneral and controllable method for smoothing
a potential energy surface (PES)[75]

Ey(z) = d

Blg—1)
where E(z) is the original PES of the system, and the smoothness of P&$isolled the parameter > 1. On
this smoothed surfacg,(x) , one begins a standard Wang-Landau calculation to providecse, but well-sampled
initial estimate of DOS. In a second step, one restores tieesinrfaceX (=) and continues to improve the estima-
tion of the density of states. Applied the method to a simptetgpe model of 20-residue peptide, the new and
original Wang-Landau simulations required on averaget 4 x 10° and16.6 +2 x 10° trial moves, respectively,
thus resulting in roughly a threefold speedup. Becauseeosithple generalized effective potential for the seeding
calculations, the method is general as well as very easyptement and a wide range of applications is foreseen.

In(1+ 5(q — 1) E(z)), (23)

(b) Reduce the number of replicas in the replica-exchange miulation. Currently, the REMD method is
widely used to enhance conformational sampling in biomd&gcsimulations. However, it has been shown that the
number of replicas\/ increase quicklyM ~ +/f, wheref is the number of degrees of freedom of the system. As
a consequence, for large systems such as proteins in ¢&xgaligent, this technique requires many processors and
is clearly inappropriate. To this end, | propose a variarthefstandard REMD method, employing the concept of
solvent viscosity dependence of dynamics of biomolecd&ds[ The physics behind this approach is straightfor-
ward: intuitively, the lower the viscosity, the faster afagia chain will diffuse, and the faster it will sample the
conformational space. Quantitatively, the Kramers theoiggested that the rate of protein folding is inversely pro-
portional to solvent viscosity, therefore, decreasingvibeosity will increase the folding rate. The basic ideahaf t
method is to run the system of interest at a normal temperand normal solvent viscosity, while other replicas
run not only at different temperatures but also at artifigildw solvent viscosities. Because both temperature and
viscosity are used to enhance sampling, the method redeines replicas than the conventional REMD method.
In a simulation the solvent viscosity can be reduced by afaat A if mass of solvent molecules is scaled by a
factor of \2. Of course, the change of mass is probably the easiest taakydiomolecular simulation users. That
makes the method is as simple as the conventional REMD maéiltadore efficient. | show that (i) given the same
number of replicas, the new method always converges toikquih faster than the conventional REMD simula-
tions, (ii) the new method achieves similar sampling quai the conventional REMD method but could reduce
the number of replicas by a factor of 1.5 - 2 at least for the ggstems in this work (16-residughairpin pep-
tide in explicit water). For very large systems, the efficienf the new method will become even more pronounced.

(c) Simulated tempering with on-the-fly weight determinaton. Another widely used enhanced sampling
method is the simulated tempering (ST) which does not hamialiion to large systems like REMD. However,
it does require the determination of a priori unknown weightameters to ensure a uniform random walk in
temperature space and this is non-trivial and very tediousdmplex systems. In the ST simulation, temperature
itself becomes a dynamical variable which could take discvaluesT,, (71 < To < --- < Tys). Probability
distribution of a state at temperatufg, and potential energ¥ is given by the following generalized canonical
distribution:

Wst(E, Bm) = exp(BinE + fin), (24)
where$,,, = 1/kT. If the weight parameterg,, are chosen ag,, = In([ dEn(E)exp(SnE)) (n(E) is the
density of states) then it follows immediately that theritisttion of temperature is flat, i.e., a free random walk in
temperature space is realized, which in turn induces a ravdalk in potential energy space and allows the system
to escape from local energy minima. Here, | suggest a simpthaod to determine these weights on-the-fly based
on the recursion formulae

fn-i—l - fn + (Bn-i-l - Bn)(En-i-l + En)/27 (25)

whereE,, is the average potential energy at temperafijyat timet. With this scheme, simulated tempering re-
quires neither prior trial simulations nor complicated atgdschemes. The advantage of our method over REMD
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simulations has been demonstrated with the study of thénfiplof the 20-residue alanine peptide and the aggre-
gation of a trimer formed by the Alzheimers peptide fragm&fis_oo using the implicit solvent coarse grained
OPEP force field[77].

