
Most living systems—a sin-
gle cell, an organ, a com-
plete animal or a human

being—are surrounded by and filled
with fluids, such as air, water, and
blood, for example. Physicians and
biologists are becoming increasingly
cognizant of the fact that living sys-
tems interact with and respond to
stimuli imposed by ambient fluid
flow. There is mounting evidence,
for instance, that complex blood
flow patterns in the cardiovascular

system can trigger biochemical re-
sponses at the cellular level that
could lead to the onset of diseases,
such us, for example, atherosclero-
sis, aortic heart valve disease, or
aneurysm rupture. In an entirely
different setting, turbulence in rivers
and streams can have a profound
impact on the diversity and abun-
dance of organisms and the quality
of running waters. Turbulent eddies
comparable to the size of fish, for
example, can impact swimming

ability and energy consumption and
thus determine the survival of fish
species and the selection and quality
of their habitats.   

The study of biological flow
problems can greatly benefit from
the development and application of
advanced computational fluid dy-
namics (CFD) techniques, which
can be used to elucidate complex
flow phenomena to a depth that is
simply not attainable with experi-
ments alone. Such flows, however,
pose a grand challenge to even the
most advanced numerical tech-
niques available today. They are in-
herently multi-scale, occur over a
broad range of Reynolds numbers
(the ratio of inertial forces to vis-
cous forces in a fluid flow) and flow
regimes, and involve arbitrarily
complex, flexible immersed bound-
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Figure 1. The CURVIB method. Left: A complex immersed boundary (e.g. a
bileaflet heart valve and its housing) is discretized with an unstructured mesh and
embedded in a background domain (e.g. a model aorta lumen) discretized with a
curvilinear boundary fitted mesh. Right: The immersed boundary is treated as a
sharp interface using interpolation along the local normal direction to reconstruct
boundary conditions at grid nodes in the vicinity of the boundary.
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aries, and fluid/structure interaction
(FSI). The Computational Hydro-
dynamics and Biofluids (CHB)
group at the St. Anthony Falls Lab-
oratory (SAFL), led by Professor
Fotis Sotiropoulos, Department of
Civil Engineering and Supercom-
puting Institute Fellow, is develop-
ing computational techniques that
can handle many of these complexi-
ties at the spatial and temporal reso-
lution required for elucidating the
link between fluid mechanics and
biology. The work discussed below
is part of the graduate research of
Professor Sotiropoulos’s student,
Iman Borazjani. Former group
member Dr. Liang Ge has also con-
tributed.

The first major numerical chal-
lenge that needs to be overcome is
the development of techniques for
solving the Navier-Stokes equations
in arbitrarily complex domains con-

taining arbitrarily complex moving
boundaries that interact with the
flow—say, the leaflets of a heart
valve embedded in the human aorta
or a number of fish swimming
around boulders in a natural stream.
The CHB group has developed a
powerful method for handling com-
plex FSI problems that integrates
boundary-fitted curvilinear grids
with sharp-interface immersed
boundary methods. The ambient
flow domain, such as the aorta or a
natural stream, is discretized using
either a single domain or a set of ar-
bitrarily overlapping sub-domains
(overset or Chimera grids) each of
which is discretized with an appro-
priate set of boundary-conforming,
generalized curvilinear coordinates.
Within the resulting curvilinear do-
main, moving immersed boundaries
are treated as sharp-interfaces be-
tween the solid and fluid phases and

their impact on the surrounding
nodes of the ambient mesh is ac-
counted for by numerically recon-
structing boundary conditions at
grid nodes in the immediate vicinity
of the interface (Figure 1). The re-
construction method employs quad-
ratic interpolation along the local
normal to the immersed boundary
(Journal of Computational Physics,
207(2):457–492, 2005). The
method is second-order accurate for
complex moving boundaries and
has been dubbed as the Curvilinear
Immersed Boundary (CURVIB)
method (Journal of Computational
Physics, 225(2):1782–1809, 2007).
FSI is accounted for by an efficient
strong-coupling iteration algorithm
coupled with dynamic under-relax-
ation for enhancing stability, robust-
ness, and efficiency of the FSI itera-
tions. The CURVIB method em-
ploys a powerful fractional-step

Figure 2. Numerical simulation of fluid structure interaction in a bileaflet heart valve implanted in an anatomic aorta recon-
structed from MRI. The figure shows out-of-plane instantaneous vorticity contours at a plane cutting though the two leaflets.
Left: Early systolic phase when the valve begins to open. Center: Middle of the accelerating phase after the valve has opened fully.
Right: Early diastolic phase as the valve begins to close.



method for solving the unsteady
Navier-Stokes equation on fine
computational meshes. The method
employs a generalized Minimal
Residual Solver (GMRES) with
multi-grid preconditioning for solv-
ing the pressure equation along with
a Jacobian-free Newton-Krylov
solver for the momentum equations
(Journal of Computational Physics,
225(2):1782–1809, 2007). The re-
sulting flow solver is efficiently par-
allelized using MPI and can take
full advantage of the massively par-
allel computational resources avail-
able at SAFL and the Supercomput-
ing Institute. The CURVIB method
has already been applied to simulate
a number of complex biofluid prob-
lems and yielded novel insights into
their physics. Two examples from
recent applications of the method
are given below.

