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Chapter 1

Introducing the Fritz
Haber Center
The Fritz Haber Center for Molecular Dynamics was established in
1981 by the Minerva Foundation of the Max Planck Society and by
the Hebrew University of Jerusalem as part of the Chemistry Institute
and the Faculty of Mathematics
and Natural Sciences. The pur- The Beirat: The center reports annually to a
Beirat, overseeing and guiding its operations,
pose for erecting the center was meeting biennially in Jerusalem (last in 2015):
twofold: to support theoretical
HProf. Dr. Gerard J. M. Meijer, Chair (Fritz
chemistry research in Israel and
Haber Inst.; Pres. Radboud Univ.)
to foster German-Israeli collaboHProf. Dr. Eberhard K. U. Gross (MPI
ration.
Microstructure Physics).
The founding director of the
HProf. Dr. Helmut Grubmüller (MPI
Fritz Haber Center was ProfesBiophysical Chemistry).
sor Raphael D. Levine and subseHProf. Dr. Shay Arkin, (VP, Hebrew Univ).
quently the center was directed
HProf. Dr. Micha Asscher (Hebrew Univ).
by Professors Robert B. Gerber,
HProf. Dr. Leeor Kronik (Weizmann Institute).
Ronnie Kosloff, Avinoam BenHProf. Dr. Nimrod Moiseyev (Technion).
Shaul and Roi Baer (current director).
The original research activities of the center evolved around the
1
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topic of quantum reaction dynamics and laser-molecular interactions.
Throughout the years, this scope has expanded and the Fritz Haber
center became a an iconic institution of excellence in the theoretical
chemistry community worldwide. The researchers of the center have
a significant impact on theoretical chemistry in various topics, especially quantum dynamics, coherent control, complex fluids, density
functional theory, proton dynamics in biological systems and protein
dynamics in crowded environments. Dozens of alumni for the center
are holding academic positions in Israel and other parts of the world
(see below). The center has successfully fostered a great deal of collaboration with German scientists, as we detail below.

ISI’s Citation Report for the Fritz Haber Center.

At the time of reporting, there are 60 researchers in the center, including 10 principal investigators (PIs), 3 associate researchers and 2
staff scientists, 12 postdocs, 30 graduate students, 3 visiting long-term
professors. The center is headed by a managing director, run by an
administration assistant and offers computational/computer services
(2 PhD’d staff scientists). The 10 research groups are headed by PIs,
Profs. Noam Agmon, Roi Baer, Avinoam Ben Shaul, Daniel Harries,
R. Benny Gerber, Ronnie Kosloff, Raphael D. Levine, Masha Y. Niv,
Dr. Igor Schapiro and Dr. Assaf Zemel.). The recent research topics
and achievements of the various groups is described in some detail in
Chapter 2.
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Mission of the center
The broad goal or mission of the center’s activity lies in the development of novel approaches for understanding and predicting intricate
phenomena in chemical, biological and materials science systems. Our
aim is to revolutionize the applicability of theoretical methods in the
corresponding fields, working with experimentalists, to develop new
analytical and computational techniques. The purpose of our efforts
is eventually to help discover new phenomena, to explain experimental findings while predicting new effects. Accordingly, our hiring policy aims for top candidates that have proven record for achieving the
stated goal, each in their corresponding field of operation.
Domains of activity and scientific impact
The field of Molecular Dynamics, the focus of the center activities, has evolved and broadened to the extent that it engulfs many
aspects of chemistry, biochemistry and materials science. Likewise,
the research in the Fritz Haber Center has evolved and broadened to embrace a parallel variety of topics: ab initio molecular dynamics, attosecond electron dynamics, electronic structure and optical/vibrational spectroscopy of large molecules and nanocrystals,
molecular and nanocrystal based solar cells, photobiology and photochemistry, molecular electronics, optimal coherent control, cold chemistry in atomic condensates, quantum thermodynamics, proton transfer processes, chemical catalysis on surfaces, ion hydration, protein
folding in crowded environments, bitter taste, cell locomotion, viral
structure and atmospheric chemistry.
A useful sense of the scientific impact of the center can be seen in the
Fig. 1.1, from which we find researchers of the center have published
nearly 1700 papers, at an average rate of about 50 papers per year,
and have accumulated over 60 thousand citations, with a current rate
of close to 3500 citations per year. We also list highlight publications
from the past 3 years.
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Table 1.1: Academic Alumni of FH Center
Name

Inst.

Name

Inst.

Name

Inst.

R Alimi

NRC IL

M Khasin

NASA US

S May

N Dakota US

R Baer

HUJI IL

C Koch

Kassel U. DE

AB McCoy

U of WA US

Z Bacic

NYU US

V Kokouline

U. Florida US

Y Miller

BGU IL

A Baratz

BRC IL

AI Krylov

USC US

MY Niv

HUJI IL

R Bisseling

Utrecht, NL

Y Kurzweil

NRC IL

JP Palao

La Laguna ES

Y Bohbot

BRC IL

D Lidar

USC US

E Rabani

UCBerkeley US

E Brown

Loyola U. US

J Lundel

UJyväskylä, FI

T Raz

JCE IL

V Buch

HUJI, IL

D Harries

HUJI IL

B Schmidt

U Berlin DE

GM Chaban

NASA US

J Harvey

U. Bristol UK

I Szleifer

Purdue U. US

D Charutz

NRC IL

O Hod

Tel Aviv U. IL

N Tishby

HUJI IL

R Elber

UT Austin US

S Jørgensen

UCopnhgn DK

J Valla

NU IE

E Fattal

BRC IL

P Jungwirth

Czch Acad CZ

NU Aytemiz

Sül Demi. U TR

M Feldman

JCT, IL

S Kallush

Ort Brada IL

B Whaley

UCBerkeley US

E Fredj

JCT, IL

Sabre Kais

Purdue U. US

A Zemel

HUJI IL

A Gar-Vela

CSIC, ES

MI Mcarthy

PNNL US

.

.

E Geva

Ann Arbor US

TJ Martinez

Stanford U. US

.

.

In light of our stated goal, student-researchers and postdocs graduating from the center experience in-depth research in a variety of
fields of theoretical chemistry and are involved in explaining some of
the most fascinating experimental phenomena and developing some
of the most advanced tools of computational chemistry. Graduate student and postdoc education is indeed one of the sources of pride of
the center as a whole, and as evidence we list in Table 1.1 4 dozens
of our former students and postdocs who are now scientific leaders in
Israel and in major institutions abroad.
Operational principles of the Center
Recruitment: The most critical topic of operation is the recruitment
of new faculty. Here, as a matter of policy, the center emphasizes in addition to scientific excellence and originality, types of research which
are connected to new method development, to the study of complex
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systems with first-principles based approaches and to the search of
new observable phenomena and chemical/physical mechanisms.
Centralized Services: The second most important role of the center
for its PIs and researchers is its collective centralized services, forming an “umbrella” for a unified and high-quality research environment. Laboratory services are provided by the scientific staff scientists
(Dr. Ester Livshits and Dr. Helen Eisenberg) including: (1) Maintenance of A/C, power, communications, IT, email, information storage
and backup infrastructure; (2) Planning, ordering and installing computer systems. Including maintenance of purchased systems; (3) Purchasing and updating dedicated computational chemistry and graphics/mathematics/physics software, including expertise in running and
debugging such packages. (4) Participating in research, including
guiding younger scientists. The center also provides for administrative
and secretariat assistance, including management of budgets, salaries
and tuition, travel reimbursements, guest services (hotels reimbursements), seminar organization, as well as scientific editing, translating
and typing. Most of these services are provided by our administrator,
Ms. Geula Levy with secretarial help by Ms. Eva Guez (who works on
hourly basis).
Funding: On the operational side, the center offers researchers help
in funding hardware purchases on basis of matching and availability.
Environment: One of the important roles of the center is to create
a bustling environment for intense research activities, for debate and
discussion and for study. This is achieved by geographical allocation
(all the members in the chemistry institute in or near the Aronberg
building) second, by holding a biweekly Fritz Haber seminar which
is organized primarily by the students of the center (helped by a PI),
hence drawing scientific visitors to the center that share their expertise and contribute to the curriculum and finally by holding scientific
events, such as special courses, schools and workshops (see Table 1.2).

6
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Table 1.2: Recent Fritz Haber Center organized scientific events
Y

Activity

Organizer/Teacher

Course Numerical methods

H Tal Ezer (Tel Aviv)

Bat Sheva Symp.: Challenges in Chemical Dynamics

M Niv (HUJI), Y Miller (BGU)

Minicourse on Density Matrix Theory of Dissipation

E Geva (Ann Arbor)

Density functional theory

K Burke (UC Irvine)

The “Fritz Haber Beirat Marathon” (20 speakers)

R Baer, D Harries and M Niv (HUJI)

Bat Sheva Symp: Molecular Electronics 2015

Baer, Beratan, Naaman (chair), Peskin

2016

2015

Ein Gedi Winter School on Excitons
R Baer, S Ruhman, D Harries (HUJI)
2014

Ein Gedi Workshop on Excitons
Minicourse on Diffusion QMC

S Rothstein (Brock U.)

