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Thank you organizers!

1.# Biomolecular simulations - overview!

2.# Biomedical applications – antibiotics!

3.# Bioenergy applications – cellulosic ethanol!

Outline!

Overview of biomolecular simulation!

Typically exert largest demand on CPU resources – 108-1011 time steps, 

105-107 atoms, 1000-10,000 cores for 6-18 months per project. 

•# Sequence analysis / bioinformatics!

•# Systems biology – coupled ODEs.!

•# Quantum calculations – reaction mechanism!

•# Molecular dynamics with electrostatics – 

molecular machines and binding!

Computational biology!
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Bonds!

Angles!

Torsional !

Angles!

Van der Waals!

Electrostatic!

For each atom, solve F
i
 = mi ai

, 

where F
i
 = - 'U, !

repeat 107-1010 times!

Validation: Garcia and Sanbonmatsu, PNAS 2002 

Molecular Dynamics 

Simulation 

ALEXA 488 

Biomolecular time scales span > 15 orders of magnitude!
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7 more orders of magnitude needed for in silico drug design!
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Simulation size follows ~ quasi-Moore$s law!
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•# X = largest simulation at time of publication 

•# RIBO simulation is largest biomolecular simulation published to date 
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DOPC 
(Tieleman) 
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Doubling every 24 mo. 

Doubling every 36 mo. 

Sanbonmatsu & Tung, J. Phys. (2006); Sanbonmatsu & Tung, J.Str.Biol. (2006) 

Biomedical applications: antibiotics!

Antibiotics: MRSA (methicillin-resistant staph) 
colonizes 5% of all US hospital patients!

protein 

ribosome!

mRNA 

DNA 

antibiotic 

Anthrax or  
MRSA 
Bacteria 

4 major antibiotic targets: !

DNA gyrase    RNA polymerase   Ribosome    Cell wall!

MRSA is topic of today$s Oprah Winfrey show!

50% of antibiotics target the Ribosome 

Antibiotics fight anthrax, MRSA, plague 

Ribosome is like the CPU of the cell: 

it reads genetic information and makes proteins 

mRNA 
A P E 

T 

A/T State P/P State 

Rodnina & Wintermeyer 

mRNA 
A P E 

T 

A/A State P/P State 

Rate-limiting step of decoding is movement of tRNA into ribosome 

initial 

final 

•# Use targeted MD 

•# Simulate rare barrier-crossing 

 events, not rates! 

•# Lagrange-multiplier constraint 

 on RMSD to target 

•# Decrease RMSD as fnct. of time 

•# Satisfies experimental BCs. 

•# Make testable predictions of 

 tRNA-rRNA interactions 
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Available data on accommodation!
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Simulation Set-up: accommodation!

•# Explicit Solvent 

•# Particle-mesh Ewald electrostatics 

•# NAMD scalable MD code 

•# AMBER force field 

•# 1.6 ns equilibration time 

•# 22 ns production (new runs 500 ns) 

•# 2.64 x 106 atoms 

•# Outstanding dynamic load balancing 

Explicit solvent accommodation simulations: !

Water and ions (0.1 M KCl; 7mM MgCl2)  not shown. 

Sanbonmatsu, et al., PNAS (2005) 102, 15854-9.. 

Replica method produces enhanced sampling 
(Sugita and Okamoto, 1999; Garcia and Sanbonmatsu PNAS 2002)  

P(exchange)  =  exp  -
kBTi

1

kBTj

1
Ei  - Ej

•# N replicas are simulated in parallel at different temperatures 

•# Replicas are allowed to swap temperatures providing thermal ‘kick’ 

•# A 48 replica simulation with 15 µs total sampling (312 ns/replica) 

  samples more than a 15 µs standard MD simulation (Sanbonmatsu and Garcia PSFG 2002). 

•# Estimates range between 25-75 fold increase in sampling 
  (conservative estimate: 15 µs total sampling ~ 0.375 ms effective sampling).  

Bioenergy applications: cellulosic ethanol!
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Bioenergy!

•# Idea: produce ethanol from simple sugars via 
fermentation.!
•# Sugar-cane ethanol: requires tropical climate, 
fertile soil!
•# Corn-based ethanol: use enzyme to convert 
starch to sugar. Not sufficient, increases food 
prices.!
•# Cellulosic ethanol: recycles agricultural waste; 
can use sawdust, woodchips, switchgrass (grown 
on wastelands).!
•# Cellulosic ethanol: potential to satisfy 30% of 
transportation fuel demand. !

Cellulose degradation is a bottleneck !

in ethanol production!

Ethanol production:!
1. Pre-treatment!
2. Cellulose degradation by !

!cellulase enzymes!
3. Fermentation!

Cellulose !
•# Resides in plant cell walls!
•# Extremely tough, resisting treatment by acid and 
steam explosion.!
•# Exists in the form of 2-D crystalline sheets. !

Plant cell!

Cell Wall! Microfibrils!

Crystalline!
cellulose!

Cellulose!
polymer!

Cellulose!

