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CMB is affiliated with the Biosciences Division of the Energy and
Engineering Sciences Directorate at ORNL and with the Department
of Biochemistry and Molecular and Cellular Biology in the College of
Arts and Sciences at UT, and we thank these organizations for put-

ting up with us and our griping over the last five years! Everything we
have accomplished was enabled by our systems administrators, Mi-
chael Galloway and Steve Moulton, and our secretary, Julia Cooper.



The University of Tennessee (UT) / Oak Ridge National Laboratory (ORNL)
Center for Molecular Biophysics (CMB), was founded in October 2006. With an
approximately 50/50 UT/ORNL personnel mix, we have now built up a vibrant
research atmosphere.

Thematically, our research is heavily influenced by the ‘mission space’ of ORNL
and DOE. Supercomputing and neutron scattering constitute central toolsets
that we integrate into our investigations in bioenergy and subsurface biogeo-
chemistry. At the same time, we also have programs in biomedical sciences,
including drug design. Our research is strongly interdisciplinary, incorporating
elements of theoretical physics, quantum chemistry, statistical mechanics and
simulation methodologies through to molecular and synthetic systems biology.

Our team of principal investigators comprises myself, three other UT professors
and three ORNL Staff Scientists. We have two UT Assistant Professors: Jerome
Baudry, who specializes in ligand binding and computational biochemistry,

and Tongye Shen, who is more physics-oriented. Jerome and Tongye have, in

a relatively short period of time, already established productive programs and
published several significant papers. Hong Guo, an Associate Professor who |
first met twenty-eight years ago in Martin Karplus’ group at Harvard, specializes
in enzyme reaction mechanisms.

The first ORNL staff scientist to be hired, in 2008, was Xiaolin Cheng, and
two more have been recently appointed, Jerry Parks and Loukas Petridis.
Again, these three have complementary expertise, with Xiaolin experienced
in simulation methodologies and ion channels, Loukas coming from polymer
physics, and Jerry a quantum chemist.

The above team of principal investigators has worked together with our
postdoctoral fellows, graduate and undergraduate students to produce 17
successful grant proposals and about 130 peer-reviewed publications in the
last five years. The publications include reports on a number of breakthroughs
in fields of research of national importance, and some of the corresponding
press releases by UT or ORNL are reprinted here. Our research, as well as the
challenges ahead, is discussed here in an informal style from the point of view
of the young scientists who actually did the work.

| hope you find our five-year report a stimulating read!

Jeremy C. Smith, Director, CMB.



Hanging: Jeremy Smith

Standing: Zheng Yi, Xiaolin Cheng, Tongye Sheng, Hong Guo, Qin Xu, Vonel Teragene, Ricky
Nellas, Richard Lindsay, Derek Cashman, Jerome Baudry, Ryan Johnson, Barmak Mostofian,
Hao-Bo Guo, Jerry Parks, Demian Riccardi, John Eblen, Gound|a Srinivas, Steve Moulton, Niko-

lai Smolin

Sitting: Julia Cooper, Barbara Collignon, Xianghong Qi, Liang Hong, Amandeep Sangha, Loukas
Petridis, Yinglong Miao
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Principal Investigators

OF THE CENTER FOR MOLECULAR BIOPHYSICS

Jerome Baudry

Assistant Professor, Department of Biochemistry and Cellular and
Molecular Biology, University of Tennessee, Knoxville

Jerome received a Ph.D. in molecular biophysics from the University of Paris-
VI. After his postdoctoral work in the group of Klaus Schulten at the University
of Illinois, Dr. Baudry worked in the pharmaceutical industry and as Research
Faculty in the School of Chemical Sciences at the University of Illinois, Urbana-
Champaign. Jerome joined the Center for Molecular Biophysics as tenure-track
faculty in 2008. His group conducts research on the biophysics of protein/
jbaudry@utk.edu ligand and protein/protein interactions and develops supercomputing tools to

accelerate drug discovery, using these tools in specific health and environmen-
tal discovery projects. Jerome is also active in obtaining fundamental understanding of intermolecular
interactions.

Xiaolin Cheng

Staff Scientist and Joint Assistant Professor, ORNL Computer Science
and Mathematics Division

Xiaolin is a Staff Scientist in the Computer Science and Mathematics Division
at Oak Ridge National Laboratory. He is also a joint Assistant Professor in the
Department of Biochemistry & Cellular and Molecular Biology at the University
of Tennessee, Knoxville. He received his Ph.D. from the State University of New
York at Stony Brook, and his postdoctoral training at University of California,
San Diego. Moving to ORNL in early 2008 Xiaolin's research has been focused
chengx@ornl.gov on developing more scalable and multi-scale algorithms for molecular simu-

lation on emerging computer architectures and the application of molecular
simulations to understanding biomass recalcitrance, gating mechanisms in ion channels and drug
resistance of HIV integrase.

Hong Guo

Associate Professor, Department of Biochemistry and Cellular and
Molecular Biology, University of Tennessee

Hong obtained his Ph.D. from Harvard University in 1991. He was an Inter-
national NSERC Fellow at the University of Waterloo, Canada in 1991-1993, a
Research Associate at CERCA/University of Montreal, 1994-1997 and returned
to Harvard as a scientist 1998-2001. He has lead a research group at Department
of Biochemistry & Cellular and Molecular Biology, University of Tennessee

| N ¥ since 2002. He has performed and directed research in computational studies
hguol@utk.edu of proteins, the catalytic mechanisms of enzymes, the role of hydrogen bond-
ing and other interactions on protein structure and stability, and structural and
vibrational properties of small molecules.
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parksjim@ornl.gov

petridisl@ornl.gov

tshen@utk.edu

Jerry M. Parks
Staff Scientist, ORNL Biosciences Division

Jerry received a Ph.D. in Chemistry in 2008 from Duke University. Previously

a postdoctoral researcher at ORNL from 2008 to 2009, his research interests
include using computer simulation to study the structure and dynamics of bio-
molecules, bioinorganic chemistry of mercury, and enzyme mechanismes.

Loukas Petridis
Staff Scientist, ORNL Biosciences Division

Loukas received a Ph.D. in physics from the University of Cambridge in 2006.
He was a postdoctoral fellow at ORNL, 2007-2009. His research focus is com-
puter simulation of biological macromolecules, neutron scattering and poly-
mer theory with emphasis in bioenergy and his current projects include the
dynamic visualization of lignocellulose, a simulation model of lignocellulosic
biomass deconstruction, and incorporating molecular-scale mechanisms sta-
bilizing soil organic carbon into terrestrial carbon cycle models.