Highlighted recent publications
1. Agmon, N. Infrared spectroscopy: The acid test for water structure Nature chem., 2016, 8,
206-207
2. Kulig, W. & Agmon, N. A "clusters-in-liquid" method for calculating infrared spectra identifies the
proton-transfer mode in acidic aqueous solutions Nature chem., 2013, 5, 29-35
3. Baer, R.; Neuhauser, D. & Rabani, E. Self-Averaging Stochastic Kohn-Sham Density-Functional
Theory Phys. Rev. Lett., 2013, 111, 106402
4. Vlcek V.; Eisenberg, H. R.; Steinle-Neumann, G.; Neuhauser, D.; Rabani, E. & Baer, R. Spontaneous Charge Carrier Localization in Extended One-Dimensional Systems Phys. Rev. Lett., 2016,
116, 186401
5. Ben-Shaul, A. & Gelbart, W. Viral ssRNAs are indeed compact. Biophys. J., 2015, 108, 14-16.
6. Wu, Y.; Honig, B. & Ben-Shaul, A. Theory and simulations of adhesion receptor dimerization on
membrane surfaces Biophys. J., 2013, 104, 1221-1229.
7. Sukenik, S.; Boyarski, Y. & Harries, D. Effect of salt on the formation of salt-bridges in ß-hairpin
peptides Chemical Communications, 2014, 50, 8193-8196.
8. Sapir, L. & Harries, D. Is the depletion force entropic? Molecular crowding beyond steric interactions Current Opinion in Colloid & Interface Science, 2015, 20, 3-10.
9. Hirshberg, B.; Gerber, R. B. & Krylov, A. I. Calculations predict a stable molecular crystal of N8
Nature Chem., 2014, 6, 52-56.
10. Kalinowski, J.; Räsänen, M.; Heinonen, P.; Kilpeläinen, I. & Gerber, R. B. Isomerization decomposition of a Criegee intermediate in the ozonolysis of alkenes: Dynamics using a multireference
potential Ang. Chem. Int. Ed., 2014, 53, 265-268.
11. Kosloff, R. & Levy, A. Quantum Heat Engines and Refrigerators: Continuous Devices Annu. Rev.
Phys. Chem., 2014, 65, 365-494.
12. Uzdin, R.; Levy, A. & Kosloff, R. Equivalence of quantum heat machines, and quantumthermodynamic signatures Phys. Rev. X, APS, 2015, 5, 031044.
13. Zadran, S.; Arumugam, R.; Herschman, H.; Phelps, M. E. & Levine, R. Surprisal analysis characterizes the free energy time course of cancer cells undergoing epithelial-to-mesenchymal transition
PNAS, 2014, 111, 13235-13240.
14. Kravchenko-Balasha, N.; Johnson, H.; White, F. M.; Heath, J. R. & Levine, R. D. A Thermodynamic Based Interpretation of Protein Expression Heterogeneity in Different GBM Tumors Identifies
Tumor Specific Unbalanced Processes J. of Phys. Chem. B, 2016.
15. Wiener, A.; Shudler, M.; Levit, A. & Niv, M. Y. BitterDB: a database of bitter compounds Nucleic
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Acids Res., 2012, 40, D413-D419.
16. Levit, A.; Nowak, S.; Peters, M.; Wiener, A.; Meyerhof, W.; Behrens, M. & Niv, M. Y. The bitter
pill: clinical drugs that activate the human bitter taste receptor TAS2R14 The FASEB Journal, 2014,
28, 1181-1197.
17. Schapiro, I.; Sivalingam, K. & Neese, F. Assessment of n-electron valence state perturbation
theory for vertical excitation energies J. Chem. Theory Comput., 2013, 9, 3567-3580.
18. Schapiro, I.; Roca-Sanjuán, D.; Lindh, R. & Olivucci, M. A surface hopping algorithm for nonadiabatic minimum energy path calculations J. Comput. Chem., 2015, 36, 312-320.
19. Nisenholz, N.; Botton, M. & Zemel, A. Early-time dynamics of actomyosin polarization in cells of
confined shape in elastic matrices Soft matter, 2014, 10, 2453-2462.
20. Nisenholz, N.; Rajendran, K.; Dang, Q.; Chen, H.; Kemkemer, R.; Krishnan, R. & Zemel, A. Active
mechanics and dynamics of cell spreading on elastic substrates Soft Matter, 2014, 10, 7234-7246.

Renewed University commitment for Fritz Haber Center
In 2014 the Faculty of Mathematics and Natural Sciences, gave a
written declarative statement promising to expand and strengthen the
Fritz Haber center and its activities, committing to 1) hiring 4 new theory faculty; 2) granting scientific financial support (beyond salaries)
of $200,000 a year (including the Minerva support) and 3) Supporting
salaries of two staff scientists and an administration assistant. As part
of this package the center was refurbished and new space for computer
rooms was awarded by the faculty. This commitment, authorized by
the president of the university is indicative of its resolve to develop
and invest in Theoretical Chemistry.
Rejuvenation and support for young scientists
The center is undergoing a generations change. Three of the ten PI’s
are officially retired: they continue their research as usual: they take
students and postdocs, apply for grants and publish, we enjoy their experience and excellence. But clearly, we must also seek rejuvenation.
Our main current concern as a center is indeed: recruitment. In
view of this we have obtained the declarative statement of the University to support the center, as described above. Furthermore, we have
already hired one excellent young theorist, Dr. Igor Schapiro from Germany who has won a ERC starting grant shortly after his arrival. We
have made great efforts to grant Dr. Schapiro all he needs scientifically
and also as a new immigrant we are helping him get absorbed in Israel.
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We bring here the letter of Dr. Schapiro’s experience as a new recruit.

New recruit Dr. Schapiro’s Letter: In September 2015 I joined Fritz Haber Center,
launching my research group. Support started a half year before: director Prof. Baer,
invited me to visit for a month, prompting my acquaintance with members, PIs, scientific
environment, academic life and life in Israel in general. This proved crucial for my
decision to move to Israel. When in October the European Research Council awarded
me the ERC Starting Grant, I could have chosen to build my research group in the
German host institute from which I applied, but I chose instead to stay in Israel and
transfer the grant. My reasons were:
1) Scientific excellence in theoretical chemistry, unparalleled anywhere in the world,
represented by the nine PIs of the Center. I benefit much from the experience, deep
knowledge and broad expertise through my extensive discussions with Prof. Kosloff,
primarily on quantum dynamics, Prof. Gerber, on quantum chemical applications, Prof.
Baer, on density functional theory Prof. Agmon on proton dynamics and Profs. Harries
and Niv on classical force field simulations. As a young scientist, such exclusive accumulation of experts is essential for helping me to launch my career.
2) The strong financial support by the center, which funded about two thirds of my
startup package, enabling me to buy computers and pay tuition and scholarship for
students.
3) The computer administration provided by Drs. Livshits and Eisenberg, highly instrumental in setting up my lab. Of paramount importance was their assistance in planning, purchasing and installing my computer clusters.
4) The center’s administrative assistance by Ms. Levy, significantly accelerating orders, purchases, etc. and Ms. Guez’ help translating from Hebrew and editing in general.
5) The personal commitment and support by the Institute of Chemistry (Prof. Ruhman, Chair, and Ms. Ben Shoan, manager) and by the Science Faculty (Prof. Erel, Dean).
These issues make the Fritz Haber Center highly attractive for new and young scientists, especially the infrastructure, expertise and excellence in research of four decades,
allowing a quick and successful start. In addition, I would like to point out the exceptional personal interaction that made me feel so welcome and supported from the first
moment!

We plan to recruit 3 more faculty within the next 4-5 years. We
already have allocated several plausible candidates and we hope to
be able to recruit some of them shortly. The fields we are thinking to
expand into are described in the last chapter of this document, concerning future plans.
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Fostering German-Israel Scientific Collaboration
Fritz Haber center has always been a foundation for German-Israeli
scientific collaboration. Intensive fruitful collaborations are evident in
the ISI citation report given in Fig. 1.2, showing more than 180 of
high quality collaborative papers, at an average rate of 7 per year.
These have accumulated 7000 citations, 450 per year.
The joint German activities relied on collaboration, on mutual visits
of PIs and graduate students and on the strong support offered by the
Beirat members. Over the years this activity also spawned personal
friendships.

ISI’s Citation Report for the joint publications with scientists from Germany.