The method was then applied to the folding or aggregatiorewés proteins with the CHARMM, OPLS, and
AMBER protein, and the SPC and TIP3P water force fields[78F $ampling with ST is found to be more efficient
than with REMD for a much lower CPU cost. For example, stgrirom unfolded or extended conformations, the
WW domain and the Trp-cage peptide fold to their NMR strusswwith a backbone RMSD of 2.0 anddl Re-
markably, the ST simulation explores transient non-natypmlogies for Trp-cage that have been rarely discussed
by other simulations. Taken together, these results opeddbr to the study of the configurations of single pro-
teins, protein aggregates, and any molecular systems micattetails in explicit solvent using a single normal
CPU. They also demonstrate that our ST scheme can be usednyitbrce field ranging from guantum mechanics
to coarse-grain and atomistic.

(d) Multiple force fields in a single simulated tempering sinulation. Two most frequent questions of any
molecular dynamics simulations are: how robust are thdtsesith respect to the force field used and has configu-
rational sampling converged? Clearly, the results shoelddtidated using various force fields such as OPLS/ AA,
AMBER and CHARMM, and enhanced sampling methods such axeegkchange (RE) or simulated tempering
(ST) must be employed. However, repeating RE or ST simuratith different force fields is very time-consuming
and rarely done. To this end, | propose a simple and automsitiod which allows in one single simulation
to satisfy three goals: (i) efficient configurational samgli (ii) force field dependence of the results, and (iii)
temperature-dependence of the results modeled by ea@hffeld. Let's consider two independent stategandn
associated with the configurational spaggsandzx,, and the potential energy functiobsandV/, respectively. The
probability distribution of the configuratian,, at temperaturé’,, and potential energ¥y is given by the following
generalized canonical distribution:

P(Tm, Brm) = e PmU@m)Fum (26)

whereg = 1/kgT (kg is the Boltzmann constant) and, is the weight parameter. The temperature transition
from statem to n, while fixing configurationz,,,, is given by the following Metropolis-like probability[7%80]:

Wer(Tin, Tp) = min[1, e~ 5V @m)+6mU(@m)+@n—um)] (27)

whereV (z,,) is the potential energy of,, and v, is the weight parameter of state As shown in Ref.[81],
the acceptance probability, Eq.27, can be reformulatedring of the instantaneous energy fluctuatiois.,,,) —
(V(zp,)) andU(x,,) — (U(zy)). These fluctuations can result in significant temperatwesttion probability,
even ifU andV are different, and this is the essential physics that makesnethod work. Applications to a 1D
system and the all-atom chignolin peptide have shown thainéw and efficient method should be very useful to
study the folding of any biomolecules in explicit solvent.

3.3.4 General method to determine structure of amyloid fibris

As mentioned in Section 2.3.1 it is important to understarad dtructure oligomers. Many reaction coordinates
such as the radius of gyration, ti¥esheet size, the oligomer size distribution, the numberoottacts, the order
parameter?,, the connectivity length are often used to characterizesthestures, but each variable captures only
one feature of the self-assembly. The characterizationckssification of the conformations remain difficult for
systems characterized by degenerate states, that idcalarliigomer conformations differing only by the permu-
tations of the molecules. To avoid the degeneracy problggmpose a new method allowing the characterization
of the structures of amyloid oligomers having arbitrary s and position-orientation arrangements[82]. The
method takes into account both the intermolecular andrvdgtacular degrees of freedom, and treats correctly the
degenerate states. Briefly, the intermolecular structafean oligomer are described in terms of the combina-
tion of double-molecule states. These states describedaiigm-orientation arrangements of a double-chain in
the presence of the other double-chains, and can be obthinmegh the PCA method of the inverse distances
between side-chain’s centers of mass of two chains of theldeuolecule trajectory. The intramolecular struc-
tures of an oligomer are described in terms of the combinaifeingle-molecule states. These states describe the

20



structures of a single-chain in the presence of the otheénghand can be obtained through the dPCA method of
the single-molecule trajectory. The overall structurehaf bligomer is given in terms of the product basis of the
intermolecular and intramolecular structures. We havevarbat our method can be applied to any oligomer size
for two reasons. First, the identification of the single-ewnlle and double-molecule states involves the PCA of
single- and double-molecule trajectories, and this isghitborward. Second, while the number of combinations of
the single-molecule or double-molecule states increasistiae number of chains, especially for highly flexible
molecules, the calculation of the combinations is simple fast, and the identification of the overall structures is
a simple matter. In addition, many states can be marginalulated and safely discarded. This method should be
a general method to obtain the overall structure of oliganfiemm simulation trajectory in unprecedented details.