Tongye Shen

Assistant Professor, Department of Biochemistry and Cellular and
Molecular Biology, University of Tennessee Knoxville

Tongye received a Ph.D. in physics from the University of California-San Diego
in 2002. He was a postdoctoral researcher at the Center for Theoretical Biologi-
cal Physics at UCSD, 2003-2007 and a postdoctoral associate at the Center for
Nonlinear Dynamics/Theoretical Biology and Biophysics Group, Los Alamos
National Laboratory, 2007-2009. Tongye has constructed physical models and
performed theoretical calculations and simulations on various biomolecular
systems, ranging from the internal conformational dynamics of proteins and
polysaccharides and protein-ligand association, to larger cellular structures. As

of 2011, Tongye has published 40+ peer-reviewed scientific articles.

smithjc@ornl.gov

Jeremy C. Smith

UT/ORNL Governor's Chair and Director of the Center for Molecular
Biophysics

Jeremy received a Ph.D. from the University of London in 1985. He was a post-
doctoral fellow at Harvard University, 1985-1989. He previously lead research
groups in biomolecular simulation at the Centre D'Etudes Nucleaires at Saclay,
France, 1989-1998 and as Chair of Computational Molecular Biophysics at the
University of Heidelberg, Germany, 1998-2006. He sticks his nose into a lot of
research performed at CMB including the high-performance computer simula-
tion of biological macromolecules, neutron scattering in biology, the physics

of proteins, drug design, bioenergy, subsurface biogeochemistry and the analysis of structural change
in proteins. As of 2011 Smith has published close to 300 peer-reviewed scientific articles.
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Research Highlights

Bioenergy

Lignin surface structure

Hydrogen-bonding in cellulose deconstruction

Catalytic mechanism of cellulose degradation by a cellulase
Solvent-free coarse-grain model for cellulose fibrils

Acetate- and ethanol-tolerant biomass-degrading microbe strains

Folding & Function

Dehydration-driven solvent exposure of hydrophobic
surfaces drives folding

Loop-closure kinetics and structured folding pathways
Accurate peptide partitioning and folding into lipid bilayers
Sugar recognition by ricin-like domains

Hydration, energetic roughness and peptide dynamics

lon Channels and the Nicotinic Acetylcholine Receptor

Multiscale

REACH - coarse-graining biomolecular dynamics

Transition networks, metastable states and dynamical
fingerprints of proteins

Treecode fast electrostatics



Subsurface Biogeochemistry

Catalytic mechanism of an organomercurial lyase

Dynamic mechanisms of bacterial mercury-resistance proteins

SUPErCOMPULING m—— I

Scaling of biological simulations on a petascale supercomputer

Multimillion-atom simulations of biomass

Neutron Scattering

Lattice dynamics of a protein crystal
Subdiffusion and fractal configuration space
Three classes of motion in the neutron-scattering spectrum of a globular protein

Activity and dynamics of a very dry enzyme

"3— Catalysis

A M ;‘
%g Catalytic mechanisms of
' % s e a carboxyl peptidase
GYS  xyloglucan endotransglycosylases/hydrolases

¢ a methyl transferase

Medicine

Rapid docking of ligands on supercomputers and cloud architectures

Molecular origin of Gerstmann-Straussler-Scheinker syndrome




Bioenergy

THE RECALCITRANCE OF PLANTS

Bioenergy is of critical national
importance as we strive to develop
viable alternatives to fossil fuels. Our
efforts in computer simulation and
neutron scattering are aimed at
understanding “biomass recalcitrance”.

Cellulose as a fuel source

"Biofuels serve as a substitute for a very
important part of our current technol-
ogy: combustion driven engines”, says
graduate student Benjamin Lindner,
who is performing simulations of bio-
mass with the ORNL Jaguar supercom-
puter. “This work is also relevant when
you consider national security, because
it ensures that fuel will always be avail-
able albeit at a limited rate. Energy effi-
ciency is another important aspect and
a necessity for a sustainable economy.
Cellulose-based biofuels have a signifi-
cant advantage over first-generation
biofuels, because they are more scalable,

don't compete with the food market,
and allow the use of specially designed
energy plants. However, it is unlikely
that all our energy demands can be met
by using biofuels. I see cellulose-based
biofuels as an important ingredient in
a sustainable and ecologically friendly
energy mix.”

Bioenergy barrier

“Lignin is the major “undesirable” com-

ponent of biomass in the conversion
process’, adds Amandeep Sangha, a
postdoctoral fellow. “The presence of
lignin, along with other factors, makes
the breakdown of polysaccharides into
sugars difficult. Understanding the ori-
gin of biomass recalcitrance to hydro-
lysis is one of the major challenges in
improving the efficiency of the conver-
sion process.”

According to Barmak Mostofian, also a
graduate student, one of the main is-

CMB model of Lignocellulose.
Cellulose (green) from plant
cell walls binds strongly to
other cell wall molecules
such as lignin (in brown).
Removal of lignin is essential
for efficient biomass
deconstruction.



Road to energy independence:
Harnessing the sun to power
greener vehicles and herald more
efficient energy production.

sues, besides the frequently mentioned
competition with food crops for avail-
able land and other logistics, is the de-
velopment and proper implementation
of technologies that produce affordable
fuel in a more effective way. “While the
enzymatic approach exploits the capa-
bilities of natural catalysts to liberate
sugars, which are then subsequently
transformed into ethanol in a fermenta-
tion/distillation process, purely chemi-
cal routes do not rely on expensive
enzymes or on the use of genetically
altered microbes for enhanced alcohol
production. Instead high-energy or-
ganic compounds can be synthesized
directly from lignocellulose using solid
catalysts, for instance. It is conceivable
that the different approaches to tackle
the natural resistance of biomass de-
construction will result in a multi-facet-
ed bioenergy industry”.

ORNL Biofuels Science
Focus Area and the Bio-
energy Science Center

CMB is part of the Bioenergy Science
Center (BESC), which integrates experts
from a wide range of scientific disci-
plines to understand biomass recal-
citrance. According to Loukas Petri-
dis, “Most of the chemical data used to
construct our lignocellulose (biomass)
models are derived from experiments
performed at BESC. Also, many fruit-
ful ideas have arisen from interactions
with experimentalists at BESC. For ex-
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ample, it was during a BESC retreat that
I first saw beautiful images of lignin
aggregates forming after dilute acid
pretreatment of biomass. The subse-
quent study of lignin aggregation by
computer simulation has been one of
the main focus

areas of bioenergy research performed
in the first 5 years of CMB" (see press
release on following page).

BESC and the ORNL Biofuels Science
Focus Area aim to provide break-
throughs that will allow viable cellu-
losic biofuel production. Significant
steps in this direction have already
been achieved. CMB has participated
in high-profile studies, commented
on by Secretary Chu, identifying and
characterizing a single microbial gene
linked to increased ethanol tolerance.
Also, Sangha and Jerry Parks have been
performing quantum chemical calcu-
lations aiming at understanding lig-
nin polymerization, and CMB has also
performed calculations to understand
cellulase catalysis and cellulosome
function.