In 2015 the German-Israeli collaboration soared to new heights
when a starting German scientist (Dr. Igor Schapiro, see his letter
above) was recruited and a senior German scientist, Prof. Dr. Eberhard
K. U. Gross is in the recruitment process for a part-time position. Two
students from Germany are currently studying for PhD in the center,
one will obtain the first bi-institutional Hebrew University - Bayreuth
Universität PhD. This follows an agreement between the Israeli and
German Universities initiated by Fritz Haber Center director. A German postdoc will soon join the center (in Dr. Schapiro’s group). Details
about German-Israeli connections are given in PI personal reports.
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3-year expenditure (based on HUJI fiscal report ref. 030-8383)

Funding and expenditures
The Fritz Haber center has three main types of funding sources
available:
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1. The funding due to the Minerva foundation: this is composed
of the 2.3% interest from Minerva endowment plus a matching
sum from the Hebrew University (total 72, 237 Euros in 2015).
2. The Hebrew University complements the income of the center to
$200,000 as part of its commitment for developing the theoretical chemistry field. The university also funds the administrative
assistant and one staff scientist, with a second staff scientist to
be funded starting 2017.
3. The researchers of the center raise an additional $1,100,000
yearly (this sum can vary from year to year) from external grants
to fund the research activities of the center.
The expenditure items are listed int he report above. The items have
changed since the university started (in 2014) to separately support
the administrative assistant. We traditionally take advantage of the
Beirat meeting and organize a scientific event called “Fritz Haber symposium” which lasted for 2 days and involved dozens of students and
guest speakers.

Chapter 2

Individual reports
Noam Agmon

The group uses computational and theoretical chemistry methods
for studying structure, infrared spectra, transport, and diffusion phenomena of charged species in aqueous solutions and biological environments The methods applied are mainly molecular dynamics (MD)
techniques, e.g. force-field MD for proteins, ab-initio molecular dynamics (AIMD) for protonated water clusters, quantum chemistry
methods for the cluster systems. Selected highlights achievements of
recent 3 years:
The Hole in the Barrel: Water Exchange
at the GFP Chromophore [Shinobu and
Agmon, 2015]: A detailed molecular dynamics study of the water molecule bound
to the green fluorescent protein (GFP)
chromophore that conducts its proton following photoexcitation above 310K. The
proton moves through a hole that forms between strands 7 and 10
and as it widens, a rapid succession of water exchange events occur,
resulting in an exiting water molecule which passes binding, internal, and surface sites. Along this pathway, hydrogen bonding protein
13
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residues are replaced by water molecules. (see figure).
A ‘clusters-in-liquid’ method for calculating infrared spectra
identifies the proton-transfer mode in acidic aqueous solutions
[Kulig and Agmon, 2013]: A ‘clusters-in-liquid’ approach for calculating the infrared spectrum from any set of charges, even single protons.
Application of procedure to multistate empirical valence-bond trajectories of protonated liquid water and to ab initio molecular dynamics
of the protonated water dimer and hexamer in the gas phase.
Structure and Spectroscopy of Hydrated Sodium Ions at Different Temperatures and the Cluster Stability Rules [Fifen and Agmon, 2016]: Understanding the solvation of the sodium cation may
offer insights into the process of ion selectivity in sodium channels
that are pivotal for nerve impulses. This paper presents a thorough
ab initio computational investigation of over 75 isomers of gas-phase
N a+(H2 O)n=1–8 clusters. From the data obtained, the temperature effects on the cluster thermodynamic functions is calculated, giving the
equilibrium Boltzmann distribution for each n. The computed clusters
are overwhelmingly 4-coordinated, as opposed to bulk liquid water,
where sodium cations are believed to be mostly 5- or 6-coordinated.
To explain this, “cluster stability rules” were developed and shown to
explain the relative stability of most of the computed isomers. The
rules enable to elucidate trends in hydrogen bond strengths, outlining
the major determinants of cluster stability.
Protonated Water Dimer on Benzene: Standing Eigen or Crouching Zundel? [Wang and Agmon, 2015]: Protons at hydrophobic surfaces have a fundamental role in biological energy transduction processes. To study these, protonated water clusters hydrogen-bonded to
a neutral benzene molecule form a reductionist model. In particular
The gas-phase messenger IR spectrum of a protonated water dimer
(“Zundel ion”) on benzene has been previously interpreted in terms
of an asymmetric binding of the dimer to the benzene ring through
a single water molecule. This “standing Eigen” isomer has a hydronium core. We have found an alternative “crouching Zundel” isomer,
which (Wu et al. [2010]) attaches to the benzene ring symmetrically
via both of its water molecules. When Ar-tagged, it has an IR spectrum
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in much better agreement with experiment than the standing Eigen
isomer, particularly at the lower frequencies. These conclusions are
based on static harmonic (and anharmonic) normal-mode analysis using density functional theory with various (dispersion corrected) functionals and particularly on dynamic anharmonic spectra obtained from
the dipole autocorrelation functions from classical ab initio molecular
dynamics with the BLYP, PBE, and B3LYP functionals. Possible implications to protons on water/organic-phase interfaces are discussed.
Future plans: (1) Using core electron spectroscopies to monitor proton transfer
(collaborating with Prof. Emad Flear Aziz, Helmholtz Inst./Frei Univ., Berlin). (2) Water cluster stability rules: the aqueous sodium cation cluster stability rules, explaining
the relative stability of different isomers, will be extend to protonated water clusters.
(3) We will investigate the hypothesis, based on our molecular dynamics studies, that
two previously unobserved "water-wires" connecting the GFP chromophore with the
bulk, serving as exit/entrance pathways for protons. We use methods allowing covalent bond cleavage/formation (planning a joint QM/MM project with Dr. Igor Schapiro
on this topic). (4) Electric field induced proton transfer through the benzene holes on
Graphene: Using DFT/TBDFT based MD simulations we will consider proton mobility
and permeability in small water clusters on graphene.
German-Israel Connections: Emad Flear Aziz (Frei Univ Berlin). Prof. Gerhard Hummer, MPI Frankfurt (visiting May 2016).

Roi Baer
Density functional theory of materials excitations [Baer et al.,
2010, Stein et al., 2010, Kronik et al., 2012, Stein et al., 2012]:
Excitation gaps are of great significance in the principles of operations
of electronic devices as well as many natural and biological process.
Two distinct types of excitations are “charged excitations” in which a
charge carrier (a electron or hole quasiparticle) is injected into the system and optical or “neutral” excitations, which correspond to photoabsorption energies. In theory of charge excitations such as many-body
perturbation theory, the fundamental gap is the difference between
the corresponding lowest quasi-hole and quasi-electron excitation energies and the optical gap is addressed by including the interaction between a quasi-electron and a quasi-hole. A long-standing challenge has
been the attainment of a similar description within density functional
theory (DFT), with much debate on whether this is an achievable goal