The hemodynamics of me-

chanical heart valves

Every year about 170,000 pa-
tients worldwide receive mechanical
heart valve (MHV) implantation.
All current designs of MHVs, how-
ever, are far from ideal as they are
prone to major complications, such
as thrombosis, embolization, and
hemolysis. The exact mechanisms
leading to these complications are
yet to be fully understood but are
strongly believed to be associated
with the valve-induced non-physio-
logical hemodynamics, such as ele-
vated shear stress, flow recirculation,
turbulence, and other factors. Figure
2 shows results from the application
of the CURVIB method to carry
out the first FSI direct numerical
simulation in a human (albeit rigid)
aorta reconstructed from MRI with
an implanted bileaflet mechanical
heart valve at physiologic condi-
tions. The empty aorta is discretized

with a curvilinear grid with 10 mil-
lion grid nodes and the cardiac cycle
is divided into 1,300 time steps.
Pulsatile flow simulations are carried
out for a physiologic flow wave
form prescribed at the inlet of the
domain and the peak systole
Reynolds number is set equal to
6,000. The simulations provided the

first-ever insights into the complex
flow environment blood cells expe-
rience as they are forced by the con-
tracting and expanding ventricle
into the aortic lumen. During early
systole the flow is complex and
three-dimensional, but remains lam-
inar and organized. As the peak sys-
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Figure 3. Validation of the CURVIB FSI method for the same valve shown in Figure
2 implanted in the straight axisymmetric aorta (see Figure 1) used in the laboratory
experiment. Top: Computed (left) and measured (right) instantaneous out-of-plane
vorticity contours at the middle of the accelerating phase. Bottom: Calculated (line)
and measured (symbol) leaflet kinematics throughout one cardiac cycle. The experi-
mental data are from Dasi et al., Physics of Fluids, 19(6):067105 (2007).



tolic flow rate is approached, how-
ever, the flow breaks down almost
instantaneously into a rich, turbu-
lent-like state dominated by small-
scale eddies. The flow never lami-
narizes as it was previously thought
but decays slowly until the next car-
diac pulse washes away the leftover
turbulence. Lagrangian particle
tracking simulations have shown for
the first time that this complex flow
environment could trap blood cells
into the aortic sinuses for several
cardiac cycles, thus increasing the
likelihood for exposing them to
harmful levels of shear stress that
could lead to hemolysis and throm-
bus formation. 

To demonstrate the ability of the
numerical method to accurately
simulate the complex valve hemody-

namics, Figure 3 compares calculat-
ed instantaneous vorticity fields
with high resolution in vitro labora-
tory measurements obtained using
particle image velocimetry in a
straight axisymmetric aorta model
(Dasi et al., Physics of Fluids, 19(6):
067105 (2007)). This figure also
compares the measured and com-
puted kinematics of the valve
leaflets to gauge the accuracy of the
FSI algorithm. As seen for both the
flow patterns and leaflet motion,
the simulations are in excellent
qualitative and quantitative agree-
ment with the experimental meas-
urements. It is important to point
out that even for the straight ax-
isymmetric aorta model the flow en-
vironment is extremely complex and
highly three-dimensional. This is

clearly shown in Figure 4, which de-
picts instantaneous coherent vortical
structures at three instants during
the cardiac cycle.

These results underscore the po-
tential of the method as a powerful
computational tool for patient-spe-
cific optimization of prosthetic
heart valves and other biomedical
devices in a virtual surgery environ-
ment. To move in this direction, the
Sotiropoulos group is currently ex-
tending the CURVIB method to in-
tegrate it with MRI imaging in
order to simulate FSI in a mechani-
cal heart valve implanted in a pa-
tient-specific compliant aorta with a
complete anatomic model of the left
ventricle. 
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Figure 4. Instantaneous coherent vortical structures in a bileaflet heart valve implanted in the axisymmetric aorta. Coherent struc-
tures are visualized with the q-criterion. Inset in each figure marks the corresponding instant during the cardiac cycle.
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The hydrodynamics of

carangiform swimming

The majority of fishes use
body/caudal fin (BCF) undulations
for propulsion. Carangiform swim-
ming is one of the modes of BCF
propulsion used by many fishes,
such as mackerel and tuna, and ma-
rine mammals such as dolphins, in
which the large amplitude of the
undulations is mostly restricted to
the one half or even one-third pos-
terior part of the body and increases
sharply in the caudal area. The two
most important hydrodynamic pa-
rameters governing fish swimming
are: 1) the Reynolds number, Re =
UL/ν (where U is the swimming
speed, L is the fish body length, and
ν is the viscosity of water); and 2)
the Strouhal number St = fA/U
(where f and A are the frequency
and amplitude of the caudal fin mo-
tion, respectively).