According to Petridis, “In the next five
years, BESC will use its achievements

in order to viably produce biofuels. The
way simulation can help is by providing
detailed molecular-level understanding
of mutated microbial proteins, or trans-
genic switchgrass. Such understanding
enables rational improvement of these
systems and thus helps us achieve im-
proved bioethanol yield.”
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ORNL neutrons, simulations reveal
details of bioenergy barrier

Source: http://www.ornl.gov/info/press_releases/get_press_release.cfm?ReleaseNumber=mr20110615-00

New molecular models of lignin aggregates are helping scientists understand a limit-
ing factor in the production of ethanol. (Image courtesy of http://www.scistyle.com)

OAK RIDGE, Tenn., June 15, 2011 — A Lignin, a major component of plant
first of its kind combination of experi- cell walls, aggregates to form clumps,
ment and simulation at the Depart- which cause problems during the pro-
ment of Energy’s Oak Ridge National duction of cellulosic ethanol. The exact
Laboratory is providing a close-up look shape and structure of the aggregates,
at the molecule that complicates next- however, have remained largely un-
generation biofuels. known.



A team led by ORNL's Jeremy Smith
revealed the surface structure of lignin
aggregates down to 1 angstrom—the
equivalent of a 10 billionth of a meter
or smaller than the width of a carbon
atom. The team's findings were pub-
lished in Physical Review E.

“We've combined neutron scattering
experiments with large-scale simula-
tions on ORNL's main supercomputer
to reveal that pretreated softwood
lignin aggregates are characterized
by a highly folded surface,” said Smith,
who directs ORNL's Center for Molecu-
lar Biophysics and holds a Governor's
Chair at University of Tennessee.

Lignin clumps can inhibit the conver-

sion of biofuel feedstocks—for example,

switchgrass—into ethanol, a renewable
substitute for gasoline. When enzymes
are used to release plant sugars neces-
sary for ethanol production, the lignin
aggregates bind to the enzymes and
reduce the efficiency of the conversion.

Lignin's highly folded surface cre-

ates more opportunities to capture the
passing enzymes than a smooth sur-
face would. An improved understand-
ing of the lignin aggregates will aid
scientists in efforts to design a more
effective pretreatment process, which
in turn could lower the cost of biofuels.

+ + + PRESS RELEASE + + + PRESS RELEASE + + + PRESS RELEASE + + +

"Nature has evolved a very sophisti-
cated mechanism to protect plants
against enzymatic attack,” said ORNL
team member Loukas Petridis. “We're
trying to understand the physical basis
of biomass recalcitrance—resistance of
the plants to enzymatic degradation.”

The complementary techniques of
simulation on ORNL's Jaguar super-
computer and neutron scattering at
the lab’s High Flux Isotope Reactor en-
abled Smith's team to resolve lignin's
structure at scales ranging from 1 to
1,000 angstroms. Smith's project is the
first to combine the two methods in
biofuel research. “This work illustrates
how state-of-the-art neutron scat-
tering and high-performance super-
computing can be integrated to reveal
structures of importance to the energy
biosciences,” Smith said.

The research was supported by DOE's
Office of Science and used the re-
sources of the Leadership Computing
Facility at ORNL under a DOE INCITE
award. Team members include ORNL's
Sai Venkatesh Pingali, Volker Urban,
William Heller, Hugh O'Neill and Mar-
cus Foston and Arthur Ragauskas from
Georgia Institute of Technology.

ORNL is managed by UT-Battelle for
the Department of Energy’s Office of
Science.






Ethanol tolerance in Clostridium thermocellum was
traced to two mutations in a single gene encoding an
alcohol dehydrogenase. A model of the enzyme with the
mutation sites highlighted is shown here.




Supercomputing

TOWARDS THE EXASCALE

Supercomputing is a key element

of the ORNL mission, alluded to by
President Obama in his 2011 State of
the Union speech. Also, UT recently
Jjoined the elite ranks of NSF super-
computing institutions with its Kraken
machine. As molecular simulation

is a CPU-hungry enterprise, CMB is
keenly involved with the develop-
ment and application of highly par-
allel codes and we are major users
of the local supercomputers, having
received several awards for super-
computing time, including from the
prestigious DOE INCITE program.

Here we ask John Eblen, a post-
doctoral fellow, and Roland
Schulz and Sally Ellingson, both
graduate students, about their ex-
periences with petaflop super-
computers and prospects as we
move towards the exascale.

What is the most powerful
computation you have
ever performed?

Ellingson: I recently ran a high-
throughput docking screen on the
Jaguar machine that included over
one million chemical compounds. We
used an MPI (message passing inter-
face) version of Autodock4 (virtual
docking software) that distributes the
docking tasks.

Schulz: As part of our INCITE alloca-
tion, I am simulating lignocellulosic
biomass. A realistic model requires
several million atoms. Our largest
model constitutes 22 million atoms
and runs on 45,000 cores. Additionally,
I run larger tests to improve software
performance for current and future
projects, and the largest of these was
run on 150,000 cores. As far as I know
this is a world record for this type of
calculation.

D.E. Shaw has made a special
purpose supercomputer for
molecular simulation. How does
ORNL's Jaguar machine com-
pare with it?

Schulz: The Shaw Anton special pur-
pose machine is about 100 times faster
for simulating the molecular dynam-
ics of small biological systems, such as
small proteins containing e.g. 20,000
atoms. This is partly achieved by a net-
work that is significantly faster. Jaguar
allows us to run more flexible codes



and is more suitable for our very large
simulations.

Are supercomputers easy to use
for the average computational
scientist?

Ellingson: When everything works

right they are fairly easy to use. The
hard part is figuring out what went

wrong when it doesn't work right.

What tools are you developing
to help get programs to work on
supercomputers?

Eblen: I'm focused on improving soft-
ware development on supercomput-
ers, a goal of the Eclipse Parallel Tools
Platform (PTP) synchronized projects.
Modern IDEs, such as Eclipse, offer
many features to speed up software de-

, is oneof the
le speed and accuracy, Jaguar has led

velopment. We want to make sure that
these tools are available to those devel-
oping the most complex applications

— those that run on supercomputers.
Most people are not free to work di-
rectly on their favorite supercomputer
with an IDE. They should be able to use
the IDE on their personal computer,
though, and have it work as if they
were sitting at the supercomputer.

What have you done so far with
the UT/ORNL supercomputers
and what is the future for su-
percomputers in biomolecular
simulation?

Schulz: We have performed enormous
simulations of biomass that wouldn't
have been possible any other way.
Analyzing the results is taking quite
some time...
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Ellingson: I have done many smaller
drug-design screenings to prepare

for the million compound screen we
recently completed. I think that we
may see more special purpose com-
puters, such as Anton, for biomolecu-
lar simulations. However, since special
purpose computers are built around
the code that runs on them, they will
not be able to handle everything, and
multi-purpose supercomputers will
still be very important. Many multi-
purpose supercomputers are going
toward hybrid architectures which
include GPUs for part of the process-
ing power. It will be important to learn
how to correctly utilize these architec-
tures to improve the speed of simula-
tion code.