3.3.5 Calculation of the configurational entropy of large bomolecules

Configurational entropy, which measures the number ofavigilconfigurations that are occupied by a molecule in
3D space [83, 84], plays an important role in many chemicdl@ological processes[84] and structure-based drug
design[85]. Currently, there are several methods to etalk@nfigurational entropy, including the thermodynamic
integration, hypothetical scanning technique and thefation of the multidimensional probability density fun

tion into lower-order probability density functions. Adthgh these methods have proven to be quite accurate, their
main drawbacks are that they tend to be computationally ddimg, in particular for large systems such as proteins
in explicit solvent, reducing therefore their possible laggtions. Our primary aim is to develop simple, fast yet
accurate methods to estimate configurational entropy gélaystems. Let us consider a molecule contairdihg
atoms with Cartesian coordinates= {x;}, wherex; = (z3;_2, z3;—1, wgi)T denotes the position of théh atom.

The configurational entropyf the molecule, first introduced by Kushick and Karplus [86]

S=—kp /dxp(x) In p(x), (28)
kp is Boltzmann’s constant angx) is the canonical probability density distribution functiof the system.

(a) Calculation of entropy using variable separation appr@ch. The configurational entropy, [Eq. 28],
can be, in principle, calculated by performing numericétly multidimensional integrations of the right-hand-side
of Eq. 28. In practice, this is difficult due to high dimensadity of the system. The basis idea of our method is
as follows. Physically, the coordinatesin Eq.28 are strongly correlated as they are imposed by eot/élonds,
non-bonded repulsions, and other atomic forces. Matheaibti since those coordinates are just the integration
variables, a one-to-one linear transformatipa- As can be performed, resulting in the new representation of the
entropy as follows:

S = —kB/dsp(s) Inp(s) + kpIn|A|. (29)

where| A| is the absolute value of the determinant of the Jacobianrequatrix A;; = dq;/0s;. The key feature

of Eq.29 is the dependence of the entropy on the new variables s, - - - , s, which can be obtained via a
transformation such that they are quasi-independent,pi.&.,--- ,s,) =~ p1(s1) -+ pn(sn), and entropy can be
approximated as

Sica = —kB Z / ds;pi(si)Inp;(s;) + kpln |A]. (30)

The problem now is finding a transformation such that thesftamed variables; are quasi-independent. To this
end, | employ the independent component analysis (ICA) imieed in the Section 2.2.3 which allows for perform-
ing such a transformation [28,29]. This approach takesactmunt the whole dependence of coordinates, and is
very fast fast even for large systems. Applying the methotthéol6-residues-hairpin peptide shows a dramatic
improvement in the entropys;.., which is much closer to the exact entropy, than other methods such as the
guasi-harmonic approach. The method is still very fast dgetarge proteins. Details of the method is described
in Ref.[87].

(b) Calculation of entropy using configurational temperatue approach. The well-known quasiharmonic
(QH) method approximates the system probability dens#yriution function by a multivariate Gaussian density
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distribution function . o

() = P13 = )T (x = ()]
(27T)n/2|0-|1/2

This function describes the distribution of the fluctuasi@if configurations around an averaged configuration

Physically, this implies that the configurational fluctoatiof the system is governed by an quadratic effective
potential of the form

(31)

Ut () = 5 06— ()T F e — (), @)

With this approximation, the integration in Eq. 28 can becgkdted analytically, resulting in the configurational
entropy in the QH approximation of the form [86]

Soa = %nkB + %kB In [(2m)" o], (33)
where|o| is the determinant of the covariance matsiy = ((z; — (z;))(z; — (x;))). It has been shown that
for macromolecules, the QH method yields entropy which isallg higher than the true entropy. This suggests
that the system described by the effective potential, EGs3bo soft. Thus, my idea is to increase the effective
force constants of the effective potential. To this endfrbiduce a constraint such that the effective configurationa
potential[88]

(152 ?)