Experiments have demonstrated
that by undulating their bodies,
fishes produce a train of wake vor-
tices (the so-called reverse Karman
street) whose sense of rotation is
such that the wake flow is directed
away from the body (see Figure 5),
causing a propulsive thrust-like re-

action force. This force counteracts
the hydrodynamic drag force caused
by pressure and viscous stresses on
the body and propels the fish for-
ward. Carangiform swimmers em-
ploy the reverse Karman street
mechanism to swim at high
Reynolds number, Re>104, and
within a certain range of Strouhal
numbers (0.2<St<0.3). Experiments
with flapping hydrofoils have shown
that this is the range of Strouhal
numbers within which propulsive
efficiency is optimized, which led to
the hypothesis that fishes have
evolved to select the St at which
they swim in order to optimize
propulsive efficiency. Field observa-
tions have shown, however, that
when carangiform swimmers swim
at lower speeds (i.e. lower Re) they
tend to undulate their bodies at
much higher Strouhal numbers,
which are well outside the range for
optimal swimming efficiency. Such
observations led biologists to specu-
late that for unknown reasons fishes
may choose to swim inefficiently at
low speeds (Tytell and Lauder, Jour-
nal of Experimental Biology, 207:
1825, 2004). 

To elucidate the hydrodynamics

of carangiform swimming, the re-
searchers constructed a virtual
swimmer whose body is closely
modeled after that of a mackerel
and employed it to perform con-
trolled numerical experiments by
systematically varying the parame-
ters governing aquatic swimming
(Re and St) while keeping the swim-
ming kinematics fixed. The key
finding of these simulations is that
the St at which constant-speed in-
line swimming is possible (i.e. when
mean drag force exactly cancels the
mean thrust force on the body) is a
decreasing function of the Reynolds
number approaching the range at
which most carangiform swimmers
swim in nature (0.2<St<0.3), only
at very high Reynolds numbers.
This finding explains the previously
discussed variation of swimming
speed with Strouhal number ob-
served in nature. It further points to
the conclusion that high-speed
carangiform swimmers may not
choose to swim at a certain range of
St because of efficiency considera-
tions but simply because there is a
unique St at which they can cruise
at the desired constant velocity. The

Figure 5. Thrust producing wake structures generated by a swimming mackerel showing reverse Karman street. The flow is visual-
ized by instantaneous streamlines and out-of-plane vorticity contours. Left:  Single row vortices for Re = ∞ (inviscid flow), St =
0.26. Right: Double row vortices for Re = 4,000, St = 0.7.

continued on page 6



simulations also show, however, that
the hydrodynamic efficiency of
carangiform swimming increases
with Reynolds number, which ex-
plains why in nature this is the pre-
ferred mode of locomotion among
fast swimmers.

Another related issue is the varia-
tion of the three-dimensional struc-
ture of the wake as function of the
governing parameters. The results
showed that regardless of the
Reynolds number, at low Strouhal
numbers (St<0.4) the wake consists
of a single row of connected vortex
loops, while at higher Strouhal

numbers (St>0.4) the wake splits
laterally into two rows of vortex
loops (Figures 5 and 6). The single
row wake is well documented in ex-
periments with live fish but the
double row wake structure has never
been observed in such experiments.
This is because, as discussed above,
fast carangiform swimmers in na-
ture typically swim at low Strouhal
numbers (0.2<St<0.3) where the
single row wake structure domi-
nates.  

The results of these simulations
are reported in a paper that has
been accepted for publication in the

Journal of Experimental Biology (Bo-
razjani and Sotiropoulos, “Numeri-
cal investigation of the hydrody-
namics of carangiform swimming in
the transitional and inertial flow
regimes,” in press, 2008). The re-
searchers’ current work focuses on
extending their method to simulate
self-propelled virtual swimmers in
turbulent ambient flows in natural
streams and rivers in order to guide
the development of a science-based
framework for restoring aquatic
habitats.
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Figure 6. Variation of the three-dimensional wake structure of a swimming mackerel as function of the Strouhal number for fixed
Reynolds number (Re = 4,000). Top: Double row vortices for St = 0.7. Bottom: Single row vortices for St = 0.2.
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In response to the growing num-
ber of cases of antibiotic resist-
ant infections, antimicrobial

peptides (AMPs) are being studied
as possible alternatives to traditional
antibiotics. Protegrins are small an-
timicrobial peptides, believed to de-
fend the host by selectively destroy-
ing the microbial cell wall, though
the mechanism of action through
which this occurs is not fully under-
stood. In general it is believed that
multiple peptides work in harmony
against the microbial cell mem-
brane, either by forming pores or
through the carpet mechanism in
which peptides bind to the surface
of the cell membrane and destroy its
integrity.

Professor Yiannis Kaznessis (De-
partment of Chemical Engineering
and Materials Science and Super-
computing Institute Fellow) and his
students Allison Langham, Abdallah