How can we advance the state
of software development, espe-
cially for supercomputing?

Eblen: Historically, leaps in what hu-
mans can do with computers come
from newer and better tools. The
purpose of a tool is to take care of the
mundane activities, so that we can
focus on the bigger issues. What has
changed over time is what is consid-
ered “"mundane.” Assemblers automate
the mundane task of having to trans-
late operations to bits and bytes. Com-
pilers automate the mundane task of
translating common operations to a
series of assembly commands, such as
adding multi-byte numbers or creat-
ing loops. IDEs automate still more
complex operations. Each new class
of tools frees us to tackle bigger, more
ambitious projects. Unfortunately,
this process has some inertia. People
become familiar with their tools and
aren't eager to learn new ways of do-
ing things. For example, some of our
programming languages are long

overdue for a remake. Now I love C++.
It is my favorite of the commonly
used languages. What other language
allows both raw, system-level access
and tons of useful, high-level features,
such as classes and well-developed
standard libraries? C++ is a good ex-
ample of a tool that pushed the indus-
try ahead. It suffers from its C heritage,
though, which makes the language
overly complex and error prone. Now
there is a wonderful, relatively new
language, called the D programming
language, which has been carefully
designed and well-engineered over
about a decade now. It is a systems
language that is just as powerful and
feature-rich as C++ while fixing many
of its problems. But I don't know any-
one trying to use it for supercomput-
ing. So that is one example of a pos-
sible initiative that could advance our
tools and increase even more of what
we humans can do with our comput-
ers.

Mere mortals find computers
extremely annoying when they
don't do what they want. Is it
the same with you hot-shots?

Ellingson: Getting computers to do
what you want is the fun part. If they
always did exactly what you wanted
the first time you tried, it wouldn't
be as rewarding when you finally get
your programs working right.

Eblen: Of course! Often, I know why
it's not working like I want. So as a
developer myself, depending on my
mood and whatever the problem is, I
may feel sympathetic to the poor pro-
grammer or feel... displeased because
he or she should have known better!



Neutron Scattering

STRUCTURE AND DYNAMICS OF BIOMOLECULAR SYSTEMS

Neutrons are unique probes of con-
densed materials, furnishing both
structural and dynamic information,
and neutron scattering has been a sus-
tained interest of Jeremy Smith's since
he published his first papers on the
subject as a Ph.D. student at the Insti-
tut Laue-Langevin in Grenoble, France
in 1986. The advent of the Spallation
Neutron Source at ORNL now prom-
ises to take neutron scattering research
to new heights, and we have therefore
established a program aiming at devel-
oping methodologies for neutron re-
search, integrating high-performance
simulation with neutron scattering,
and applying a range of neutron tech-
niques to systems of interest in biology
and the energy biosciences.

The methodological work has pro-
duced a number of breakthroughs.
Among these is the first calculation of
the lattice dynamics of a protein crys-
tal at atomic resolution, which we hope
can at some point be tested experi-
mentally using triple-axis instrumen-
tation. Just this year, work performed
principally by postdoctoral fellow
Liang Hong, in collaboration with
Alexei Sokolov, another Governor's
Chair, demonstrated how the dynamic
neutron susceptibility of a protein can
be simply interpreted in terms of three
classes of motion (see press release).
Complementary theoretical work with
graduate student Thomas Neusius
demonstrated that the subdiffusive
behavior of peptide dynamics has a
fractal origin.

Also, postdoctoral fellows Yi Zheng
and Yinglong Miao have been working
with Jerome Baudry and Nitin Jain, an
Associate Professor in the UT Depart-
ment of Biochemistry and Cellular and
Molecular Biology, to perform and in-
terpret neutron scattering experiments
on cytochrome P450 - this work has
led to a new method for analyzing elas-
tic scattering that yields not only the
average mean-square displacement of
hydrogen atoms in a protein but also
the variance.

Two growth areas for the future have
been identified. One of these is the ap-
plication of neutron spin-echo spec-
troscopy to characterize functional do-
main motions of biomolecules, an area
that postdoctoral fellow Nikolai Smolin
has been concentrating on, and the
second is the application of neutrons
to the energy biosciences, and, in
particular, the structure and dynam-
ics of lignocellulosic biomass. Finally,
Jeremy would like to realize a vision

of unifying exascale supercomputing
with high-performance neutron scat-
tering in which molecular simulations
are performed using the full power of
the exascale machinery and are used to
plan and interpret experiments at SNS
in real time. We are quite a way from
achieving that goal, but a first step

has been taken by graduate student
Benjamin Lindner, who has efficiently
parallelized software for scattering
calculations. Given the resources, the
unification dreamed for will happen.

15
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High-performance simulation, neutrons
uncover three classes of protein motion

Source: http://www.ornl.gov/info/press_releases/get_press_release.cfm?ReleaseNumber=mr20110930-00

OAK RIDGE, Tenn., Sep. 30, 2011 — Mo-
lecular motion in proteins comes in
three distinct classes, according to

a collaboration by researchers at the
Department of Energy’s Oak Ridge
National Laboratory and the University
of Tennessee, in research reported in
Physical Review Letters.

The research team, directed by ORNL-
UT Governor's Chairs Jeremy Smith
and Alexei Sokolov, combined high-
performance computer simulation
with neutron scattering experiments to
understand atomic-level motions that
underpin the operations of proteins.




+ + + PRESS RELEASE + + + PRESS RELEASE + + + PRESS RELEASE + + +

"The analysis and interpretation of
neutron scattering spectra are always
difficult for complex molecules such
as proteins,” said Smith, who directs
ORNL's Center for Molecular Biophys-
ics. "We've performed experiments and
then shown that simulation can pro-
vide a clear view of them. It allows us
to see through the complexity and find
out what motions are going on.”

Defining the motions present -- local-
ized diffusion, methyl group rotations
and jumps -- is important as it allows

scientists to think about how the mo-

tions determine the functions of pro-

teins that are critical to all life.

"First, we found that experiment and
simulation agreed perfectly with each

other, which is remarkable,” Smith said.

“Second, the simulations told us that
this type of neutron scattering can be
interpreted in a very simple way."

Although the team performed its re-
search on a particular protein called
lysozyme, a natural antibacterial en-
zyme found in tears, saliva and egg
whites, the researchers anticipate the
technique will have a much broader
impact in the neutron scattering com-
munity, aiding research in areas such
as biofuel design or environmental
remediation.

The combined simulation and neutron
scattering approach should also be

of use in the characterization of non-
biological materials such as polymers.
Smith notes that approximately half

the neutron scattering experiments at
ORNL's Spallation Neutron Source in-
volve the study of motions in materials.