T U]
ks ( i ax§ﬁ>

(34)

C

must be equal to the system temperatiiteT, = 7. This can be done by scaling all the diagonal elements of
the eigenvalue matrixD, that diagonalizes the covariance maisixby a factora. This results in the new QH
configurational entropy

1 1 1
Shew = 571]{33 + ikB In [(271')”’0"] - 571]{33 ln[a]’
1
= Squa — inkB In[a. (35)

As seen from this equation, the last term plays a role as &ction term. The new entrop§..., is identical to
Squa If ais equal to 1. This is the case where the system potentialredypbarmonic. Otherwises,,.,, is always
smaller thanS,,. The calculation of the scaling factarfrom a MD simulation trajectory is straightforward. This
makes the estimation of the new entropy from Eq. 35 as singptheaconventional QH method, and the study of
large macromolecules in implicit and explicit solvents qibke. Details of the method is described in Ref.[89].
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JOURNAL OF CHEMICAL PHYSICS, 135, 225102 (2011)

34. Real Time Observation of Ultrafast Peptide ConformatioDghamics: Molecular Dynamics Simulation vs
Infrared Experiment

Nguyen, Phuong H.and Staudt, Heike and Wachtveitl, Josef and Stock, Gerhard

JOURNAL OF PHYSICAL CHEMISTRY B 115, 13084 (2011)

33. Coherent vibrational energy transfer along a peptide helix

Kobus, Maja andNguyen, Phuong H.and Stock, Gerhard

JOURNAL OF CHEMICAL PHYSICS 134, 124518 (2011)

32. Effects of all-atom force fields on amyloid oligomerizatiogplica exchange molecular dynamics simulations
of the A314_o9 dimer and trimer

Nguyen, Phuong H.and Li, Mai Suan and Derreumaux, Philippe

PHYSICAL CHEMISTRY CHEMICAL PHYSICS 13, 9778 (2011)

31. Infrared signatures of the peptide dynamical transitionmélecular dynamics simulation study

Kobus, Maja andNguyen, Phuong H.and Stock, Gerhard

JOURNAL OF CHEMICAL PHYSICS 133, 034512 (2010)

30. Replica exchange simulation method using temperature alvdrst viscosity

Nguyen, Phuong H.

JOURNAL OF CHEMICAL PHYSICS 132, 144109 (2010)

29. Nonequilibrium molecular dynamics simulation of the egergnsport through a peptide helix.

Nguyen, Phuong H.and Park, Sang-Min and Stock, Gerhard

JOURNAL OF CHEMICAL PHYSICS 132, 025102 (2010)

28. Free-Energy Landscape of RNA Hairpins Constructed via @ifleAngle Principal Component Analysis.
Riccardi, Laura antNguyen, Phuong H.and Stock, Gerhard

JOURNAL OF PHYSICAL CHEMISTRY B 113, 16660 (2010)

27. Molecular dynamics simulation of cooling: Heat transfesrfr a photoexcited peptide to the solvent.

Park, Sang-Min an8liguyen, Phuong H.and Stock, Gerhard

JOURNAL OF CHEMICAL PHYSICS 131, 184503 (2009)

26. Energy Flow and Long-Range Correlations in Guanine-BigdRiboswitch: A Nonequilibrium Molecular Dy-
namics Study.

Nguyen, Phuong H.and Derreumaux, Philippe and Stock, Gerhard

JOURNAL OF PHYSICAL CHEMISTRY B 113, 9340 (2009)

25. Estimating configurational entropy of complex moleculestoiel variable transformation approach.
Nguyen, Phuong H.

CHEMICAL PHYSICS LETTERS 468, 90 (2009)

24, Structural Flexibility of a Helical Peptide Regulates \étional Energy Transport Properties.

