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BackgroundBackground

Microorganisms represent a significant portion of 
living matter on earth and play a key role in 
geochemical processes. 

Several species of bacteria have been found living 
in heavily contaminated areas including mine 
drains and beneath the waste tanks in the 
Hanford site.

Microorganisms are able to bio-mineralize high 
levels of metals, including radioactive 
contaminant metals such as uranium into their 
cell wall. 

Consequently, these microbial systems are of great 
interest as the basis for potential environmental 
bioremediation technologies.
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Role Microbes in the EnvironmentRole Microbes in the Environment

lipopolysaccharide

outer membrane

periplasmic gel

cytoplasmic membrane

Pseudomonas aeruginosa: Cu, Fe, Au, La, Eu, U, Yb, Al, Ca, Na, K
Shewanella putrefaciens: Fe, S, Mn
Shewanella alga: Fe, Cr, Co, Mn, U
Shewanella amazonensis: Fe, Mn, S
Shewanella oneidensis MR1 External reduction involving OM cytochromes

Uptake of metal ions, including 
environmentally recalcitrant 
metals
Adhesion to mineral surfaces
Reduction and mineralization of 
ions at the microbial surface

Microbes in the sub-surface mediate a number of important 
environmental, geochemical processes. Among these are Gram 
negative bacteria.
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Gram Negative Bacterial Cell WallsGram Negative Bacterial Cell Walls



5
Scientific Impacts and Opportunities in Computing, Maui, HI January 9-12, 2008 

LipopolysaccharidesLipopolysaccharidesLipopolysaccharides

Two types of O-specific chain:

A: common, neutral [Rha-Rha-Rha]<20

B: strain-specific, often charged 
e.g. PAO1 [Man-Man-NAc-Fuc]30-50

hydrophobicities: A+B- > A-B- > A+B+ > A-B+
surface charge:    A-B- > A+B- > A-B+ > A+B+

surface adhesion: LPS B+: adhesion to glass
LPS B-: adhesion to polystyrene

uptake Cu2+: A+B- > A-B- = A+B+ = A-B+
Fe3+: A-B+ > A+B+ > A+B- = A-B-
Au3+: A-B+ = A+B- > A-B- > A+B+
La3+: A+B- >> A-B+ > A+B+ = A-B-

[Langley & Beveridge, Appl.Envir.Microbiology 65, 489-498 (1999)]

NAG1 NAG2 PP

KDO1 KDO2

HEP1

HEP2

P
P

P

CONH2

GALL-ALA

GLC*

GLC1

GLC2

GLC3

RHA

RHA

FUC

MAN

MAN

n

Li
pi

d 
A

C
or

e 
LP

S
O

 c
ha

in



6
Scientific Impacts and Opportunities in Computing, Maui, HI January 9-12, 2008 

Distribution of functional groups and water in the 
outer membrane of P. aeruginosa. These results 
are used for thermodynamic modeling of ion 
adsorption in microbial membranes.

1. Design of Rough LPS Molecular Model
2. Determination of Electrostatic Model

Area per headgroup
LPS(DPPE) : 0.43 nm2 (298 K)

DPPE: 0.41 nm2 (293 K) [1]

[1] Thurmond et al., Biophys. J. 59: 108-113 (1991)

Lipopolysaccharide MembranesLipopolysaccharide Membranes
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Average Potential Across Membrane
Calc.: -106 mV
Exp.: -85 mV[1]

-100 mV[2]

[1]Seydel et al., 1992 Zeit. Naturf. 47C: 757-761 
[2]Wiese et al., 1994 BBA 1190:231-242.

Lins RD, Straatsma TP, Biophys. J., 81: 1037-1046, 2001.

Electrostatic Membrane PotentialElectrostatic Membrane PotentialElectrostatic Membrane Potential
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Outer Core Inner Core

Characterization of Phosphate LayersCharacterization of Phosphate Layers

Ionic interactions involving phosphates result in specific clustering

Pseudomonas aeruginosa
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time

PMF

Monatomic ions and the water molecule: Each window consisted of 
10 ps equilibration and 35 ps sampling.

Fully flexible three-atom UO2
2+: Each window consisted of 20 ps

equilibration and 50 ps sampling. 

Number of windows varied between 65 and 71: Each window 
corresponded to ~0.05 nm along the transmembrane normal.

PMF force constant: 100 kJ·mol-1nm-2.