Sayyed-Ahmad, and Dan Bolin-
tineanu have been trying to shed
light onto the mechanism of an-
timicrobial activity using theoretical
and simulation tools. They have
been studying one AMP in particu-
lar, protegrin-1 (PG-1), an 18-
residue β-hairpin AMP that can
launch a rapid response to infection
by diverse bacterial species includ-
ing Escherichia coli, Candida albi-
cans, and Listeria monocytogenes
(Drin and Temsamani, Biochim Bio-
phys Acta, 1559:160–70, 2002;
Kokryakov, Harwig, Pantuyich,
Shevchenko, Aleshina, Shamova,
Korneva, and Lehrer, FEBS Lett.,
327:231–236, 1993). Due to diffi-
culties in the use of traditional ex-
perimental methods with lipid bi-
layer systems, the determination of
the aggregated structures of AMPs is
rare. Recently, however, a low-reso-
lution picture of the aggregated

structure of a protegrin-1 pore in a
bacterial membrane mimic was de-
termined through NMR by re-
searchers at Iowa State University.
The NMR work done by Mani and
coworkers has provided an im-
proved understanding of the inser-
tion of the peptides into bacterial
and mammaliam membranes, yet
their model remains a crude one
lacking atomistic level resolution.
Specifically, the pore structure sta-
bility, the structure of the lipids
membrane around the pore and the
ion movement through the pore re-
main unclear. These are all pieces of
the puzzle that can reveal the mo-
lecular mechanism of action of an-
timicrobial peptides. Using the pro-
posed structure as a starting config-
uration, the research group has car-
ried out long time scale simulations

Chemical Engineering and Materials Science

On the Nature of Antimicrobial Activity: 

Simulations Provide Atomistic Picture of How

Protegrins Kill Bacteria

Figure 1. Initial views of the system. On the left, only a side view of the protegrin pore is shown. On the right, a top view is
shown, with the lipids in grey and the peptides in red.

continued on page 8



of the pore, using MSI and Tera-
Grid supercomputers to better un-
derstand the mechanism by which
protegrin-1 kills bacteria. 

Using the NMR pore structure as
a starting configuration, a large sys-
tem of 432 lipids surrounding one
octameric protegrin pore, hydrated
with nearly 14,000 water molecules
and appropriate ions—a system of
just under 100,000 atoms in total—
was constructed (Figure 1). Once
built, the system was minimized
using CHARMM and then simula-
tions were carried out using the
same parameters with NAMD, a
more scalable simulation engine.
The system was simulated for an
unprecedented 150 nanoseconds.      

In an upcoming paper in the
Journal of the American Chemical
Society, Langham and coworkers
discuss the details of the simulations
and proposed a model for the time-
line of events that lead to bacterial
lysis (Langham, Sayyed-Ahmad, and
Kaznessis, “On the nature of an-
timicrobial activity: A model of pro-
tegrin-1 pore,” in press, JACS,
2008). 

First, molecular dynamics (MD)
simulations provide an opportunity
to study the impact of the pore on
the lipids. In the literature, there are
extensive discussions around two
proposed models for types of pores
that AMPs can form: barrel-stave
and torroidal, In the first, the lipid
acyl chains remain stretched parallel
to the bilayer normal. In the sec-
ond, the lipids reorient themselves
perpendicular to the pore peptides.
By determining the thickness of the
bilayer as a function of the distance
from the pore, and calculating the
tilt angle that each lipid forms with
the bilayer normal, the University of
Minnesota group was able to unam-
biguously determine that the pep-

tide forms a barrel-stave pore. 
Another important aspect of the

pore that can be explored through
MD simulations is the movement of
ions in the system. The chloride
ions were observed to move quickly
and with high frequency into and
out of the pore. Fifty-five events
were observed in which chloride
ions traverse the pore during the
simulation, while only two events in
which sodium ions travel through

the pore during the same period of
time were recorded. Additionally,
the potential of mean force (PMF—
practically, a measure of the free en-
ergy) for the water and both types
of ions was calculated (Figure 2).
From the PMF, it is clear that water
and the negatively charged chloride
ions are able to move quickly
through the pore. With the simula-
tion’s help it becomes clear that the
selectivity of the PG-1 pore towards

Chemical Engineering and Materials Science
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Figure 2. The two-dimensional PMF of a single water molecule (top), a single chlo-
ride ion (middle), and a single sodium ion (bottom) as a function of the distance
from and the position along the axis of the pore . 
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anions is due to electrostatic interac-
tions with the charged arginine
residues located at both entrances of
the pore. 

Ion transport through the pore is
directly related to AMP biological
function. Across an intact bacterial
cytoplasmic membrane, there is a
gradient of ionic species, which is
necessary for the establishment of a
transmembrane potential. This po-
tential can be thought of as a coun-
termeasure to the hypertonic cyto-
plasmic environment. If the bacteri-
al cells are surrounded by an extra-
cellular medium that has a lower os-
motic pressure than that inside the
cell, then a weakened transmem-
brane potential will cause water to
rush into the bacterial cell. 

With the study of the PG-1 pore,
the University of Minnesota re-
searchers were able to propose an

answer to the important question:
How does PG-1 actually kill bacter-
ial cells? From the simulations it can
be conjectured that a protegrin pore
can indeed cause a gradual disap-
pearance of the transmembrane po-
tential, by first allowing ions to
quickly flow through the mem-
brane. The diffusion coefficient and
PMF of water computed suggest
that osmotic lysis after the decay of
the transmembrane potential is a
plausible explanation for the mecha-
nism of action of PG-1: ions move
quickly through the pore, the trans-
membrane potential decays and
water rushes into the cell, swelling it
and causing its death. Specifically,
the diffusive water permeability
across the PG-1 pore can be esti-
mated from the effective diffusion
coefficient of water within the pore,
the effective cross section area of the

pore and the length of the pore.
The resulting large diffusive perme-
ability of water suggests that PG-1
pores cause a serious disruption to
the ability of bacterial cells to con-
trol the flow of water using their na-
tive water selective channels. Hence,
the osmotic water flow appears to
be an important factor in the desta-
bilization of the bacterial membrane
permeability, one which can lead in
just a few minutes to cell death by
osmotic lysis, when bacterial cells
are no longer able to slow down or
prevent this process by protection
mechanisms, such as those that have
been found in Escherichia coli where
mechanically sensitive channels be-
come activated as a last resort
(Sukharev, Martinac, Blattner, and
Kung, Nature, 368:265–268,
1994.). 