•# Cellulose exists in the form of 
stacked layers of two-dimension 
crystalline sheets. !
•# Each sheet consists of long 
polysaccharide chains 
connected in a lattice by 
hydrogen bonds . !
•# A pre-treatment step is 
necessary to make the cellulose 
susceptible to breakdown by 
the cellulosome.  

The Cellulosome!

•# Bacteria have evolved extremely 
efficient ways of degrading 
cellulose.!
•# The "Cellulosome" is a molecular 
machine that degrades cellulose.!
•# Acts like molecular paper 
shredder.!
•# "Pac-men" subunits degrade single 
strands of cellulose.!
•# The mechanism is poorly 
understood.!
•# Idea: make designer cellulosomes 
with customized subunits.!

Hammel et al 2005 

Bayer et al 1998 

FIG. 2. Ultrastructure of the C. thermocellum cell surface. (A)Diagrammatic representation of a typical cell bound to cellulose. The cell
is intermittently covered with polycellulosomal protuberance-like organelles, some of which are in the resting state while others have
protracted upon binding to the substrate. (B) Transmission electron micrograph of a cell in the free state, prior to contact with cellulose.
The cell was stained with cellulosome-specific antibody. (C) A high-resolution magnification of a quiescent cellulosome-specific
antibody-labeled polycellulosomal protuberance. Note the label on the outer surface of the protuberances. (D) Schematic interpretation of
the cell surface shown in C. (E) A rotary-shadowed, transmission electron micrograph of a cell envelope fragment of C. thermocellum
(courtesy of P. Béguin, reprinted from Lemaire, et al., 1998, with permission). (F) Transmission electron micrograph of a cellulose-bound
cell, stained with cellulosome-specific antibody. Upon binding to the substrate, the polycellulosomal organelle has unfurled. (G) A
high-resolution magnification of a protracted, antibody-labeled polycellulosomal protuberance. The cellulosome-specific label is mainly
associated with the cellulose surface and connected to the cell via extended fibrous material. Compare with micrograph in C. (H) Schematic
interpretation of the cellulose-bound cell surface shown in G. (I) Transmission electron micrograph of negatively stained, purified
cellulosomes in the absence of cellulose. Note multicomponent nature of the cellulosomes. (J) Similar micrograph of cellulosome bound to
fibers of bacterial microcrystalline cellulose (courtesy of Ely Morag). Bars in B, C, E–G, 100 nm; in I and J, 50 nm.

230 BAYER ET AL.

on this observation, we can also speculate that the scaffoldin linker of
Fc-S4-Ft may attain such compact conformational states.

DISCUSSION

In the present study we have identified specific regions in intact arti-
ficial cellulosome-like assemblies that exhibit extensive structural flex-
ibility. The observed structural flexibility of the intermodular linker
segments of the scaffoldin subunit contrasts sharply with the previously
described compacted character of the cellulase-containing linker upon
binding of its dockerin module to a cohesin (8).

The combination of small angle scattering studies with the known
atomic structures of the isolated modules, together with molecular
dynamics calculations, allowed us to determine the structural features
of intact chimeric cellulosome-like assemblies. The results demonstrate
that a chimericminiscaffoldin, either in the free state or in complexwith
two full-length enzymes, can adopt numerous conformations. Using
this strategy, it was possible to overcome the intrinsic limitation of
SAXS data to providing information at low resolution. Indeed, x-ray
scattering patterns of particles in solution reflect the average of all con-
formations present in the irradiated volume (23, 25, 26). Using molec-
ular dynamics, the present work shows that the best results are obtained
when fitting the experimental data with an average of several best fitting
structures in different conformational states. This is consistent with
models in which the complexes are very flexible. By taking into account
their intrinsic flexibility it was therefore possible not only to determine
the average overall shape of the minicellulosomes but also to propose
plausible atomic resolution conformations they may adopt.

The atomic models generated by our strategy for the free scaffoldin
S4, as well as for binary (Fc-S4) and ternary complexes (Fc-S4-Ft and
Fc-S4-At), revealed that the linker of the scaffoldin is highly flexible,
leading to a variety of conformations with little or no inter-cohesin
interactions. Structural flexibility of cellulosomes has previously been
shown by electronmicroscopy studies performed on native cellulosome
preparations fromClostridium papyrosolvens (27) andC. thermocellum
(28). Analysis of individual cellulosome particles revealed significant
structural diversity among the complexes that displayed a relatively
large number of shapes ranging from aggregated, globular forms to
elongated, fibrillar ones, thus suggesting extensive intrinsic flexibility.
The results reported in our previous study indicated that this structural
flexibility is not a function of the intermodular linkers of the catalytic
subunits (8), while the results of the present study reveal that the flexi-
bility is mainly generated by the scaffoldin-borne linkers.