Backus, Ellen H. G. anblguyen, Phuong H.and Botan, Virgiliu and Moretto, Alessandro and Crisma, édaaind
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Toniolo, Claudio and Zerbe, Oliver and Stock, Gerhard anchiMaPeter

JOURNAL OF PHYSICAL CHEMISTRY B 112, 15487 (2009)

23. Energy transport in peptide helices: A comparison betwagh-land low-energy excitations.

Backus, Ellen H. G. antliguyen, Phuong H.and Botan, Virgiliu and Pfister, Rolf and Moretto, Alessandnd
Crisma, Marco and Toniolo, Claudio and Stock, Gerhard amidaPeter

JOURNAL OF PHYSICAL CHEMISTRY B 112, 9091 (2008)

22. Construction of the free energy landscape of biomolecugeditiedral angle principal component analysis.
Altis, Alexandros and Otten, Moritz aridguyen, Phuong H.and Hegger, Rainer and Stock, Gerhard
JOURNAL OF CHEMICAL PHYSICS 128, 245102 (2008)

21. Nonadiabatic vibrational dynamics and spectroscopy otidep: A qguantum-classical description.

Kobus, Maja and Gorbunov, Roman D. adduyen, Phuong H.and Stock, Gerhard

CHEMICAL PHYSICS 347, 208, 2008

20. Energy transport in peptide helices.

Botan, Virgiliu and Backus, Ellen H. G. and Pfister, Rolf andrgtto, Alessandro and Crisma, Marco and Toniolo,
Claudio andNguyen, Phuong H.and Stock, Gerhard and Hamm, Peter

PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITESTATES OF AMERICA
104, 12749 (2007)

19. Dihedral angle principal component analysis of moleculgnamics simulations.

Altis, Alexandros andNguyen, Phuong H.and Hegger, Rainer and Stock, Gerhard

JOURNAL OF CHEMICAL PHYSICS 126, 244111 (2007)

18. Conformational states and folding pathways of peptidesakd by principal-independent component analy-
ses.

Nguyen, Phuong H.

PROTEINS-STRUCTURE FUNCTION AND BIOINFORMATICS 67,5790@7)

17. Structure and dynamics of the homologous series of alarepéges: A joint molecular dynamics/NMR study.
Graf, Juergen andguyen, Phuong H.and Stock, Gerhard and Schwalbe, Harald

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY 129, 1179 (2007)

16. Quantum-classical description of the amide | vibrationa¢strum of trialanine.

Gorbunov, Roman D. andguyen, Phuong H.and Kobus, Maja and Stock, Gerhard

JOURNAL OF CHEMICAL PHYSICS 126, 054509 (2007)

15. How complex is the dynamics of peptide folding?

Hegger, Rainer and Altis, Alexandros aNduyen, Phuong H.and Stock, Gerhard

PHYSICAL REVIEW LETTERS 98, 028102 (2007)

14. Monomer adds to preformed structured oligomers gfgeptides by a two-stage dock-lock mechanism.
Nguyen, Phuong H.and Li, Mai Suan and Stock, Gerhard and Straub, John E. amdrfihlai, D.
PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITESTATES OF AMERICA
104, 111 (2007)

13. Complexity of free energy landscapes of peptides revegledblinear principal component analysis.
Nguyen, Phuong H.

PROTEINS-STRUCTURE FUNCTION AND BIOINFORMATICS 65, 8980@6)

12. Photoinduced conformational dynamics of a photoswitohgiaptide: A nonequilibrium molecular dynamics
simulation study.

Nguyen, Phuong H.and Gorbunov, Roman D. and Stock, Gerhard

BIOPHYSICAL JOURNAL 91, 1224 (2006)

11. Improved Wang-Landau sampling through the use of smoothieshiial-energy surfaces.

Nguyen, Phuong H.and Mittag, E and Torda, AE and Stock, Gerhard

JOURNAL OF CHEMICAL PHYSICS 124, 154107 (2006)

10. Nonequilibrium molecular dynamics simulation of a photibeimable peptide.

Nguyen, Phuong H.and Stock, Gerhard

CHEMICAL PHYSICS 323, 36 (2006)

9. Free energy landscape and folding mechanism gftaairpin in explicit water: A replica exchange molecular
dynamics study.
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Nguyen, Phuong H.and Stock, G and Mittag, E and Hu, CK and Li, MS