16
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even in principle.
Anchored in the rigorous theoretical
framework of the generalized Kohn-Sham
equation, we have developed a density
functional approach for excitations based
on a range-split hybrid functional that uses
exact long-range exchange. Its main novel
feature is that the range-splitting parameter is not a universal constant, but rather
is determined from first principles, persystem, based on satisfaction of an exact
condition, the ionization potential theo- Stochastic methods developed by
rem. For finite-sized objects, this DFT ap- Baer, Neuhauser and Rabani deproach mimics successfully, and for the first scribe nanocrystal electronic structime, the quasi-particle picture of many- ture containing thousands of electrons.[Baer et al., 2013, Neuhauser
body theory. Specifically, it allows for the
et al., 2014, Rabani et al., 2015]
extraction of both the fundamental and
the optical excitations from one underlying functional, based on the HOMO-LUMO gap of a ground-state DFT
calculation and the lowest excitation energy of linear-response timedependent DFT calculation, respectively. In particular, it produces the
correct optical gap for the difficult case of charge-transfer and chargetransfer-like scenarios, where conventional functionals are known to
fail.
Stochastic electronic structure [Baer et al., 2013, Neuhauser
et al., 2014, Rabani et al., 2015]: Formulation of electronic structure
theories as stochastic processes allows calculations of unprecedented
system sizes: 1) Orbital-free stochastic Kohn-Sham density functional
theory (KS-DFT) allows computation of the electronic structure of materials and other types of very large systems. 2) Stochastic GW: an
approach which allows application of many-body perturbation theory
of quasiparticle energy levels and dynamics to very large systems. We
have applied orbital free Stochastic KS theory and GW theory to systems as large as Si705 H300 nanocrystals and polythiophene polymers of
dozens of repeat units (having close to 1000 electrons). 3) Stochastic
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Bethe-Salpeter Equations: an approach to optical excitations in materials and large systems which enables the study of exciton dynamics
materials. 4) Multiexciton generation in nanocrystals and nanorods:
where we are developing new paradigms that can overcome the theoretical Queisser-Shockley bound for solar-cell the efficiency.
Spontaneous charge localization in polymers [Vlček et al.,
2016]: Optimally-tuned range-separated density functional theory
and many-body perturbation calculations performed using stochastic
GW method reveal that in trans-polyacetylene and polythiophene the
hole density localizes on a length scale of several nanometers. This
is due to exchange-induced translational symmetry breaking of the
charge density. Ionization potentials, optical absorption peaks, excitonic binding energies and the optimally-tuned range parameter itself
all become independent of polymer length as it exceeds the critical
localization scale. Moreover, we find that lattice disorder and the formation of a polaron result from the charge localization in contrast to
the traditional view that lattice distortions precede charge localization. Our results can explain experimental findings that polarons in
conjugated polymers form instantaneously after exposure to ultrafast
light pulses.
Future plans: We plan to 1) investigate the extent and generality of the hole and
electron localization we observed in organic 1D polymers. 2) We will study the quasiparticle energies in 2D black phosphorene sheets. This is an exciting newly discovered
material with a high hole mobility and significant band gap. 3) Multiexciton generation
enhancement in hetero-nanosructures.
German-Israeli connections: I have a German PhD student (Marcel Fabian)
and a PhD student (Vojtech Vlcek) who is obtaining a German-Israel joint PhD degree (HUJI - Bayreuth) in collaboration with Gerd Steinle-Neumann. Both students
are funded by the Minerva Stiftung. I have collaborated with Prof. Stephan Kümmel
of Bayreuth University on tailoring molecules for light harvesting applications. I have
visited Prof. Gross’ group in Halle and gave a talk. I gave invited lecture in “Symposium
Frontiers of Electronic Structure Theory - Many-body Effects on the Nano-Scale” of the
2015 German Physical Society (DPG) spring meeting in Berlin. I also delivered invited
lecture in 51st Symposium on Theoretical Chemistry (STC 2015, Pottsdam).
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Avinoam Ben-Shaul
Ben-Shaul’s work involving the genome packaging and injection from
viral capsids is described below. Other works include topics from membrane biophysics on which we published 2 invited reviews [Sackmann
and Ben-Shaul, 2016, Gopal et al., 2014] summarize many aspects
of our work; cell-cell adhesion, involving collaboration with the active
group of Barry Honig and Larry Shapiro at Columbia University. The
work in Columbia includes experimental studies of the structure of
adhesion molecule and their binding complexes, as well as molecular level modeling of these interactions. My contribution has mainly
been concerned with the statistical thermodynamic aspects of multicell phase behavior, as well as with establishing the (highly non-trivial)
relationship between the trans-dimerization of membrane bound adhesion receptors vs. their binding in solution, see refs. [Wu et al.,
2010, 2011, Harrison et al., 2011, Wu et al., 2013, Ben-Shaul and Gelbart, 2015]. Another topic that we studied in detail is the cis-binding
of trans-dimers leading to inter-cell junction formation that we have
modeled as a 2D condensation transition.
Viral packaging has been and still is my principal research topic.
It involves fruitful collaboration with my close colleague Professor
William (Bill) Gelbart from UCLA. The group at UCLA has been intensively studying various topics related to viral assembly, DNA and
RNA biophysics and related fields. The work done here provided much
of the theoretical counterparts. Students from UCLA – Aron Yoffe,
Ajaykumar Gopal, Li Tai Fang, and most intensively Surendra Walter
Singaram – have spent long periods of time in Jerusalem and played
a crucial role in the joint research. Together with these students we
have proved, for example, that viral RNAs are more compacts than
non-viral ones, see e.g., [Yoffe et al., 2010] and [Singaram et al.,
2015] and references therein), that the ends of RNA are necessarily
close [Yoffe et al., 2010], and explained why, for instance, 3000nt
RNA packaged much more efficiently than 2x1500nt RNAs into CCMV
capsids [Singaram et al., 2015].
I will expand on one example pertaining to a somewhat different
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a) Hexagonally packed DNA bundle used in continuum theory – with soft repulsive potential (see b) vs.
Worm-Like-Chain model in simulations with hard sphere interaction (see (b)). Cross sections through
bundles explain why in repulsion is "energetic" continuum theory while "entropic" in simulations. b)
Repulsive potential corresponding to two models in (a). (c) Simple calculations depicting worm-likechain confined in tube formed by neighbors. Inter-bead bond rotations are highly restricted resulting in
severe entropic loss.