"These methods are of general applica-
bility,” Smith said. "“Many experimen-
talists can now come to the ORNL's
Spallation Neutron Source, measure
a spectrum of whatever sample they
have, and then apply this analysis in
terms of three classes of motion to in-
terpret their results.”

The research was primarily conducted
by ORNL's Liang Hong, with the sup-
port of Benjamin Lindner and Nikolai
Smolin from ORNL. They performed
neutron scattering experiments at
ORNL's Spallation Neutron Source on
the BASIS instrument and at the Na-
tional Institute of Standards and Tech-
nology Center for Neutron Research.
The work was published as “Three
classes of motion in the dynamic
neutron scattering susceptibility of a
globular protein.”

The simulation component of the work
was supported by ORNL's Laboratory
Directed Research and Development
program, while the neutron scatter-
ing component was supported by an
Experimental Program to Stimulate
Competitive Research (EPSCOR) grant
to the University of Tennessee from
the DOE Office of Science.

ORNL is managed by UT-Battelle for

the Department of Energy's Office of
Science.
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Subsurface Biogeochemistry

TRANSPORT AND TRANSFORMATION OF MERCURY

The fate of mercury as a subsurface
contaminant is of particular interest
in Oak Ridge because of contamina-
tion from cold-war activities at the
Y12 weapons plant in the 1950s and
1960s. It turns out that following
mercury in the environment has some
fascinating aspects. Mercury interacts
with and is transformed by organic
matter in streams and sediments, and
bacteria are able to methylate mer-
cury, rendering it more toxic, and also
to demethylate and thus detoxify it.
The transport and transformation of
mercury in these bacterial cells has
become a subject of intense inter-

est for CMB, in the framework of

an ORNL Science Focus Area and a
university-led project through UT.

Among the methods applied are
semi-empirical quantum mechanical/
molecular mechanical (QM/MM) cal-
culations, which postdoctoral fellow
Demian Riccardi has been working

at streamlining, MD simulations and
subsequent structural analysis, which
Jerry Parks and postdoctoral fellow
Hao-Bo Guo have performed. Also,

Mercury is an
environmental
toxin due to its
unusually strong
affinity for thiols
and other func-
tional groups.

Mercury

Hong Guo and postdoctoral fellow
Qin Xu are examining the chemistry of
the reduction of mercury in a protein
active site. All this work has involved
intense (and sometimes heated!) col-
laboration with Profs. Anne Summers
from the University of Georgia and
Sue Miller of the University of Califor-
nia, San Francisco.

Why is mercury research
important?

Parks: Mercury is interesting in itself
because it's a really shiny liquid metal
that sticks to just about everything.
Unfortunately, it also happens to be

an environmental toxin. It really likes
to interact with sulfur, which is one
reason it is harmful to living organ-
isms. Lots of bacteria are resilient

and can live happily in mercury-rich
environments. They have genes that
allow them to take up harmful forms
mercury from the environment and
turn it into a less toxic form. But there
are other types of bacteria that make
the more toxic form called methylmer-
cury. We need to understand the fate
of mercury thoroughly — how it gets
converted from one form to another by
sunlight, bacteria, and so on. Mercury
transformation not a one-time event

- there is a complex global mercury

cycle. So here's how it works - There's
already some mercury hanging around,
then more of it gets into the air from
things like power plants, then it floats
halfway around the world, falls back to
the ground during a rainstorm, then it
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Binding of Hg?* to MerR induces conformational changes required to initiate transcription of Mer genes, which
encode proteins and enzymes involved in mercury resistance. Two other major components of the Mer system
are the organomercurial lyase, MerB, which converts methylmercury to Hg?*, and the mercuric reductase, MerA,

which reduces Hg to Hg(0).

gets oxidized, then methylated, then
demethylated, and then reduced and
the whole process starts over again.

What have you discovered about
bacterial mercury transforma-
tion?

Hao-Bo Guo: "Mer” proteins are ge-
netically encoded by the mer operon.
These proteins transport and trans-
form mercury in resistant bacteria.

We have looked at the highly toxic
form methylmercury — methylmer-
cury — and how it is broken down by
an enzyme called MerB. Another part
of the molecular machinery is MerR,
which turns on transcription of mer
genes when mercury binds to it. Our
recent work with X-rays, neutrons and
MD simulations has shown that the
primary motion of MerR involves two
DNA-binding domains approaching
and departing from each other. We
successfully determined the end-states

of this dynamics, and this may yield
insight into other biological systems
with similar dynamics.

What other aspects are worth
pursuing?

Riccardi: The behavior of mercury is
intimately related to its oxidation state
and affinity for various ligands. We're
considering investigating how the
oxidation state affects mercury trans-
fer among ligands and across lipid
membranes, and constructing model
computational systems of naturally oc-
curring organic matter to which mer-
cury binds in streams. We're also using
structural bioinformatics to character-
ize both observed and potential sites
of mercury interaction with biological
molecules in vitro and in the crystal-
line state. All of these are very interest-
ing research directions and could have
broad scientific and environmental
impacts.
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Biomedical Research

Biomedical research expands in
several directions at CMB. Using the
ORNL and UT supercomputers to
design new drugs is an important
and exciting field. However, we

are also researching bacterial
chemotaxis, active site solvation
and ion channel function:

Drug Design

Supercomputing and Docking

CMB uses molecular modeling

and computational chemistry to
investigate how medically relevant
biomolecules interact with each

other. We are particularly interested in
molecular discovery, i.e. how to select
and/or design small molecules, like
pharmaceuticals, that will interact in
a specific and potent way with much
larger molecules, like proteins. Small

molecules may sometimes enhance,
or sometimes inhibit, the functioning
of the proteins to which they bind. To
discover or design a new drug against
a disease, we must understand a great
deal about what the target proteins
look like and how they function, such
as where possible binding cavities

are located in the protein, how these
cavities change their shapes with
time, and how the atoms in the
proteins interact with those of the
pharmaceuticals.

The availability of thousands of
processors, either localized together
in a supercomputer, or delocalized as
in cloud computing, can be used to
perform virtual screening of massive
databases of chemicals against
protein targets. To take advantage

of these giant computers, Jerome
Baudry, postdoctoral fellow Barbara
Collignon, Roland Schulz and Sally
Ellingson have developed efficient,
well validated computer programs
for docking (see press release). Sally

Using the power
of supercomputers
to accelerate drug
discovery.




Detailed analysis of inter-
actions within proteins -
methyl groups probe local
environments.

Ellingson is continuing this work and
developing it for Cloud architectures
and to allow multiple protein

targets to be used efficiently in the
docking process. It is now possible

to investigate computationally how
millions of compounds would bind in
a given protein, or in multiple proteins
of a biochemical pathway. These
approaches are used in collaboration
with experimental laboratories to
discover novel classes of molecules
against several endocrine cancers and
infectious diseases. With the advent of
the exascale in supercomputing, it may
become possible to screen essentially
complete ligand databases against all
known classes of protein in about one
day.