Chemical Engineering and Materials Science



Lipid molecules self-assemble
into a liquid-crystalline bilay-
er, forming the fundamental

structure of the cellular membrane.
The main function of the mem-
brane is to act as a barrier to protect
the internal contents and machinery
of the cell. However, basic research
in cell biology and biophysics over
the past several decades has revealed
a less passive role for the membrane.
In addition to acting as a protein
scaffold, the membrane actively sup-
ports specific protein function by
asserting itself through its mechani-
cal properties, such as rigidity.
These properties are determined by
the varying set of lipids and mem-
brane insertions (cholesterol and
proteins, among others) present in
any given membrane. While bio-
physical models continue to eluci-
date fundamental properties of lipid
bilayers, our molecular-level under-
standing of the complex mixtures of
lipids, cholesterol, and proteins in
real cell membranes remains dra-
matically under-realized. Through
genetic regulation and a complex
collection of biophysical forces, cells
control the lipid types, cholesterol
concentration, and protein machin-
ery present in their various mem-
branes. In fact, by exerting this in-
fluence, cells utilize their membrane
composition as a means to affect
physiological processes, most impor-
tantly through membrane protein
localization and function.

The influence of cholesterol on
the membrane has received enor-
mous attention over the past several
decades, as it is a ubiquitous com-
ponent of mammalian cell mem-

branes. One key structural element
of the membrane is its thickness,
and because membranes are highly
fluid and deformable, their thick-
ness is subject to variations. In addi-
tion to playing an important role as
a signaling molecule, cholesterol
acts to modulate membrane struc-
ture, increasing bilayer thickness by
forcing a greater degree of acyl
chain order. Additionally, choles-
terol influences the membrane’s ma-
terial properties such as fluidity and
bending rigidity (McIntosh,
Biochimica et Biophysica Acta,
513:43–58, 1978).

The biological community has
begun to touch on the importance
of membrane structure and organi-
zation. For example, in the case of
membrane protein trafficking with-
in the cell, it has been speculated

that proteins find their destinations
as their hydrophobic thickness is
matched to the thickness of the var-
ious membranes along the exocytic
pathway (Bretscher and Munro,
Science, 261:1280–1281, 1993).
More recently, the issue of structure
has become relevant to the topic of
lipid rafts. In the last two years,
nearly 1,000 peer-reviewed articles
have been published on rafts,
thought to be thermodynamically
segregated regions of membranes
that house functionally connected
protein complexes. Yet the molecu-
lar level information does not exist
to explain the ways in which rafts
influence membrane protein behav-
ior. There is a pressing need to un-
derstand more fundamentally how
molecular composition, organiza-
tion and local forces between the

Biomedical Engineering

Supercomputing Institute Research Bulletin Spring 200810

Structural Characterization of Complex

Biological Membranes

Figure 1: Grayscale plot of background subtracted x-ray scattering data of a represen-
tative phospholipid bilayer. Three distinct darker regions corresponding to the local-
ly maximal intensities are separated by the light minima within which there is zero
intensity. The rectangular light region in the lower right hand corner is the absorp-
tion from the beam stop.
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molecules lead to the global, macro-
scopic material properties that de-
termine the efficiency of the molec-
ular machines resident in the mem-
brane. Significantly, cholesterol acts
as a key modulator of the lateral
membrane organization associated
with lipid rafts.

What is membrane structure

and how do we study it?

Depending on the length and
saturation of the resident lipids, and
the cholesterol content, bilayer
thicknesses can differ by 10–15Å.
Yet, significantly more subtle varia-
tions are known to influence ion
channel lifetimes and conforma-
tions, as well as the orientations of
hydrophobic helical peptides
(Greathouse, Hinton, Kim, and
Koeppe, Biochemistry, 33:
4292–4299, 1994; Killian and Hei-

jne, Trends in Biochemical Sciences,
25:429–434, 2000). Thus, obtain-
ing accurate estimates of membrane
structural quantities to within a res-
olution of several ångstroms is nec-
essary in building a fully descriptive
understanding of membrane biolo-
gy.

Bilayer structure is most com-
monly determined using low-angle
x-ray scattering. Fundamentally, the
x-ray scattering intensity profile (see
Figures 1 and 2) is the Fourier
transform of the bilayer electron
density profile (see Figure 3), which
is used to determine bilayer struc-
ture (e.g. bilayer thickness is the dis-
tance between the electron-rich
headgroup peaks). Given the experi-
mental scattering data, i.e. the form
factors, there are now three main
methods to construct the bilayer
electron density profiles. The first

method consists of direct Fourier re-
construction, but this method
makes numerous complicating as-
sumptions. The second method for
constructing electron density pro-
files is functional modeling. This is
done by assuming a particular func-
tional form for the electron density
profile, with a number of free pa-
rameters to be determined by fitting
to the form factors. But quantita-
tively different structures have been
obtained from a variety of structural
models that have been designed
over the years, similarly complicat-
ing the use of this second approach.