and seemingly puzzling issue. Some fifteen years ago, based on a phenomenological free energy model we explained (in fact predicted, and
with great success) experimental, single-molecule measurements of
the forces and pressures involved in packaging DNA into bacterial
virus capsids. Shortly afterwards, numerous simulations were published, many by Harvey and coworkers, suggesting most of the packaging free energy is of entropic origin. Furthermore, they criticized our
continuum theory for not accounting for entropic effects. Interestingly,
their simulations, like our theory, provided a reasonable quantitative
agreement with the experimental results. How could that be? Two
years ago I took the challenge of resolving this puzzle. In retrospect,
the solution is simple. First, our model does take entropy into account
as it naturally included in our experimentally-based phenomenolog-
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ical DNA-DNA interaction potential which is actually "a potential of
mean force" (i.e., free energy). And why is entropy playing such a
big role in the simulation studies? Because of the specific choice of
the intermolecular potential and the DNA chain model. Explicitly –
Harvey et al have used a Worm Like Chain model consisting of, essentially hard, spherical beads on a string. The packaging of hard particles involves, exclusively, only entropy loss. In other words, had they
used a different, slightly softer potential, their results would be quite
different. The lesson? Be careful when you choose your potentials,
and even more careful when you interpret the results. The analytical
theoretical model I developed is illustrated in the figure. It explains
the origin and size of entropy changes in the simulations [Ben-Shaul,
2014, Singaram et al., 2015].
German-Israeli connection: Coauthored Book chapter with Erich
Sackmann (Univ. Stuttgart) [Sackmann and Ben-Shaul, 2016].
Robert B. Gerber
Computational spectroscopy and the determination of peptide
conformer structure [Roy et al., 2016, 2015]: X-ray crystallography
and NMR are the main tools for determining the 3D atomistic structure of biological molecules, but there are cases where these methods
are inapplicable, as in the case of charged biomolecules, as studied in
mass spectrometry represent. Vibrational spectroscopy is in principle
a possible approach for this challenge, but faces major difficulties due
to the need of sufficient accuracy for a given structure, requiring a
treatment beyond the harmonic approximation. For years now, methods based on the VSCF (Vibrational Self-Consistent Field) approximation have emerged as a leading method for this purpose, successfully
applied to amino acids, mono and di-saccharides, and other biomolecular building blocks. However, large systems such as peptides proved
a challenge due to severe computational demands. Significant recent
improvements in the VSCF algorithms allowed a major breakthrough
enabling to determine the structures of several peptide conformers
based on cold-ion spectra experimental input measured by our collab-
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orators Professor Thomas Rizzo and Dr. Oleg Boyarkine of EPFL, Lausanne, Switzerland. The most exciting example is the determination of
two conformers of the decapeptide Gramicidin S [C60 H94 N12 O10 ] +2
with 176 atoms, 522 vibrational modes. This work was done with Dr.
T.K. Roy, then a postdoc and now Assistant Professor at the University of Rajasthan. In addition to the work on Gramicidin S, we also
carried out VSCF calculations for several dipeptides and in this way
confirmed their structure (Roy et al. [2016]). Also this work was done
by T.K. Roy.
Reactions of dinitrogen oxides with Cl- on liquid water surfaces:
It was proposed that ClNO and ClNO2 are important precursors for Cl
in the troposphere, but the mechanisms for formation of these chlorine compounds are as yet unknown. Our ab initio molecular dynamics
(AIMD) simulations point to the conclusion that ClNO2 (ClNO) is efficiently formed when gas phase HCl impacts water film with adsorbed
N2 O5 (N2 O4 ). Our AIMD simulations of HCl colliding with a slab of
water molecules found that the first step of the process is invariably
ionization of HCl, followed by a nucleophilic attack of the Cl− anion
on the dinitrogen molecule. The reaction of Cl− with (asymmetric)
N2 O4 is considerably more efficient than with N2 O5 . In the case of salt
water, the Cl− present will react in a similar way, since the proton does
not seem to play a significant role (Hammerich et al. [2015]). Work
done in cooperation with Prof. B.J. Finlayson-Pitts from UC Irvine.
Atmospherically-relevant chemical reactions on liquid water and
ice surfaces [Gerber et al., 2015]: This invited article overviews contributions from our group to the unraveling of reaction mechanisms
and dynamics on the surfaces of liquid water and of ice, providing
new insights and interpretations. It reports considerable progress accomplished by our first principles studies in establishing mechanisms
for atmospheric processes for which microscopic understanding was
previously unavailable. The studied reactions were thermally induced,
and generally involved charge transfer and separation. One important
line of results dealt with the issue of which reactions can be modeled by a small water cluster, and which require a large water slab
for proper desorption. Examples for both types were found. The ad-
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equacy of cluster models was shown related to the capability of such
treatments for describing H-bonding networks and fluctuations at the
reaction sites.
The future of airborne sulfur containing particles in the absence
of fossil fuel sulfur dioxide emissions (Perraud et al. [2015]): How
will reduction of fossil fuel sulfur dioxide emissions affect the chemistry of the atmosphere, specifically, the nature and properties of sulfur
containing particles? These are issues of importance for public health,
quality of air to be addressed by a combined effort of complementary
specializations, namely laboratory experiments, reaction mechanisms,
and modeling of complex kinetics. The role of our group (the PI and
his Helsinki student J. Kalinowski) was in computing reaction rates of
relevant sulfur-containing species determining which reactions contribute to particle formations, affecting the overall kinetics. Based on
quantum-chemical and reaction rate calculations we predicted that
methanesulfonic acid is likely to be incorporated within the particles
growing in atmosphere.
Future plans: Determination of conformer structure of peptides by computational vibrational spectroscopy: Extensions and applications of the VSCF method. The
objective of this research project is to turn vibrational spectroscopy into a prime tool of
structural biology, applicable where x-ray crystallography and NMR cannot be used.
VSCF will be extended to Fermi and other types of resonances in spectra of large
molecules. Project will be carried out in cooperation with Prof. Frank Neese (MPI for
Chemical Energy Conversion).
German-Israel Connections: Joint research with Professor Bernd Abel
(Leipzig): Mechanisms for the recombination of OH and NO in water clusters were
determined. Invited lecture in honor of Prof. Dr. Georg Comsa (former director of KFA
Juelich, and Chairman of the FH Beirat. Ringberg Castle, October 16-19, 2011. Invited
lecture at Heraeus Seminar on "Exploring Solvation Science". The seminar took place
from 27-30 October 2014, in Bad Honnef, Germany. It was an activity organized by RESOLV, a Cluster of Excellence organized by the Ruhr University in Bochum. Professors
Bernd Abel and Joern Manz (FU Berlin) gave lectures at Bat Sheva de Rothschild Seminar "From Exotic Novel Species to Macromolecules", October 12-16, 2016, Neve Ilan.
Cooperation on implementing VSCF in the ORCA suit of ab initio codes in cooperation
with Frank Neese (MPI, Muelheim, Germany).
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Daniel Harries
Our research focuses on how biologically complex solvation environments direct macromolecular association determining stability and
behavior. The long-term goal is to formulate a unified molecular mechanism of the effects of crowded and stressed environments on peptide/protein folding and self-assembly.
Cosolute effects on amyloid aggregation [Sukenik et al., 2015]:
Under conducive conditions, many proteins and peptides spontaneously aggregate into ordered amyloid fibrils. Importantly, the early
aggregates of certain amyloid forming peptides are associated with
several devastating diseases, motivating numerous studies aimed at
understanding the kinetics and thermodynamics of the onset of amyloid aggregation. Osmolytes1 are ubiquitous viable therapeutic options
due to their favorable action on protein stability/activity and their
widespread use by different cells and organisms. Several in-vivo and
in-vitro studies have shown that amyloid aggregation is inhibited, and
in some cases even reversed, in the presence of polyol osmolytes. Interestingly, there are indications that osmolytes may, in addition, alter
the morphology of the formed fibrils, thereby affecting their physical
characteristics such as fibril brittleness. Still, the molecular mechanism
of osmolyte action on amyloid formation is not well understood.
To resolve how these issues on the molecular level, we simulated the
initial aggregation steps of an amyloid-forming peptide in the presence
and absence of the osmolyte sorbitol, a naturally occurring polyol. To
this end, a CG force field was extended and implemented to access
larger aggregate sizes and longer time scales. The force field optimization procedure emphasized calibrating the solution thermodynamics
of sorbitol, the aggregating peptide in its monomeric form, and the
interaction of both components with each other and with water.
We used this CG model to study the effects of the osmolyte sorbitol
on the aggregation of a peptide from its initial monomer population.
1. Osmolytes, or chemical chaperones, are naturally occurring small molecules found
in high concentrations in cells, stabilizing the proteome under conditions of environmental stress.
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Beyond conclusions concerning the microscopic details of the aggregation process, this study indicates that, despite the known shortcomings
of coarse graining (CG), such as inadequately dissecting free energies
into entropy and energy, significant and otherwise hard to access information can still be gained from thermodynamically well calibrated
CG models.
The effect of sorbitol on peptide folding was calibrated through
careful parametrization maintaining close contact with experimental observables. The effect of sorbitol on the peptide conformational
ensemble helped us determine the folded and unfolded states in an
unbiased way. Moreover, the resulting models reproduced quantitatively the experimental effect of sorbitol on the free energy of peptide
folding. The calibrated force field was then used to simulate the initial stages of amyloid aggregation and to compare this kinetic process
with our experimental results in the presence and absence of sorbitol.
The main conclusions from the simulations are supported by experiments. Specifically, we found that sorbitol drives monomers to form
a larger number of smaller clusters compared to water over the time
scales tested here. This is a result of a decrease in the net association
rate of monomers to fibrils and a decrease of net nucleation rate in
the presence of sorbitol. Further analysis of monomers and clusters
indicates that the main structural difference in peptide aggregates in
the presence of sorbitol is the stronger propensity for b-sheet folding.
This tendency persists significantly in smaller clusters, where exposure of peptides to the surrounding solution is high. In addition, the
presence of sorbitol increases the propensity to form parallel interpeptide contacts, compared to water. Taken together, we conclude that
the relatively small effect of osmolytes on the folding of a single peptide is propagated and amplified as the monomers self-assemble into
aggregates. Most prominently, the net rate for monomer attachment
is slowed down not only by increased viscosity but also by a more
selective attachment/detachment to clusters (“templating”) seen in
the presence of sorbitol. This leads to a greater structural similarity
between the attaching monomer conformations and the templating
nucleus. It is tempting to speculate that the differences we find in ag-
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gregates that form in the presence and absence of osmolytes, reflected
not only in their size but also in their structure and material properties, may be important for mechanisms of health and disease that are
associated with amyloid fibrils.
Cosolute effect on protein folding and colloidal aggregation bridging versus depletion [Sapir and Harries, 2014, 2015, 2016]:
From colloidal dispersions to solvated
polymersor proteins, solution composition is known to strongly influence
the stable state of the bathing macromolecules. Mixed solvents containing
species with different affinity to specific
macromolecular states can shift equilibrium towards the thermodynamically
Cosolute effects on macromolecular inpreferred state with lower free energy,
teractions for two systems: Rod-like coleven when the molecular interactions
loid dimerization (left), and polymer colwith the solvent are weak. We have the- lapse/protein folding (right). (A) Preferoretically considered two known mech- entially excluded cosolutes (red spheres)
anisms, bridging and depletion attrac- stabilize the dimer or the compact, folded
tion, and discussed how each can state of the protein (D) with respect
emerge, depending on the molecular to expanded state (E) through depletion
size and interaction of the mixed sol- attraction.(B) Included cosolutes (green
vent species. We recently showed that spheres) can stabilize either two separate
simple theoretical considerations pre- monomers (E) or compact state (B) by
dict that the macromolecular state that bridging attraction.
is stabilized by each mechanism possesses unique structural properties, as well as distinct thermodynamic
fingerprints. Furthermore, we demonstrated the mechanistic role of
enthalpy and entropy as seen in a simple mean field model of macromolecules in mixed solvents (see figure).
We have proposed a mean field theory to account for the experimentally determined temperature dependence of protein stabilization that
emerges in solutions crowded by preferentially excluded cosolutes.
Based on regular solution theory and employing the Flory–Huggins
approximation, our model describes cosolutes in terms of their size,
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and two temperature-dependent microscopic parameters that correspond to macromolecule-cosolute and bulk solution interactions. The
theory not only predicts a “depletion force” that can account for the
experimentally observed stabilization of protein folding or association in the presence of excluded cosolutes but also predicts the full
range of associated entropic and enthalpic components. Remarkably,
depending on cosolute identity and in accordance with experiments,
the theory describes entropically as well as enthalpically dominated
depletion forces, even those disfavored by entropy. This emerging depletion attraction cannot be simply linked to molecular volumes. Instead, the relevant parameter is an effective volume that represents
an interplay between solvent, cosolute, and macromolecular interactions. We demonstrate that the apparent depletion free energy is often
accompanied by significant yet compensating entropy and enthalpy
terms that, although having a net zero contribution to stabilization,
can obscure the underlying molecular mechanism. This study underscores the importance of including often-neglected free energy terms
that correspond to solvent-cosolute and cosolute-macromolecule interactions, which for most typical cosolutes are expected to be temperature dependent. We propose that experiments specifically aimed
at resolving the temperature-dependence of cosolute exclusion from
macromolecular surfaces should help reveal the full range of the underlying molecular mechanisms of the depletion force.
Future plans: Resolving how solution conditions impact large molecules. Extending our studies to the realm of solution influence on lipid membranes, and to the
proteins embedded in the membranes. We have recently developed a methodology to
gauge changes in material elastic properties of membranes from molecular dynamic
simulations, and plan to implement this methodology to study complex and patchy
multicomponent membranes in realistic environments. The planned research will involve not only Israeli graduate students, but also Dr. Christoph Alloilo, a postdoctoral
fellow visiting from Germany, funded by the joint Frei Uni-HUJI joint program, and
possibly also by a long term Minerva fellowship.