To improve the efficiency of drug
design, it is very important to under-
stand how drugs and proteins inter-
act with each other at the atomistic
scale. We are developing new views on
how non-bonded interactions con-
trol the dynamics and the energetics
of protein/ligand complexes through
facilitation of molecular rotations and
anion/n-interactions. We are also char-
acterizing how medically and phar-
maceutically important proteins are
behaving, to understand how drugs
may affect them: we are building the
"protein skyscrapers” that control how
bacteria look for food and we are fol-
lowing each and every water molecule
that flushes a P450 enzyme's active site
to help detoxify drugs.

Detoxifying-
enzymes
cytochrome P450s
“flush” their active
site to ensure
catalytic efficiency.
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AIDS Drug Design

HIV-1 integrase is an important
enzyme in viral HIV replication with
apparently no human counterpart,
making it an attractive therapeutic
target for the clinical treatment of AIDS.
Despite two decades of tremendous PFV |ntegrase
effort leading to promising integrase
inhibitors, their binding modes remain '7‘
elusive. The goal of this project, led

by Xiaolin Cheng, is to understand

at the molecular level the binding

of potent inhibitors in the HIV-1
integrase active site, and the structural
mechanisms for drug-resistant viral
mutants. Cheng is also using computer
simulation to understand and predict
from a statistical perspective the
combinatorial mutation patterns
responsible for HIV drug resistant ‘.

mutants.
—~ ;’...,‘ Inhibitor RLT
Ib 4 gor
3«

, - Magnesium

Human DNA

Active site of the HIV protein
PFV integrase.

Interactions in PrOteinS in chemistry, is affected by their micro-

environment. In collaboration with the
groups of Dr. Howell and Dr. Hinde at
the University of Tennessee, the group,
along with graduate student Jason Har-
ris, is also investigating how anion/zn-
interactions in proteins and protein-
ligand complexes contribute to protein
stability and dynamics.

The Baudry group is also interested in
the effect of nonbonded interactions in
protein-protein and protein-ligand com-
plexes. Undergraduate student William
Hembree has used quantum chemistry to
investigate how the rotational dynamics
of methyl groups, an important marker



Chemotaxis -
Ligand based signaling pathways

Postdoctoral researcher Derek Cash-
man is working collaborative project
involving the groups of Jerome Baudry
and Igor Zhulin that involves the in-
tegration of bioinformatics with bio-
physical studies. The first step involves
creating a natural classification of
chemotaxis proteins based on phylo-
genetic analysis and identifying con-
served residues within evolutionarily
related subgroups, and co-variance
analysis of co-evolving residues. This
information is then integrated with

machine learning analysis of surface
patches on each protein to predict
potential sites for protein-protein in-
teractions, leading to molecular dock-
ing and computational simulations to
test the protein-protein interactions of
each model. These results will then be
used to drive further experimental and
systems biology research by our col-
laborators and other laboratories. The
principles learned through these stud-
ies will provide insight into about sig-
nal transduction mechanisms, and will
aid in the design of new therapeutics
targeting the signaling pathways that

control virulence in human pathogens.

The structural basis of bacterial chemotaxis. A hypothetical model of the bacterial chemoreceptor (MCP, shown

in green) interacting with the scaffolding protein, CheW, and histidine kinase, CheA (both shown in blue). These

proteins are part of a signal transduction cascade that responds to stimuli in the environment and transfers a

signal to the bacterial flagellar apparatus to control the cell's swimming behavior in response to that stimulus.
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Solvation of Active Sites

P450 proteins are very important en-
zymes responsible in the human body
that are responsible for processing
many pharmaceuticals. Jerome Baudry
and Postdoctoral researcher Yinglong
Miao have used computer simulation
to reveal the highly dynamic nature of
CYP101 P450 hydration. Water mole-
cules enter and leave the active site on
the nanosecond timescale, sustaining
the efficiency of the enzyme.

Channel gating and ligand
recognition in pentameric
ligand gated ion channels

The nicotinic acetylcholine receptor
(nAChR) is a ligand-gated ion chan-
nel. Binding of neurotransmitter mol-

Simulation system with the human o7 nAChR

receptor (ribbon) inserted into a lipid bilayer (licorice).

ecules to nAChR induces structural
rearrangements of the membrane-
spanning domain, which permits the
influx of cations and leads to message
propagation. Due to their essential
roles in synaptic transmission, nAChRs
have emerged as attractive therapeutic
targets for the treatment of pain, cog-
nitive impairment, neurodegenera-
tive disease, schizophrenia, epilepsy,
anxiety, and depression. Fundamental
steps in receptor activation include
neurotransmitter recognition, cou-
pling of recognition to opening of

the ion pore, and passive flow of ions
through the pore. Xiaolin Cheng has
performed extensive molecular dy-
namics simulations to understand the
molecular mechanisms underlying

all three of these fundamental steps.
Cheng's calculations probe the energy
barriers to ion conduction and origins
of ion selectivity in the channel.
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UT Scientist Uncovers Trigger to Fatal
Neurodegenerative Disease

Jeremy Smith, Governor's Chair for Mo-
lecular Biophysics at the University of
Tennessee, Knoxville, has helped reveal
a key trigger of Gerstmann-—Straussler—
Scheinker (GSS) syndrome, a rare but
deadly neurodegenerative disease. The
finding could have far-reaching implica-
tions for the treatment of other neurode-
generative diseases such as Alzheimer's,
Huntington's, and Parkinson's.

Smith conducted his research with two
collaborators in Italy: Isabella Daidone,
a former postdoctoral researcher of his
who is now at the University of L'Aquila,
and Alfredo Di Nola of Sapienza — Uni-
versita di Roma.

Most GSS patients begin developing
symptoms in their late fifties. Symp-
toms include loss of memory, difficulty
speaking, and unsteadiness and lead to
progressive dementia, and then death
within a few months or years. There

is presently no cure or treatment. The
disease results from a single, tiny mu-
tation in a protein, resulting in it hav-
ing a wrong shape—through “misfold-
ing”"—then aggregating to form amyloid
plaques in the brain.

"Ever since the ‘'mad cow’ scare in Britain
in the 1990s, which led to several hun-
dred human deaths and 4.4 million cattle
being destroyed, I've been interested in
finding out more about these fascinat-
ing diseases of wrongly shaped proteins,”
said Smith, who was born in England.

The team compared high-performance
computer simulations of the struc-

tures of the normal and the GSS—mutant
proteins. They found the GSS protein
looks dramatically different from the
normal form and revealed how its shape
is primed for plaque formation.