Interestingly, the linkers of the scaffoldinCipC fromC. cellulolyticum
are, on average, much shorter than those of CipA fromC. thermocellum
(!10 residues in the former versus up to 50 in the latter) (29). This
implies that the conformational flexibility of the cellulosomes may be
more extensive in C. thermocellum. Furthermore, scaffoldin CipA also
exhibits a “type II” dockerin that interacts with “type II” cohesins found
in outer layer cellulosome-anchoring proteins (30). Thus, in the pres-
ence of substrate, the cellulosomes bind both to the cellulose (via the
CBM of CipA) and to the cells (attachment to the outer layer proteins
via the type II dockerin of CipA). In this manner, the cells bind to the
cellulose substrate (31). Similar docking systems of cellulosomes to the
cell surface have been observed for the scaffoldins produced by Rumi-
nococcus flavefaciens and Acetivibrio cellulolyticus, which also display
rather long inter-cohesin linkers (up to 550 residues) (32, 33). This type
of specific anchoring device of cellulosomes to the surface of the bacte-
riumhas not been found inC. cellulolyticum,Clostridium cellulovorans,
or Clostridium josui, the scaffoldins of which all harbor relatively short
inter-cohesin linkers. In this context, the longer scaffoldin linkers that

allow an extended conformation may be required for optimal function-
ing of cellulolytic complexes that remain attached to the cells, such as
those produced by C. thermocellum. In the chimeric S4 miniscaffoldin,
the relatively long linker comprises both the inter-cohesin linker from
C. thermocellum CipA (39 residues) and that from C. cellulolyticum
CipC (10 residues). Indeed, the binding of cellulase pairs onto S4 served
to enhance the activity on cellulose, showing that additional flexibility of
the minicellulosome may favor an elevated level of enzymatic coopera-
tion within the complex (5). To examine the impact of the length of the
inter-cohesin linkers on enzyme cooperativity, future studies will be
performed on new S4-derived scaffoldins, designed to contain linkers of
various lengths.

A relationship between the intrinsic flexibility of cellulosomes and
their catalytic efficiency has recently been proposed (34), but to our
knowledge, the results reported here are the first to shed light on the
molecular mechanisms of enhanced synergistic activity. Based on these
studies, we propose a functional model of cellulosome action, shown
schematically in Fig. 4. Following the initial CBM-mediated binding of
the cellulosome to the cellulose component of the plant cell wall, the
scaffoldin linkers connecting the various cohesin modules undergo
large scale rearrangement. The respective positions of the enzymes in
the complex are thus modified according to global geometric require-
ments of the substrate, and cooperation among the different celluloso-
mal enzymes is thereby optimized. In this context, some cellulosomal
enzymes, such as Cel9G of C. cellulolyticum, were found to bear a type
of CBM that, unlike the powerful family 3a CBMs of the scaffoldins,
displays weaker butmeasurable affinity for cellulose and other plant cell
wall polysaccharides (35). In this particular case, their weak binding to
cellulose could serve to maintain an extended conformation of the
whole complex in the presence of substrate. The residual flexibility
observed for the enzyme-based linker would then reflect only small
scale motion required for precise positioning of the respective enzymes

FIGURE 4. Schematic representation depicting a functional model of a cellulosome
and the interaction of its component parts with the cellulose substrate. The scaffol-
din subunit (based on the scaffoldin from C. cellulolyticum) and its complement of
enzymes is bound to the cellulose component of the plant cell wall by virtue of the
potent family 3a CBM. In the presence of cellulose, the inter-cohesin modules of the
scaffoldin undergo large scale motion to adjust the respective positions of the com-
plexed catalytic subunits according to the topography of the substrate. In this context,
some cellulosomal enzyme subunits include a CBM that mediates a relatively weak inter-
action with the substrate. The names of the cellulosomal modules are given below the
illustration.

Structural Basis of Cellulosome Efficiency

NOVEMBER 18, 2005 • VOLUME 280 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 38567
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Simulation Set-up!

•# Simulate movement of cellulose strand 

through cellulosome subunits !

•# Steered MD (restrain end of cellulose chain, 

apply force on c-o-m of subunits.!

•# Particle-mesh Ewald electrostatics!

•# GROMACS code!

•# AMBER force field!

Cellulosome model!

Cellulase 

Enzyme 

subunits 

dockerin 

cohesin 

cellulose 
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Los Alamos RoadRunner !

•# New “Hybrid” architecture based on SONY PlayStation 3 “Cell” chip!

•# Cell has 7 cores (1 PPU, 6 SPUs) - 200 Gflops per cell!

•# >2x faster than BG/L LLNL!

•# 12,960 cells, 6,948 dual-core AMD, 80 terabytes RAM (2cell,2 dual amd/node). 

•# Gromacs modified: IBM DaCS libraries for 

nonbonded calculations on the cell processors.  !

•# Other modifications: launching the cell 

processes, aligned memory buffers, demand DMA 

transfers, and the port of the water-water 

nonbonded kernel on the cell broadband 

accelerator.  !

Porting to RoadRunner!

Initial conditions! Initial conditions!

Initial conditions! Early times!
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Late times! Trajectory!

Conclusions!

•# Biomolecular simulations require time scale range of 15 orders of magnitude!

•# Simulations of ribosome uncover potential antibiotic targets!

•# Simulating movement of cellulosome through cellulose during degradation.!

kys@lanl.gov    www.t10.lanl.gov/kys 
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