German-Israel Connections: Dominik Horinek (Regensburg); Christoph Alloilo (German postdoc). Member of the Minerva Stiftung Committee. Winner of German
Chemical Society (GDCh) Willstätter named - lectureship award.
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Ronnie Kosloff
Quantum thermodynamics - a dynamical viewpoint [Kosloff,
2013, Uzdin and Kosloff, 2014, Uzdin et al., 2015b,a] It is now
possible to manipulate single atoms and ions for constructing heat
engines and refrigerators. Surprisingly, these microscopic quantum
heat machines obey classical thermodynamical results even though on
the atomic scale. This raises a key question: what is quantum about
quantum heat machines? Examining four-stroke, two-stroke, and continuous engines we find they become thermodynamically equivalent
in the quantum limit. Isolating two work-extraction mechanisms, a
coherent quantum mechanism and a stochastic classical mechanism
we demonstrate that the coherent mechanism leads to a significant
power boost, beyond what’s possible by classical stochastic engines.
Hence we demonstrate that thermodynamic measurements can reveal
presence of quantum effects at work. Our results, applicable to all refrigerators and engines, should motivate experimental investigation.
We expect our findings will lead to discoveries of additional purely
quantum thermodynamic effects eventually forming a complete theory where quantum agents such as entanglement, discord, quantum
statistics, and interference all affect thermodynamic measurements.
Quantum control - computational complexity versus sensitivity to
noise [Kallush et al., 2014]: A closed quantum system is defined as
completely controllable if an arbitrary unitary transformation can be
executed on any of its states using the available controls. In practice,
control fields add noise, which must be suppressed. Can one design
control fields mitigating the effect of noise on the time-scale of the
transformation? This question is related noise and computational complexity of control. The present study considers a paradigm of control,
where the Lie-algebraic structure of the Hamiltonian is fixed, while the
size of the system increases with the dimension of the Hilbert space
representation of the algebra. We find two types of control tasks “Easy”
and “Hard” - differing by a small state variance with respect to control
operators, relative immunity to noise and simple control fields for the
former over the latter. The influence of noise increases system size
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measured and even in the most favorable estimate, the generic noise
in the controls dominates i.e. complete controllability is destroyed by
noise.
Coherent Control - creation of molecules [Levin et al., 2015b,a]
(see figure): We achieve coherent control
of bond making under thermal conditions,
a milestone in photoinduced bimolecular chemical reactions. Using strong-field
multiphoton femtosecond photoassociation
we discover enhanced (suppressed) yield
of detected magnesium dimer molecules
when we us positively (negatively) chirped
pulses. Using an ab initio model we
show that control is achieved by purification combined with chirp-dependent Ra- Potential energy curves of the elecman transitions. Experimental closed-loop tronic states of Mg2 involved in the
phase optimization using a learning algo- coherent control mechanism of photoassociation.
rithm yields an improved pulse utilizing vibrational coherent dynamics in addition to
the chirp-dependent Raman transitions. This study is a experimentaltheoretical collaborative effort with the groups of Zohar Amitay at the
Technion, Christiane Koch at Kassel and Robert Moszynski at Warsaw.
Open Quantum Systems - Surrogate Hamiltonian [Katz et al.,
2014]: Stochastic surrogate Hamiltonian quantum model is used for
exploring mechanisms for reducing the vibrational dissipation of an
initial photo excitation in photocell. We focus on a “hot injection”
processes, by excitation crosses through a nonadiabatic process to an
excited acceptor dark state. Out calculations show that certain vibrational modes can strongly increase the efficiency of hot injection. Our
vibrational model can be tuned to enhance the absorption from the
solar spectrum.
Future plans: Coherent control of photoassociation A + BC → AB + C or AC +
B (with Christiane Koch from Univ. Kassle) and Rotational cooling by coherent control
(with Tommaso Calarco, Univ. Ulm). Quantum measurement, optimal performance and
feedback in quantum devices.
German-Israel Connections: Collaborations with Christiane Koch from Univ.
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Kassle on photoassociation and Tommaso Calarco, Univ. Ulm on coherent control of
rotational cooling.

Raphael D. Levine
Atto-Photo Chemistry [Muskatel et al., 2014, 2012]
(see figure): We present and discuss computations showing
prompt, sub-ps, dissociation of electronically
excited N2 . This is shown for both quantum mechanical wavepacket dynamics that includes the nuclear motion and for a model
study fashioned as the chemical kinetics of unimolecular dissociation. The results show that
nuclear motion can probe early times electron
dynamics. It also shows that like vibrational
dissociation, electronic dissociation can also
exhibit both prompt and delayed decay modes. The physical origin
of the separation into prompt and delayed decay is argued to be the
same in both cases, namely that there are more bound than dissociative channels. The ultrafast laser excitation accesses only bound singlet states of N2 . Dissociation though occurs through the triplet state.
A analytically solvable kinetic model combined with accurate numerical integration of the time-dependent Schroedinger equation show
prompt dissociation on the time scale of a few fss after excitation. The
key to the prompt process is fast transition between the bound triplet
C state and the dissociative state that occurs within a barrier crossing
time. This work spawned project with Prof. Marc Vrakking of the MBI
in Berlin, funded to the Einstein Stiftung.
Probing non-equilibrium electronic dynamics [Li et al., 2015]:
With cooperation of German groups: Eleftherios Goulielmakis, Reinhard Kienberger, Matthias Kling and Ferenc Krausz, MPI für Quantenoptik, Garching, Marc Vrakking of the MBI, Berlin and with American, Belgian, English and French groups listed below. Our joint paper
with the experimental group of Matthias Kling of the MPI für Quantenoptik, Garching on the ultrafast electron dynamics in C60 has been
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published in Physical Review Letters. This work involving over 500
excited electronic states represents the state of art on the quantum
theory side. The probing of the electronic motion was by photoelectron spectroscopy.
Future plans: Finite state logic - Molecules with their multi internal states are
suited for advanced logic called ‘finite state logic’. The planned work is part of a five
year project named ‘OPAL’ using ultrafast 2D photon echo spectroscopy to implement
massively parallel finite state operation.
German-Israeli Connections: Prof. Marc Vrakking of the MBI in Berlin; Prof.
Manfred Kappes and Dr. Jean-Francois Greisch of the Karlsruhe Institute of Technology.
Prof. Ignacio Cirac of the Max Planck Institute for Quantum Optics; Matthias Kling and
Ferenc Krausz, MPI für Quantenoptik, Garching.

Masha Y. Niv
My overall scientific goal is to deepen understanding of molecular recognition in signaling processes of rtaste recognition and
metabolism, and to enable rational design of signal-modulating
agents, such as protein-protein interaction inhibitory peptides, peptidomimetics and small molecules. The biological systems we focus on
are I) chemosensory receptors, such as bitter-taste receptor subfamily
of GPCRs, studying both the basic principles of molecular recognition
of taste and smell and working towards applications in food science
and health and disease; and on II) Protein Kinases (PKs) involved in
metabolism and diabetes - great challenges in human health research.