PROTEINS-STRUCTURE FUNCTION AND BIOINFORMATICS 61, 7950@5)

8. Structure and energy landscape of a photoswitchable pep#ideplica exchange molecular dynamics study.
Nguyen, Phuong H.and Mu, YG and Stock, G

PROTEINS-STRUCTURE FUNCTION AND BIOINFORMATICS 60, 4850@5)

7. Reply to the Comment on "Energy Landscape of a Small Pepededed by Dihedral Angle Principal Compo-
nent Analysis.

Mu, YG andNguyen, Phuong H.and Stock, G

PROTEINS-STRUCTURE FUNCTION AND BIOINFORMATICS 64, 7980@6)

6. Energy landscape of a small peptide revealed by dihedraleapgncipal component analysis.

Mu, YG andNguyen, Phuong H.and Stock, G

PROTEINS-STRUCTURE FUNCTION AND BIOINFORMATICS 58, 45 (@b)

5. Nonequilibrium molecular-dynamics study of the vibratibenergy relaxation of peptides in water.
Nguyen, Phuong H.and Stock, G

JOURNAL OF CHEMICAL PHYSICS 119, 11350 (2003)

4. Local structure in nematic and isotropic liquid crystals.

Nguyen, Phuong H.and Schmid, F

JOURNAL OF CHEMICAL PHYSICS 119, 1214 (2003)

3. The direct correlation function in nematic liquid crystdtem computer simulation.

Nguyen, Phuong H.and Germano, G and Schmid, F

COMPUTER PHYSICS COMMUNICATIONS 147, 350 (2002)

2. Spatial order in liquid crystals: Computer simulations gstems of ellipsoids.

Schmid, F andNguyen, Phuong H.

MORPHOLOGY OF CONDENSED MATTER: PHYSICS AND GEOMETRY OF SRALLY COMPLEX SYS-
TEMS, Lecture Notes in Physics 600, 172 (2002)

1.Elastic constants from direct correlation functions in ragim liquid crystals: A computer simulation study.
Nguyen, Phuong H.and Germano, G and Schmid, F

JOURNAL OF CHEMICAL PHYSICS 115, 7227 (2001)

(c) Selected oral communications
1. 2002-2008: 8 talks at the Huefeld workshop "Computer &tmn and theory of macromolecules” organized
every year, Germany.
2. 2007: Seminar at the Centre for Self Organising MolecBimtems, University of Leeds, UK.
3. 2007: Seminar at the School of Chemical and Biomedicalirtemging, Nanyang Technological University,
Singapore
4. 2011: Seminar at the School of Biological Sciences, Nagyl@echnological University, Singapore
5. 2012: Speaker at the CECAM workshop "Anchoring simutaito experiments: challenges for understanding
and treating Alzheimer’s disease”, Paris, France.
6. 2013: Seminar at the Department of Physics, Freiburgassity, Germany
7. 2013: Speaker at the "Journees Modelisation”, Paris)dera
8. 2014: Invited speaker at the "International ConferencéComputational Science and Technology”, Warsaw,
Poland.

4 Future research projects

4.1 Large-scale nonequilibrium molecular dynamics simultions and experiments to study the
focused ultrasound-induced opening of the blood-brain-baier

In the near future my research will focus on the study of th@sbund-induced blood-brain-barrier (BBB) opening
for drug delivery to treat brain diseases. Because of the BBigning therapeutic agents for the brain is very
challenging. Indeed, only about 5% of the 7000 known poéémtiolecular drugs can cross the BBB to treat
neurodegenerative diseases. For AD, only up to 0.1% offgfitantibodies administered peripherally can reach
the brain, most remain in the bloodstream. Even small dragscecoss the BBB, but they are usually so dynamic
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and do not bind specifically to metastablg Aligomers-the most toxic species, thus do not prevent thesggtion

of the A5 peptides. Therefore, although great progresses have bage imrecent years toward understanding of
these diseases, and numerous small- and large-moleculagischave been developed for the treatment, no cures
are currently available.