"This research shows how computer sim-
ulation can be used to pinpoint changes
in molecular structure that lead directly
to disease,” said Smith. “We think that a
similar line of investigation should prove
beneficial in understanding the origins
of other amyloid diseases such as Al-
zheimer's, Parkinson's, and rheumatoid
arthritis. Once the origin is understood
at molecular detail, strategies to ratio-
nally prevent and cure a disease can be
conceived.”

The findings can be found in the ar-
ticle, “Molecular Origin of Gerstmann-
Straussler—Scheinker Syndrome: Insight
from Computer Simulation of an Amy-
loidogenic Prion Peptide” in this month's
edition of the Biophysical Journal.

The research was funded in part by a Ma-
rie Curie grant from the European Union.
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Supercomputing Research Opens
Doors for Drug Discovery

Source: http://www.sciencedaily.com/releases/2010/12/101209164146.htm

A quicker and cheaper technique to scan molecular databases developed at the
Department of Energy’s Oak Ridge National Laboratory could put scientists on the

fast track to developing new drug treatments.

Supercomputers could help speed up the drug discovery process by identifying suitable
chemicals (seen as gray spheres) that can dock onto a designated target in the body, such
as a protein (seen as red ribbons). (Credit: Image courtesy of DOE/Oak Ridge National

Laboratory)

A team led by Jerome Baudry of the
University of Tennessee-ORNL Cen-
ter for Molecular Biophysics adapted a
widely used existing software to allow
supercomputers such as ORNL's Jag-
uar to sift through immense molecular
databases and pinpoint chemical com-
pounds as potential drug candidates.

The research was published in the
Journal of Computational Chemistry
as “Task-parallel MPI implementation
of Autodock4 for docking of very large
databases of compounds using High
Performance Super-Computers.”
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"Our research is the missing link be-
tween supercomputers and the huge
data available in molecular databases
like the Human Genome Project,”
Baudry said. “We have an avalanche of
data available to us, and now we need
to translate that data into knowledge.”

Such translation is critical for the first
stages of drug development, in which
researchers look for appropriate chem-
icals that interact with a target in the
body, typically a protein. If the chemi-
cal is suitable, it attaches onto the
protein and produces a desirable effect
in the cell.

But with thousands of known proteins
and millions of chemicals as potential
drugs, the number of possible combi-

nations is astronomical.

"It is very expensive and time-con-
suming to measure these interactions
experimentally,” Baudry said. “But with
supercomputers, we can process mil-
lions of molecules a day.”

The quick and efficient processing of
molecules offers scientists an opportu-
nity to take risks on previously unex-
amined drug candidates, which could
lead to diverse and innovative classes
of drugs.

"Before, we threw away a lot of infor-
mation because molecules did not
have a preferred profile,” Baudry said.

“Now, every molecule can be examined

without worrying about wasting re-
sources.”

The researchers have already started
work to launch the research into real-
ity through a new collaboration sup-
ported by the National Institutes of
Health. The project team plans to put
the computational development to
work on ORNL supercomputers to look
for chemicals that could treat pros-
tate cancer. The research is funded by
a NIH Clinical Translational Science
Award, which was awarded to George-
town and Howard Universities and
includes ORNL, Med/Star Health and
the Washington D.C. Veterans Affairs
Medical Center as key partners.

"Our development work is the com-
putational equivalent of building the
Saturn V rocket,” Baudry said. "Now we
want to fly it to the moon.”

Funding for the initial development
work was provided by ORNL's Labo-
ratory Directed Research and Devel-
opment program. The University of
Tennessee and the Joint UT/ORNL
Genome Sciences and Technology
graduate program also supported the
work. The research team included
Barbara Collignon, Roland Schulz and
Jeremy Smith of the UT-ORNL Center
for Molecular Biophysics. The three
researchers as well as Baudry are also
affiliated with the University of Ten-
nessee's Department of Biochemistry
and Cellular and Molecular Biology.
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Enzyme Catalysis

FASTER PLEASE

Understanding enzyme catalysis is an important part of our work, with two
principal investigators, Hong Guo and Jerry Parks specializing in this field. En-
zymes accelerate chemical reactions that are of critical importance in bioen-
ergy, such as the hydrolysis of cellulose, and subsurface biogeochemistry, such
as mercury detoxification. Although enzymologists can find out much useful
information experimentally, only computer simulation, and, in particular quan-
tum chemistry, can determine complete reaction mechanisms, producing ‘mo-
lecular movies’ of reactions happening with the corresponding energetics.

Hong Guo has a general interest
in understanding the origin of the
high catalytic efficiency and se-
lectivity of enzymes. In addition
to being of fundamental scientific
importance, these studies also
improve the basis for designing
inhibitors, efficient drugs and en-
zyme mimics. He normally studies
several systems at once, includ-
ing recent work on protein lysine
methyltransferases, RNA polymer-
ases, serine-carboxyl peptidases,
chorismate mutase, cytidine deam-
inase, and adenosine deaminase.

He has also participated in DOE
work understanding the mecha-
nism of action of a mercuric reduc-
tase and cellulases.

Jerry Parks came to CMB from the
renowned group of Weitao Yang at
Duke University, and is now spear-
heading research into catalysis in-
volving mercury. Here, he discusses
recent achievements and method-
ological roadblocks facing mixed
quantum mechanical/molecular
mechanical (QM/MM) methods.



Quantum mechanical description of organomerucrial protonolysis. Two cysteine side chains in the active site of
MerB coordinate with methylmercury, weakening the Hg-C bond. An aspartic acid side chain then protonates
the -CH, leaving group, breaking the bond and forming Hg(ll) and methane.

What is the challenge of GM/MM
calculations? Is it the accuracy?
Is it the many possible reactions
that need to be considered?

Parks: The issue is that there's not just
one challenge — there are several. For
example, there's always a trade-off
between accuracy and affordability of
the calculations. A given method needs
to be assessed carefully to make sure
it's accurate enough for the questions
you're trying to address. There are
often many potential reaction path-
ways that need to be considered, and
it is important not to introduce bias
when selecting reaction coordinates.
Describing the electrostatic effects
correctly right can be a challenge, and
achieving converged statistical sam-
pling isn't easy either. The simulations
are not simple. It's really a bit of an

art to do things correctly, and we're
definitely still learning. Also, you don't

always need to use QM/MM calcula-
tions. You can greatly simplify your life
sometimes by just using a QM-only

approach.

What characteristics of mer-
cury catalysis have you learned
from your calculations?