Atomic-level computer simula-
tions provide a third, new approach
to bilayer structure-determination
(Sachs, Petrache, and Woolf, Chem-
istry and Physics of Lipids, 126:

Biomedical Engineering

Figure 2. Top: Snapshots from two molecular dynamics simulations run on MSI’s BladeCenter. On the left, a snapshot of the
pure lipid bilayer, with the lipid headgroups represented as purple spheres, acyl chains in blue, and water in red and white. At
right, cholesterol is added and colored yellow. Red arrows indicate the bilayer thickness, and show the main results: cholesterol
thickens the membrane. Bottom: Comparison of experimental form factors, F(q), and those calculated from the simulation for bi-
layers without (left side) and with (right side) cholesterol. Red lines are the simulation data, black squares are the experimental
data, radially averaged from scattering profiles like that shown in Figure 1.

continued on page 12



211–223, 2003). There are numer-
ous valuable contributions to the
field, addressing the underlying mo-
lecular disorder and heterogeneity.
In the hierarchy of models, all-atom
simulations are the most elaborate.
The research group of Assistant Pro-
fessor Jonathan N. Sachs, Depart-
ment of Biomedical Engineering, is
using computational molecular dy-
namics (MD) simulations, in con-
junction with low-angle x-ray scat-
tering measurements, to understand
how molecular composition, and
the lateral organization of those
molecules, affects the structural and
mechanical properties of biological
membranes. 

Initial steps: Binary mixtures

of lipid and cholesterol

The Sachs group’s most complete
results to date demonstrate that
cholesterol thickens bilayers com-
posed of monounsaturated lipids.
With biomedical engineering Ph.D.
student Jason Perlmutter and collab-

orators at Carnegie Mellon and the
Canadian Neutron Beam Centre,
they have been able to describe fun-
damentally how the molecular or-
ganization and physical properties
dictate the membrane structure.
They have used x-ray scattering
from unilamellar vesicles to parame-
terize and test their results from all-
atom MD simulations. Figure 1
shows the primary experimental x-
ray data collected at the Cornell
High Energy Sychrotron Source.
The group uses the CHARMM
force-field and the MD package
NAMD to simulate the equilibrium
dynamics of phospholipid bilayers
containing various concentrations of
cholesterol (snapshots are shown in
Figure 2). The simulations are typi-
cally run on the BladeCenter at the
Supercomputing Institute. They run
32-node jobs (128 processors) and
are able to simulate approximately
10 nanoseconds in a single 24-hour
span; it typically takes between 20
and 30 nanoseconds to sample

enough of the bilayer’s conforma-
tional space to reach a converged
structure. First, the bilayer electron
density profile is calculated directly
from the equilibrated bilayer simu-
lation (as these simulations do not
contain a quantum representation,
the researchers assign electrons to
the classically treated atoms at their
center point, an assumption that
has little effect on their results).
Then, they take the Fourier trans-
form of that profile, the absolute
value of which is directly compared
to the scattering intensity from the
experiments (see Figure 2). Unless
they have an excellent match to ex-
periment they have to adjust the
simulation parameters and re-run
the simulations.

Representative results of both the
experiments and simulations are
shown overlaid in Figure 2. The
graphs contain the overlay of the ex-
perimentally derived F(q) with that
derived from Fourier transformation
of the electron density profile gener-
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Figure 3. Comparison of simulated electron density profiles for a pure lipid bilayer (red) and a lipid bilayer with cholesterol
(blue). The electron rich headgroups occur at approximately 15Å, the bilayer center is at z=0, and the water on both sides has a
density of 0.334 electrons/Å3. Cholesterol thickens the bilayer by several ångstroms, as indicated with the horizontal arrows.
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On July 1, 2008, the Super-
computing Institute will
become part of the Office

of the Vice President for Research
(www.research.umn.edu). This is the
latest step in an overall restructure
for MSI that encompasses a broader
vision of how our resources and
services will support the University’s
research mission. With the move to
the OVPR, MSI will form the core
of a larger campus-wide research
computing support organization. 

MSI’s mission and structure have
been under review since 2007. Both
internal and external review com-
mittees have made their recommen-
dations to the University adminis-
tration, with input from MSI prin-
cipal investigators. 