Graphic table of content figure from Levit et al. [2013]
Bitter taste perception is mediated by receptors (T2Rs), a subfamily of GPCRs. T2Rs are intriguing case for studying promiscuity in
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molecular recognition: some receptors have few or no known agonists, while others can be activated by numerous, structurally dissimilar compounds. They also vary in the repertoire of T2Rs they activate:
some bitter compounds are selective towards a single T2R, while others activate multiple T2Rs. Our studies lead to identification of previously unknown ligands of bitter taste receptor T2R14. Specifically,
we have applied ligand-based virtual screening to DrugBank dataset
of approved and experimental drugs, and the predicted novel ligands,
validated using in-vitro assays in the lab of Prof. Wolfgang Meyerhof
and Dr. Maik Behrens in Germany (Levit et al. [2014]). This study further expanded the repertoire of Tas2R14 ligands, illustrating the puzzling chemical diversity of this receptor. To understand the structural
and physicochemical features that determine the level of promiscuity
of a receptor towards its ligands, we have studied Family A GPCRs for
which Xray structures were solved and ligand datasets are well established (Levit et al. [2013]). We found that exposure, hydrophobicity
and H-bonds donor content of the canonical ligand binding site can
predict the promiscuity of the receptor (i.e. the diversity of the ligands
dataset).
We next analyzed the promiscuity and selectivity of T2Rs towards
their ligands (Di Pizio and Niv [2015]). Since X-ray structure is unavailable we used homology modeling to obtain structural information. The feature responsible for T2R promiscuity towards their ligands were in agreement with those for GPCRs. It is interesting to investigate those ligand properties that determine its selectivity or promiscuity towards T2Rs. We calculated physicochemical properties of bitter
compounds in our dataset, and found that T2R-promiscuous and T2Rselective bitter molecules differ in chemical features: Small, globular,
hydrophobic and positively charged molecules tend to be promiscuous, while big, flat and polar molecules are selective. The classification
scheme was tested on external dataset of molecules. We have found
that T2Rs use same binding site as Family A GPCRs, and the structural
and chemical determinants of promiscuity towards ligands are similar.
What is special or different about T2Rs? We have analyzed the known
ligands ((ant)agonists) for T2Rs and for Family A GPCRs having Xray
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structures. We find T2R not more promiscuous, but they have more
known agonists than antagonists, and have no known high affinity
ligands (Di Pizio et al. [2015]).
Analyzing ligand–GPCR interactions in 56 X-ray structures representative of currently available structural data, we find that the Nterminus, TM1 and TM2 are more involved in binding of antagonists
than of agonists. On the other hand, ECL2 tends to be more involved
in binding of agonists. This is of interest, since TAS2Rs harbor variations on the typical Class A sequence motifs, including the absence
of the ECL2-TM3 disulfide bridge. This suggests an alternative mode
of regulation of conformational states for TAS2Rs, with potentially less
stabilized inactive state. The comparison of TAS2Rs and Class A GPCRs
structural features and the pharmacology of the their ligands highlights the intricacies of GPCR architecture and provides a framework
for rational design of new ligands.
To explore the physiological effects of tastants, we studied the relatively simple chicken model, as chicken have only 3 receptors for bitter
compounds, compared to 25 in human. In collaboration with Zehava
Uni’s lab at HUJI and Behrens and Meyerhof at DIFE, we have studied
the effect of bitter compounds on the expression of genes involved in
their recognition (i.e. the taste receptors and downstream signaling
elements). The bitter tastant quinine activates all three chicken Tas2rs
in vitro. Administration of quinine postnatally to chickens increased
the expression of Tas2r genes in the palate by 4 to 6 -fold compared
to the genes expression in the naive group respectively, and affected
taste related gene expression in the duodenum (Cheled-Shoval et al.
[2014]). We have also established a sensory lab for studying human
responses to different tastants (Dubovsky, Ert and Niv, in progress).
In 2015 we have brought to completion and publication a new peptide docking protocol, AnchorDock (Ben-Shimon and Niv [2015]). The
blind docking problem, where the peptide binding site on the protein
surface is unknown, presents one of the current challenges in the field.
AnchorDock protocol was developed to perform a blind and flexible
docking of peptides to their target protein. Based on simulated annealing molecular dynamics simulations of a pre-folded free peptide con-
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formation to pre-computed anchoring spots detected on the surface of
the unbound protein, it is able to make a prediction of the proteinpeptide complex structure, by narrowing search to the most relevant
parts of the conformational space. We have summarized the protocol
in a step by step review (Slutzki, Ben Shimon and Niv, submitted) and
are now working to apply it for studying interactions between sweet
and bitter peptides and their receptors.
Future plans: (1) Study design of high-affinity ligands and thermostabilization of
receptors by rational mutagenesis. (collab: Peter Gmeiner, FAU, Erlangen and Dr. Maik
Behrens, DIFE, Potsdam-Ruebrucke and Dr. Simone Weyand, Cambridge: (2) Computational approaches that can predict molecular “taste” based on structure. (3) Promiscuity
and polypharmacology of receptors: use molecular interaction fingerprints for studying
polypharmacology in chemosensation. (4) Integrative taste studies: in-sinlico, in-vivo,
and in-vitro.
German-Israeli Connections: Mutual Research visits Dr. Marcel Bermudez
(Gerhard Wolber Lab, FU Berlin). Visit DIFE Potsdam (collaboration with Behrens and
Meyerhof); visit to Max Delbrück Center (Martin Lohse). GIF application with Peter
Gmeiner (Erlangen) ITN application with Paolo Carloni (Julich) and Jessica Freiherr
(Aachen).

Igor Schapiro2
The objective of our research is to apply and develop computational
tools to understand chemical reactions in biomolecules and organic
molecules. On the application side our focus is on light-induced reactions, in particular in chromophore-protein complexes and solvated
molecules. For this purpose we employ the QM/MM methodology
which allows an accurate and efficient treatment of large systems.
On the development side we are interested in computational tools to
support our research on photochemical/photobiological systems. We
have several contributions to the quantum chemistry packages with
emphasis on multiconfigurational wavefunction methods.
Design of biomimetic molecular switches: Light-driven molecular
switches (photoswitches) produce mechanical work at the molecular

2. Dr. Igor Schapiro is our recent recruitment as of September 2015. His report here
concerns his research in Germany, prior to joining our center. He was awarded ERC
Starting grant shortly after his appointment.
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scale in response to optical excitations. They can be used as building blocks for man-tailored nanoscale molecular devices. Following a
so-called biomimetic approach, a new family of molecular switches
based on the indanylidene–pyrroline (IP) framework has been designed and synthesized to mimic the photoisomerization of rhodopsin.
In collaboration with Prof. Stefan Haacke and Dr. Jeremie Leonard
we employed ultrafast spectroscopy and computational methods to
investigate the molecular origin of the coherent motion accompanying the photoisomerization of indanylidene–pyrroline (IP) molecular
switches. UV/Vis femtosecond transient absorption gave evidence for
an excited- and ground-state vibrational wave packet, which appears
as a general feature of the investigated compounds. In close resemblance to the coherent photoisomerization of rhodopsin, the sudden
onset of a far-red-detuned and rapidly blue-shifting photoproduct signature indicated that the population arriving on the electronic ground
state after nonadiabatic decay through the conical intersection (CI) is
still very focused in the form of a vibrational wave packet. Semiclassical trajectories were employed to investigate the reaction mechanism.
Their analysis showed that coupled double-bond twisting and ring inversions, already populated during the excited-state reactive motion,
induced periodic changes in p-conjugation that modulate the groundstate absorption after the non-adiabatic decay. This prediction further
supports that the observed ground-state oscillation results from the
reactive motion, which is in line with a biomimetic, coherent photoisomerization scenario [Léonard et al., 2012]. In addition, we have
studied the effect of a stereogenic center on the directionality in a
double-bond photoisomerization of molecular rotors. A quantitative
investigation was carried out by simulating an ensemble of excited
state trajectories. It was found that the directionality resulted from the
asymmetry of the excited state force field. Hence this outcome questioned the conjecture that a significant double-bond pretwist in the
ground state is required for unidirectional motion [Marchand et al.,
2015].
Wave function methods for photochemical and thermal reaction paths [Schapiro et al., 2015]: Dynamic electron correlation
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is very important for the correct description of potential energy surfaces, especially surface with differential dynamic electron correlation. Moreover, an accurate description of both the ground and excited state potential energy surfaces is essential to understand thermal and photochemical reactions of molecular systems. A challenging test system for the assessment of electronic-structure methods is
a minimal model of the chromophore of rhodopsin, the penta-2,4dieniminium cation (PSB3). In particular, it is suitable for the exploration of ground- and excited-state potential-energy surfaces, the topography of conical intersections, and the dimensionality (topology)
of the branching space. We have tested the performance of the Spectroscopy ORiented Configuration Interaction (SORCI), the approximate linear-response coupled-cluster method of second order (CC2),
the algebraic-diagrammatic-construction scheme of the polarization
propagator of second and third orders (ADC(2) and ADC(3)) and spinrestricted ensemble-DFT (REKS) methods [Huix-Rotllant et al., 2013,
Tuna et al., 2015, Schapiro and Neese, 2014]. We find that SORCI is
capable of producing smooth energy profiles in good agreement with
the reference energies at MRCISD+Q level, however, which requires
tighter thresholds than the default [Schapiro et al., 2015]. We find that
the single reference methods CC2 and ADC methods yield a different
dimensionality of the intersection space. While the ADC methods yield
a linear intersection topology, we find a conical intersection topology
for the CC2 method. We present computational evidence showing that
the linear-response CC2 method yields a surface crossing between the
reference state and the first response state featuring characteristics
that are expected for a true conical intersection [Tuna et al., 2015].
We also test a new computational scheme based on the State-averaged
REKS (SA-REKS) approach [Huix-Rotllant et al., 2013]. It explicitly
includes interactions between the charge transfer and the diradicaloid
configurations. We find that the State-Interaction SA-REKS (SI-SAREKS) method significantly improves on the REKS and the SA-REKS
results for the PSB3 benchmark.
Surface hopping algorithms for nonadiabatic minimum energy
path calculations [Schapiro et al., 2015]: We introduced a new
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method for the computation of minimum energy paths transiting
along regions of near-to or degeneracy of adiabatic states, facilitating studies of excited state reactivity involving weakly avoided
crossings and conical intersections. Based on the analysis of the
change in the multiconfigurational wave function the algorithm takes
the decision whether the optimization should continue following
the same electronic state or switch to a different state. This algorithm helps to overcome convergence difficulties near degeneracies.
To demonstrate the utility of the proposed procedure four examples of application were tested: thymine, asulam, 1,2dioxetane, and a three-double-bond model
of the 11-cis-retinal protonated Schiff base
(see figure).
Israel-German Connections: Igor Schapiro
is a German scientist who has joined our center in
2015. He is collaborating with Prof. Joachim Heberle
(Freie Universitat Berlin) and Prof. Sandy Ruhman.
With Wolfgang Gärtner (MPI for Chemical Energy
Conversion). A German postdoc, Christian Wiebeler,
will be joining his group in June 2016.