Parks: Using a QM-only active site
model of the enzyme MerB, we learned
how the enzyme breaks mercury-
carbon bonds in methylmercury.
Two cysteine side chains coordinate
very strongly with methylmercury,
which makes the mercury-carbon
bond a bit longer and weaker. Then,
a nearby aspartic acid side chain de-
livers a proton to the carbon atom.
The result is that the enzyme pro-
duces inorganic Hg(II) and methane,
and gets rid of methylmercury.
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Multiscale Methods

SCALING FROM ATOMS UPWARDS

The simultaneous representation

of biological processes at differ-

ent length- and time-scales is a
fervent area of research at present,
and comes from the realization that
coarse-graining of atomistic interac-
tions is necessary to allow the simula-
tion of processes at the cellular, and
eventually organismal level. We are
particularly interested in developing
multiscale concepts that will be able
to be used on petascale and exascale
capability supercomputers. Work

in this area spearheaded by Xiaolin
Cheng has involved finding ways to
treat solvent implicitly, rather than
explicitly, using “treecode” electro-
statics. Cheng, together with gradu-
ate student Xiaohu Hu has developed
an Adaptive Fast Multipole Poisson-
Boltzmann (AFMPB) solver for the
linearized Poisson-Boltzmann (LPB)
equation, achieving an overall order
N complexity for both computational
speed and memory usage. The par-
allel version is still under develop-
ment and will be optimized for run-
ning on DOE leadership computers.

Coarse graining work performed by
postdoctoral fellow Goundla Srinivas
and graduate student Dennis Glass,
in collaboration with the Ames Na-
tional Laboratory in lowa, involves
the development and application of
Boltzmann inversion techniques and
of the “REACH" (Realistic Extension
Algorithm via Covariance Hessian)
methodology developed by Kei Mori-
tsugu of the RIKEN National Laborato-
ry in Tokyo with Jeremy Smith, which
maps results obtained from atomis-
tic MD simulations onto models for
larger-scale, coarse-grained MD.

Applications of CMB multiscale meth-
odology have been directed toward
understanding plant cell-wall decon-
struction. Hydrolysis of cell-wall cel-
lulose is the critical, rate-limiting step
in cellulosic biofuel production. The
physical properties of lignocellulosic
biomass thus derived serve as a basis
for interpreting an array of biophysi-
cal experiments, and, in particular,
the simulation models derived will

be used to calculate and interpret a
variety of neutron-scattering proper-
ties. This combination of simulation
and experiment will eventually lead
to a description of the physicochemi-
cal mechanisms of biomass recalci-
trance to hydrolysis, and thus will aid
in developing a strategy as to how
rationally to overcome the resistance.



Dynamical fingerprints, calculated from discrete states obtained from high-performance simulation, permit

spectra to be calculated that can be directly compared with equivalent experimentally derived quantities.

Dynamical Fingerprints

There is a gap between kinetic experi-
ments and simulations in their views
of the dynamics of complex biomo-
lecular systems. CMB in collaboration
with Frank Noé of the Freie Universitat
Berlin, have presented a theoretical
framework that reconciles these two
approaches. “Dynamical fingerprints”
contain peaks at the time scales of the
dynamical processes that are involved
with amplitudes determined by the

experimental observable. Fingerprints
can be generated from both experi-
mental and simulation data, and their
comparison by matching peaks per-
mits assignment of structural changes
present in the simulation to experi-
mentally observed relaxation process-
es. This approach allows simulations to
add a layer of complexity and realism
to the interpretation of experiments
such as neutron scattering.
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Hydrogen Bond
Networks in Cellulose

A major cause of biomass recalcitrance
to deconstruction is the high structural
ordering of natural cellulose fibrils,
which arises largely from an extensive
hydrogen-bond network between and
within the cellulose polymers. Tongye
Shen, Xiaolin Cheng and Jeremy Smith
have worked with Heinrich Klein, an
undergraduate student at the Univer-
sity of Heidelberg, to derive a lattice-
based model of hydrogen bonding

in cellulose Io. The plasticity of the
hydrogen bond network as evidenced

< non-reducing end

by two competing hydrogen bond
patterns leads to an entropic contribu-
tion stabilizing the crystalline fibril at
intermediate temperatures. At these
temperatures, an enhanced probability
of hydrogen bonding causes increased
resistance of the entire fibril to decon-
struction, before the final disassembly
temperature is reached. The results
thus provide a microscopic explana-
tion for the physical origin of recalci-
trance arising from the frustration of
the hydrogen bond network.

-1...
OH

reducing end >

An illustration of the sheet structure of cellulose la and the hydrogen bond network.



Coarse-Graining Cellulose

A systematic method has been de-
veloped by postdoctoral researcher
Goundla Srinivas for generating and
representing both crystalline and
amorphous cellulose states. The devel-
oped CG models allow the exploration
of cellulose fibril structures for length-
and time-scales beyond the reach of
atomistic simulations. Srinivas has
also been developing a CG force-field
for cellulose fibrils in explicit water.

fully crystalline fibril

fully amorphous fibril

(0.5) (0.39) (0.3) (0.2) (0.0)

Transition of cellulose fibril from crystalline to amorphous structures.

Poplar: a potential biofuel feedstock investigated at ORNL.
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How does a Physicist Survive
in a Biology Department?

Tongye Shen is an Assistant Professor
in the UT Department of Biochemistry,
Cellular and Molecular Biology. How-
ever, he looks at biological phenom-
ena from a very physical standpoint,
and his training differs substantially
from that of most other faculty in the
department.

How does a physicist survive in
a biology department?

Shen: That is a tough question, and

I am still figuring it out. You need so
many things to be just right, such as
luck and curiosity, and to ask the cor-
rect type of question that a physicist
can answer. Physics always focuses on
pure, ideal, and neat problems, while
biological systems are much more
complex. You can ask a lot of questions
in biology and get a thousand differ-
ent answers, but you don't know which
one is correct.

How does one overcome the in-
evitable communications prob-
lems that must exist between
biologists and physicists?

Shen: I don't see this as a huge prob-
lem. You just have to be open-minded,
patient, and find common ground by
using simple terms to explain what
you mean. It is very rewarding to learn
from for researchers from other fields
and everybody is intrinsically curious.

Many experts think that the
most innovative research is that
which crosses disciplines. Why
do you think this is so?

Shen: Not sure. But, assuming that
each field has 10 good and trendy ideas,
three fields may have 20 good ideas. If
you cross several fields, you may be fa-
miliar with a lot more ideas than if you
only know what is going on in your
field alone. And of course 20 ideas can
be a lot better than 10 ideas in solving a
particular problem.

Tell us about your research on
cellulose.

Shen: We are currently focused on
understanding the structural stability
of different phases of cellulose. I am
surprised that not a lot more physical
science researchers study this — it is
really a very interesting problem. Just
like ice having multiple phases due to
extensive hydrogen bonding possibili-
ties, polysaccharides also have a lot of
bonding opportunities intramolecu-



larly and with their neighbors. Cellu-
lose has many polymorphs as a result.
To figure out how cellulose can trans-
form from one form to another is very
interesting. Postdoctoral researcher
Xianghong “Hanna" Qi, a physicist and
self-proclaimed expert on everything
(Editorial note: said with a big grin),
uses statistical physics to study this
problem. We also examine the stochas-
tic dynamics of the cellulose degrada-