A variety of approaches have been developed to open the BBfadiitation of drug delivery, however, none
has achieved clinical applicability. Recently, incregsavidences suggest that focused ultrasound (FUS) in combi-
nation with microbubbles might be useful for delivery of gsuo the brain through transient opening of the BBB.
As shown schematically in Fig.11, under the ultra-
sound, injected bubbles in the bloodstream vibrate in
size. If the oscillation amplitude is small then the con-
traction and expansion of size is approximately sym-
metric. This phenomenon, called stable cavitation,
produces rapid flows of liquid around the bubble and
induces shear stress on nearby objects. In contrast,
the large amplitude oscillation may lead to asymmetriC s
contraction and expansion followed by a violent col-s '
lapse called inertial cavitation. This generates a very
high temperature, pressure and releases a shock wawe
that propagates at supersonic speed radially from the "
collapse site. In both cases, the bubble cavitation ex-
erts mechanical forces on the BBB resulting in BBBIigure 11: Principle of the FUS technique: focused ultra-
opening. This technique offers a unique non-invasivedpund is applied through the skull to the brain region of in-
and regionally avenue to deliver a wide range of drutggest. Microbubbles (magnenta) are injected into the tloo
to the brain and promises to provide treatments for C@tfeam. When the bubbles reach the ultrasound field, they vi-
tral nervous system disorders without unnecessary dRiigte. This changes the property of the blood vessel wak-ma
exposure. However, it is currently unknown the exai@d it more permeable. This temporary effect allows thetape
molecular mechanisms in opening the BBB, thus limiic molecules (green) to move from the blood to the brain.
ing the future development and application of this tech-
nology in clinical applications. So far, this technique is
still in its infancy.

This project aims to combine systematically the molecujaragnics simulation and magnetic resonance imag-
ing guided focused ultrasound (FUS) experiment to revea atolecular level the BBB opening mechanism.
Because currently there are no molecular structures of B, Bre first construct a BBB model, taking into ac-
count the experimental information of the claudin proteihe tight junction. Second, we develop, for the first
time, a method for performing FUS-induced bubble cavitatimlecular dynamics simulation. Having established
the model and simulation method, we carry out simulatiords eqperiments to understand (i) the dependence of
the BBB opening amplitude on the ultrasound and bubble peatens, (i) different cavitation effects on the BBB
opening, (iii) kinetic of opening and closure of the BBB aiwj possible routes of the BBB opening. In the second
stage of the project, we employ simulation and experimestudy the delivery mechanisms of the drug and toxic
substances as well as the effects of FUS on the amyloid fibthe Alzheimer’s disease mice brain. Overall,
this project integrates different and complementary eigees from structural biology, biophysics, computer sim-
ulations to in vivo experiments on mice, aims at elucidafimgdamental unsolved questions related to the FUS
method for drug delivery, in general and for the Alzheimédisease treatment, in particular. This may be important
for translating and widespread adoption of this technologiinical applications.

4.2 Resolving high-resolution 3D structure of functional anyloids using bioinformatics, computer
simulation and experiment approaches

The second research project in the near future will be abwtfunctional amyloids. Since the discovery of
amyloid fibrils more than a century ago by Alois Alzheimer, ydord concept is always associated with dis-
eases, for example AD, type Il diabetes, Parkinson and gZfeddtJacob diseases. Thus, it is not surprised that
extensive research has been driven by this "bad reputattbrémyloid for many decades with the final aim
is to fight against these diseases. Within the past decadewaoncept-functional amyloid, has been emerg-
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ing. This new idea states that many organisms can employitipdysical properties of amyloid for their ben-
efit. The research field of functional amyloid has just begaim whe first discovery of the Curli protein in
2002 and a breakthrough in 2003 with the discovery of the Bfel humans. Compared to disease-amyloid,
our knowledge of functional amyloid is much behind. To date,high-resolution 3D models for both amyloid
fibrils as well as partially formed oligomers are availablgolid state NMR, electron microscopy and homol-
ogy modeling were only able to suggest that functional sbidirmed by the Curli proteins CsgA and CsgB do
not contain in-register parallel -sheet structures buenathelical structures as shown schematically in Fig.12.
Whether this is also the common structure of other