A Transition Planning Commit-
tee was appointed by the Vice Presi-
dent for Research, Tim Mulcahy, to
address the short- and medium-
term requirements of the transfer to

OVPR. The Committee’s report has
been delivered to Vice President
Mulcahy. When his review is com-
plete, the recommendations will be
posted on the Institute’s Web site.
The Committee reviewed possibili-
ties concerning MSI’s organizational
structure, its services and resources,
and how it interacts with other re-
search units at the University. The
committee also made recommenda-
tions about the role and responsibil-
ities of a new MSI director and
about how the director search
should be handled. Complete infor-
mation concerning the transition
can be found at:

www.msi.umn.edu/about
/stratplan.html

An immediate change concerns
the Center for Biomedical Research
Informatics (CBRI). On March 20,
2008, the CBRI’s research support
services and server management
were transferred to MSI. MSI user

support and technical staff are
meeting with CBRI researchers to
ensure the transfer takes place
smoothly and without loss of service
the users. Information concerning
this transfer can be found at the
MSI Web site:

www.msi.umn.edu/cbri/index.html
Vice President Mulcahy gave an

overview of the Transition Commit-
tee’s recommendations and his vi-
sion for the future of the Supercom-
puting Institute at the recent MSI
Open House. A video of this ad-
dress is linked from the MSI Web
site home page:

www.msi.umn.edu

Supercomputing Institute

Organizational Changes at the 

Supercomputing Institute

ated by the simulated bilayer without (left side) or with (right side) cholesterol. An almost perfect fit between experi-
mentally obtained form factors and those calculated from the simulations can be seen all the way throughout the first
three lobes for both bilayers. There is a shift inward of the q-positions of the lobe peaks and minima in the case of
the cholesterol system. This inward shift reflects a thickening (because we are in reciprocal space) of the bilayer by
several ångstroms. 

In addition to providing the overall electron density and bilayer thickness, MD simulations give the distributions
of all molecular components within the bilayer. Most importantly, the simulations provide molecular-level details that
are not available to the experiments. As a result, the researchers can understand the fundamental chemical interactions
that lead to the formation of unique macroscopic structures within membranes, such as lipid rafts and lipid-protein
complexes. 



On January 16, 2008, MSI’s
User Support staff wel-
comed members of the

University of Minnesota communi-
ty to an Open House at the new lo-
cation of the Biomedical Modeling,
Simulation, and Design Laboratory
(BMSDL) in room 414 of the 717
Delaware Street building. The event
was part of an event celebrating the
recently completed remodeling of
the building. Visitors were able to
see the new laboratory space and in-
vestigate some of the software avail-
able to lab users. The BMSDL was
formerly located in Weaver-Dens-
ford Hall and was called the Medic-
inal Chemistry/Supercomputing In-
stitute Visualization-Workstation
Laboratory. The name change was
effective in December 2007.

This laboratory provides Univer-
sity researchers with access to work-
stations, software, and technical
support for scientific computation
and visualization. Complete infor-
mation about the resources available
to MSI users can be found at the
BMSDL Web site:

www.msi.umn.edu/labs/bmsdl/

Supercomputing Institute Resources
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Biomedical Modeling, Simulation, and Design

Laboratory

Above: Researchers at BMSDL workstations.
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Supercomputing Institute Resources

Top: Andrew Odlyzko, Director of the Digital Technology Center and Interim Director of the Supercomputing Institute, works
with a medical-device training program.
Bottom: An Open House visitor uses the stereo goggles for three-dimensional viewing.
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Chemical Engineering

and Materials Science

2007/243, December 2007
α−β−γ Transformations in Mg2SiO4
in Earth’s Transition Zone
Y. G. Yu, Z. Wu, and R. M. Wentz-
covitch

2007/253, December 2007
Computational Models for Crystal
Growth of Radiation Detector Materi-
als: Growth of CZT by the EDG
Method
J. J. Derby and D. Gasperino

2007/254, December 2007
Force-Driven Transport Through Peri-
odic Entropy Barriers
N. Laachi, M. Kenward, E. Yariv,
and K. D. Dorfman

2007/274, December 2007
Brownian Dynamics Simulations of
Polyelectrolyte Adsorption in Shear
Flow With Hydrodynamic Interaction
N. Hoda and S. Kumar

Chemistry

2007/244, December 2007
Self-Consistent Reaction Field Model
for Aqueous and Nonaqueous Solu-
tions Based on Accurate Polarized
Partial Charges
A. V. Marenich, R. M. Olson, C. P.
Kelly, C. J. Cramer, and D. G.
Truhlar

2007/245, December 2007
Charge Model 4 and Intramolecular
Charge Polarization
R. M. Olson, A. V. Marenich, C. J.
Cramer, and D. G. Truhlar

2007/246, December 2007
Polarization Effects in Aqueous and
Nonaqueous Solutions
A. V. Marenich, R. M. Olson, A. C.
Chamberlin, C. J. Cramer, and
D. G. Truhlar

2007/247, December 2007
Evaluation of Various DFT Protocols
for Computing 1H and 13C Chemi-
cal Shifts to Distinguish Stereoisomers:
Diastereomeric 2-, 3-, and 4-methyl-
cyclohexanols as a Test Set
K. W. Wiitala, Z. F. Al-Rashid,
V. Dvornikovs, T. R. Hoye, and
C. J. Cramer

2007/248, December 2007
Comparison of Various Density Func-
tional Methods for Distinguishing
Stereoisomers Based on Computed 1H
or 13C NMR Chemical Shifts Using
Diastereomeric Penam β-lactams as a
Test Set
K. W. Wiitala, C. J. Cramer, and
T. R. Hoye