Excited and ground state pathways
of the retinal protonated Schiff base
describing the cis-trans isomerization of PSB3.

Assaf Zemel

I study mechanical properties of cellular environments, important
for regulation cell shape acquisition and cell differentiation.
Contribution of myosin II activity to cell spreading dynamics (Soft Matter, Nisenholz et al. [2016]): Myosin II is the major force-producing molecular motor in the cell cytoskeleton. Despite its well appreciated contribution to cellular force generation,
little is understood about its function in cell motility and spreading. We have developed a simple (analytical) theory of cell spreading dynamics that quantitatively predicts how myosin II contractility
and actin polymerization at the cell leading edge cooperate during
cell motility and spreading. The model pictures the cell as an elastic circular disc that adheres to a substrate and actively stretches it-
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self via actin polymerization at the cell front. Motivated by experiments, myosin II contractility is assumed to polarize in response
to stresses generated during spreading. This allowed us to investigate the dynamic coupling between actin polymerization and myosin
II activity. The time of myosin II activity response to stress and
that of overall spreading both determine different evolution profiles observed in experiments on blood platelets by our collaborator,
Prof. Dr. Sarah Köster from Göttingen University. In addition, the
model identifies two distinct popuGC
lations of myosin II motors which
differ in cell front location: Those
Force balance during neurite growth. Major foabove major adhesion zone of the cus is on molecular-motor microtubule buncell periphery facilitate spreading dle at nuerite core. Opposing force on neuwhereas those in deeper regions op- rite F is actively generated by actomyosin tenpose it. We provide first quantitative sion, TCX in the neurite cortex and biased by
resolution of the controversy sur- growth-cone-generated tension, TGC .
rounding the function of myosin II
activity during spreading.
Cell-nucleus active mechanical coupling (Soft Matter, Zemel
[2015]): The elastic coupling of the cell nucleus to the cytoskeleton
has recently been highlighted as an important, physical, means of gene
expression regulation. Although the rigidity of most differentiated tissue cells is 3-10 fold stiffer than the cell itself, some cell types have
very soft nuclei, e.g., red blood cells and stem cells. Furthermore, the
nuclei of embryonic stem cells has been shown to stiffen ≈ 10 fold in
the course of differentiation. Motivated by this research we developed
a continuum (analytical) model for the actively-regulated mechanical
coupling between the cell and the nucleus (Zemel [2015]). The cell
has been modeled as an active spherical inclusion, containing a round
nucleus at its center, that is embedded in a 3D elastic matrix. We investigated three major sources of cellular stress: spreading-induced
stress, actomyosin contractility and chromatin entropic forces. Formulating the coupling of actomyosin contractility to the local stress we
predicted the consequences that the nucleus, cytoskeleton and ECM
actomyosin
forces
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mechanical properties may have on the overall force-balance in the
cell and the perinuclear acto-myosin polarization. We demonstrated
that the presence of the nucleus induces symmetry breaking of the
elastic stress that elastically tends to orient actomyosin alignment tangentially around the nucleus; the softer the nucleus or the matrix, the
stronger is the preference for tangential alignment. We also showed
that in regions of high actomyosin density, myosin II molecular motors
have an elastic tendency to orient tangentially as often occurs near the
cell periphery. These conclusions highlight the role of the nucleus in
the regulation of cytoskeleton organization.
Future plans: Extend investigation of cell adhesion and cell–cell interactions.
Collaborating with experimental groups of Dr. Florian Rehfeldt and Prof. Dr. Sarah
Köster (University of Göttingen) we will develop models for dynamics of cell shape
acquisition and concurrent cytoskeleton organization. In collaboration with the experimental group of Prof. Dr. Ralf Kemkemer form the MPI of Intelligent Systems in
Stuttgart, we intend investigate cell-cell elastic interactions mediated by long-range
deformations of the surroundings. Ultimately, this investigation will lead to better understanding of the mechanisms and consequences of cell – cell mechanical interactions
during tissue morphogenesis.
German-Israel Connections: I am a member in the German-Israeli Research
School: “Frontiers in Cell Signaling and Gene Regulation” (SignGene), Funded by the
Helmholtz Association. Collaboration: Prof. Dr. Sarah Koester and Dr. Florian Rehfeldt,
III (Physics institute, Georg-August-University, Göttingen); Prof. Dr. Ralf Kemkemer
(MPI for Metals Research, Stuttgart).

Chapter 3

Future of the Center
Future activities and research plan

We have depicted a brief account of the PI’s plans in each of the
personal reports. The plans for the center itself revolve around:
Recruitment: Three new excellent theorists, in addition to the recruitment of this year (Dr. Igor Schapiro, who is expert in biophysical
chemistry). The main research directions we will try to pursue are: (1)
Quantum chemistry: methods for applications in chemical questions
requiring high accuracy determination of radical and ionic potential
energy surfaces. (2) Molecular engines and thermodynamics in the
quantum mechanical regime: quantum engines or quantum computers
operate under the rule of quantum thermodynamics, where entropy,
work and energy are affected by quantum coherence and entanglement. (3) Statistical quantum mechanics of non-equilibrium systems
with emphasis on transport dynamics and kinetics in many-body systems. (4) Machine learning for chemical and drug discovery or design: the use of high throughput screening methods for discovering
property-structure relationships that can complement or add to conventional calculations.
Summer/Winter Schools: We plan to start in 2017 an annual Fritz
Haber Center winter-school and workshop, likely in the dead sea re39
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gion, where it is relatively warm even in winter. We have organized
such an event recently (in 2014) focusing on excitons in natural and
man made systems. The school topics will change every year, according to research trends, but broadly the will fall into a 3 year cycle:
quantum chemistry, statistical mechanics and biophysical chemistry.
Development of Israel-German connections: the center will continue to develop the exchange of students and faculty. The fact that
we now have German faculty will necessarily increase our exposure in
Germany and draw considerable more collaborations.
Expected added value of a continuation of the center
The continuing activity of the center will allow synergy between the
groups operating within the center on several levels. First, the center
has a proven record of encouraging strong collaborations between its
members. The center brings together researchers focusing on diverse
fields of theoretical chemistry spanning the gamut from statistical mechanics of large molecules to electronic structure determination using
density functional theory. The united force of this large number and
diversity of research groups focusing on theoretical physical chemistry
is probably unprecedented anywhere. Also on the student level, these
interactions have led to strong links between students, postdoctoral
fellows, and research scientists from different groups, that also lead
to better educated and more informed scientists graduating from our
center.
The second strong merit of the center’s activity is the tightening of
links with the German scientific community. Over the past decades, an
ongoing history of collaborations and mutual visits have strengthened
the links between German and Israeli researchers. At present, several
German students and postdocs are conducting active research at the
Center, making it an ideal place for forging long-lasting ties between
the scientist from both countries. The joint infrastructure that the center provides is unique in university environments, and allows a higher
level of scientific product. For theoreticians, continuing professional
support is vital for the smooth running of scientific projects.
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The third point is the firm commitment of the Hebrew University
to the center’s future. This multiplies by a significant factor any investment of German funds in the center. This strong commitment as
well as the focus of the center and its reputation will allow future
recruitment of young faculty that will be attracted to the center and
the clear advantages of working in such a supportive environment to
theoreticians in chemistry and physical chemistry.
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