functional amyloids? If this is the case then the sta-

bility and dynamic of the assembly of functional amy- B

loids should be affected by this architecture. The dif-
ference between in-register parallel -sheet structures
and -helical structures is also reflected in their seed-
ing propensity. Indeed, the seeding interface in a -
helical structure should be 1 whereas in an in-register
parallel -sheet structure it will be larger than 1. With
this in mind, the primary aim of this project is to pro-
pose a novel computational approach to identify hlglal'gure 12: A representative schematic of the in-register par-

resolution 3D structures of functional amyloid proteing,q B-sheet structure (A) and -helical structure (B)
using the bioinformatics, computer simulation methods

and results are accomplished by our experiments.

As mentioned, the determination of partially formed digeaigomers are extremely difficult for both exper-
iments and simulations. But why our method proposed in thagept should be able to predict 3D structures of
functional oligomers and fibrils? This is because we know tmexplore valuable information encoded by nature
in functional amyloid proteins: in contrast to disease-kigyproteins, functional amyloid proteins are healthy
molecules that are evolved by nature and evolutionally eaesl across species. This suggests that nature proba-
bly have performed mutations on residues which should edlospace such that the stability and function of the
protein are maintained. Therefore, by analyzing the cdmsigoals between covarying residues in the sequence we
might be informed about tertiary structures. The contagals are used to drive molecular dynamics simulations
to correct structures which will be subsequently accorhplisby experiments.

5 Teaching activity and student advising

5.1 Teaching activity

1997: Lecturer in General Physics, Hue University of Sasn&ietnam (45 hours)

2001: Teaching assistant in Statistical Thermodynamigdeteld University, Germany (one semester)
2002-2008: Teaching assistant in Mathematics for Natwrarges Students, Frankfurt University, Germany (ev-
ery semester)

2002: Teaching assistant in Statistical Thermodynamidd<metic, Frankfurt University, Germany (one semester)
2003: Teaching assistant in Chemical Binding, Moleculaecpscopy, Frankfurt University, Germany (one
semester)

2007: Teaching assistant in Theoretical Chemistry, Framkiniversity, Germany (one semester)

2015: Lecturer in Advanced Methods in Molecular Dynamias@ation, University Paris VII, France (10 hours)

5.2 Student advising

L3 supervision:

| supervised 3 students at the Institute of Physical and rBtieal Chemistry, Frankfurt University, Germany,
March-June 2006, on the simulations of energy transferggf@ptides.

M2 supervision:

Chu Huyen Trang, Master 2 Biology and Biotechnology, Ursitgrof Science and Technology (USTH), Hanoi,
Vietham, March - November 2015 (with Dr. Van-Oanh Nguyen;Tlaboratory of Chemical Physics, University
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Paris-Sud). | worked closely with the student on the effec¢t®rce fields on the laser-induced disssociation of
amyloid fibrils.

PhD supervision:

1. Sang-Min Park, PhD student, Institute of Physical andofdtical Chemistry, Frankfurt University, Germany,
2005 - 2008 (Official advisor: Professor Gerhard Stock). tked directly with the student on the simulations of
energy transfer along peptides. We had 2 papers together.

2. Jessica Koplin, PhD student, Institute of Physical andofétical Chemistry, Frankfurt University, Germany,
2002 - 2006 (Official advisor: Professor Gerhard Stock). tked directly with the student on the simulations of
RNA systems.

3. Thanh Thuy Tran, PhD student, Laboratoire de Biochimiecdrfigue, UPR 9080 CNRS, 2013-2016 (with
Professor Philippe Derreumaux). | work directly with thedstnt on the construction of the coarse-grained protein
model for studying of the amyloid protein aggregation. Weehlaad 2 papers together.

6 Administrative and community service activities

- Regular reviewer for the scientific journals including JnAChem. Soc., J. Phys. Chem. B, J. Chem. Phys., Phys.
Chem. Chem. Phys, Nanoscale, Chem. Phys, Lett.,, RSC Adsaimte J. Mol. Sci., Biochemistry, Biophysics
Report, Expert Opinion on Drug Discovery, ACS Chemical Nsarence.

- Member de conseil de Laboratoire de Biochimie TheoriqueR@080 CNRS.
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