Thermodynamics of Ion AdsorptionThermodynamics of Ion Adsorption
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Uptake of negatively charged species, such as chlorine, by the 

membrane is found to be an unfavorable process

Uranyl uptake is favorable, but the ion lays partly solvated onto the 

membrane surface.
At pH=7 uranyl is “trapped” in the LPS carboxyl group layer.

bulk 
water LPS

Thermodynamics of Ion AdsorptionThermodynamics of Ion Adsorption
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Water LPS

Coordination during UO2 
2+ AdsorptionCoordination during UO2
2+ Adsorption
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LPS transmembrane potential Rough LPS: -106 mV
UO22+ @ 1.0 nm: -60 mV
UO22+ @ -0.3 nm: -90 mV

Lins RD, Vorpagel ER, et al. GCA, 2007, submitted..

Electrostatics of Ion AdsorptionElectrostatics of Ion Adsorption
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Electrostatics of Ion AdsorptionElectrostatics of Ion Adsorption
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Binding mechanism changes with pH
Basic pH – membrane cross-linked
difficult for uranyl to penetrate

Acidic pH – groups protonated creating 
channels and exposed phosphate groups for 
uranyl binding

pH-Dependence of Membrane pHpH--Dependence of Membrane Dependence of Membrane 
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Area per headgroup

Order parameters

Headgroup correlation

Low lateral diffusion in LPS membranes:
• Long time simulations
• Free energies from ensembles

Convergence of Membrane Simulations  Convergence of Membrane Simulations  Convergence of Membrane Simulations  

T. A. Soares and T. P. Straatsma, “Assessment of the 
convergence of simulations of lipopolysaccharide membranes”, 
Molecular Simulation, in print (2008).
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Methodological ChallengesMethodological ChallengesMethodological Challenges

Structure Determination
Membrane proteins, experimentally intractable
Membrane structure, amorphous

Docking, Complexation, Assembly
Complex dynamics

Recognition dynamics

Activity and specificity
Activity and specificity in complex environments

Comparative analysis
Environmental differences, T, p, pH, I 
Evolutionary differences
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Technical ChallengesTechnical ChallengesTechnical Challenges

Time
Size

Complexity

pair-wise + cutoff

Ewald, PME, PPPM, FM

QM/MM

polarization

ps
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Accuracy of the interaction models 
Polarizability

QM for bond making/breaking

QM for metal ions

Electron and proton transfer

Interface bio and geo

Systems at relevant size
Initial structure

Appropriate environment

Simulation for relevant times
Challenging to parallelize
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• Longe range corrections: Ewald, PME, FM
• Polarization

( )  explnln rr d
Tk

UkTQkTA
B

∫ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−==

( )( )
XXY

UUkTA β−−−=Δ exp

∫∫ ∂
∂

=
∂

∂
==−==Δ

1

0

1

0

)()()0()1( λ
λ
λλ

λ
λλλ dUdAAAA

Thermodynamic Properties

Thermodynamic Perturbation

Thermodynamic Integration

Problem: Molecular mechanics can’t break bonds 
Enzymes are too big to study quantum mechanically

QM/MM is one technique to combine these
QM/MM challenges:

Definition of the border
Coupling of the two regions

“For every problem there is a solution
which is simple, obvious, and wrong”

ENERGY
GRADIENT
OPTIMIZE

DYNAMICS
THERMODYNAMICS

QMD
QM/MM

ET
QHOP

INPUT
PROPERTY
PREPARE
ANALYZE

ESP
VIB

Classical Force Field
DFT

SCF: RHF UHF ROHF
MP2: RHF UHF
MP3: RHF UHF
MP4: RHF UHF

RI-MP2
CCSD(T): RHF
CASSCF/GVB

MCSCF
MR-CI-PT

CI: Columbus Full Selected

Integral API
Geometry
Basis Sets

PEigS
pFFT

LAPACK
BLAS

MA
Global Arrays

ecce
ChemIO

NWCHEM

Classical MD SimulationsClassical MD Simulations
Classical Force Field
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Large Scale MD ApplicationsLarge Scale MD Applications

Large Complex System Simulations

Optimize intranode processor data access
Improved decomposition schemes

Optimize internode communication
Data prefetching to hide latency

Smart load balancing technologies

Multiple Instance Simulations

Thermodynamic integration and perturbation
Replica exchange
Parallel tempering

Multiple Trajectory Simulations

Large Scale Libraries of Small/Medium System Simulations
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