2007/249, December 2007
Copper(I)-α-Ketocarboxylate Com-
plexes: Characterization and O2 Reac-
tions That Yield Copper-Oxygen In-
termediates Capable of Hydroxylating
Arenes
S. Hong, S. M. Huber, L. Gagliardi,
C. C. Cramer, and W. B. Tolman

2007/250, December 2007
Isotopic Probing of Molecular Oxygen
Activation at Copper(I) Sites
M. P. Lanci, V. V. Smirnov, C. J.
Cramer, E. V. Gauchenova, J. Sun-
dermeyer, and J. P. Roth

2007/251, December 2007
Validation of Density Functional
Modeling Protocols on Experimental
bis(µ-oxo)/µ-η2:η2-peroxo Dicopper
Equilibria
J. L. Lewin, D. E. Heppner, and
C. J. Cramer

2007/252, December 2007 
and CB 2007-76

Benchmark RI-MP2 Database of Nu-
cleic Acid Base Trimers: Performance
of Different Density Functional Mod-
els for Prediction of Structures and
Binding Energies
M. Kabelac, H. Valdes, E. C. Sherer,
C. J. Cramer, and P. Hobza

2007/255, December 2007
Global Potential Energy Surfaces With
Correct Permutation Symmetry by
Multiconfiguration Molecular Me-
chanics
O. Tishchenko and D. G. Truhlar

2007/256, December 2007
Adaptive Partitioning in Combined
Quantum Mechanical and Molecular
Mechanical Calculations of Potential
Energy Functions for Multiscale Simu-
lations
A. Heyden, H. Lin, and D. G.
Truhlar

2007/257, December 2007
The Concept of Resonance
D. G. Truhlar

2007/258, December 2007
Thermochemical Kinetics of Hydro-
gen-Atom Transfers Between Methyl,
Methane, Ethynyl, Ethyne, and Hy-
drogen
J. Zheng, Y. Zhao, and D. G. Truh-
lar

2007/259, December 2007
Attractive Noncovalent Interactions in
the Mechanism of Grubbs Second-
Generation Ru Catalysts for Olefin
Metathesis
Y. Zhao and D. G. Truhlar

2007/260, December 2007
Symmetry Numbers and Chemical Re-
action Rates
A. Fernández-Ramos, B. A. Elling-
son, R. Meana-Pañeda, J. M. C.
Marques, and D. G. Truhlar

2007/261, December 2007 
and CB 2007-77

Coupling of Hydrogenic Tunneling to
Active-Site Motion in the Hydrogen
Radical Transfer Catalyzed by a Coen-
zyme B12-Dependent Mutase
A. Dybala-Defratyka, P. Paneth,
R. Banerjee, and D. G. Truhlar

Names of Supercomputing Institute principal investigators appear in bold type.
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2007/262, December 2007
Electrostatically Embedded Many-
Body Correlation Energy, With Appli-
cations to the Calculation of Accurate
Second-Order Moller-Plesset Perturba-
tion Theory Energies for Large Water
Clusters
E. E. Dahlke and D. G. Truhlar

2007/263, December 2007
Self-Consistent Polarization of the
Boundary in the Redistributed Charge
and Dipole Scheme for Combined
Quantum-Mechanical and Molecular-
Mechanical Calculations
Y. Zhang, H. Lin, and D. G. Truh-
lar

2007/264, December 2007
Size-Selective Supramolecular Chem-
istry in a Hydrocarbon Nanoring
Y. Zhao and D. G. Truhlar

2007/265, December 2007
A Diabatic Representation Including
Both Valence Nonadiabatic Interac-
tions and Spin-Orbit Effects for Reac-
tion Dynamics
R. Valero and D. G. Truhlar

2007/266, December 2007
Multicoefficient Gaussian-3 Calcula-
tion of the Rate Constant for the OH
+ CH4 Reaction and Its 12C/13C Ki-
netic Isotope Effect With Emphasis on
the Effects of Coordinate System and
Torsional Treatment
B. A. Ellingson, J. Pu, H. Lin,
Y. Zhao, and D. G. Truhlar

2007/267, December 2007
Explanation of the Unusual Tempera-
ture Dependence of the Atmospherical-
ly Important OH + H2S → H2O +
HS Reaction and Prediction of the
Rate Constant at Combustion Temper-
atures
B. A. Ellingson and D. G. Truhlar

2007/268, December 2007
Structures, Rugged Energetic Land-
scapes, and Nanothermodynamics of
Aln (2 < n < 65) Particles
Z. H. Li, A. W. Jasper, and D. G.
Truhlar

2007/269, December 2007
Computational Chemistry of Poly-
atomic Reaction Kinetics and Dynam-
ics: The Quest for an Accurate CH5
Potential Energy Surface
T. V. Albu, J. Espinosa-García, and
D. G. Truhlar

2007/270, December 2007
Reactions of Hydrogen Atom With Hy-
drogen Peroxide
B. A. Ellingson, D. P. Theis,
O. Tishchenko, J. Zheng, and D. G.
Truhlar

2007/271, December 2007
Free Energies of Formation of Metal
Clusters and Nanoparticles From
Molecular Simulations: Aln With n =
2-60
Z. H. Li, D. Bhatt, N. E. Schultz,
J. I. Siepmann, and D. G. Truhlar

2007/272, December 2007
Synthetic Efficiency in Enzyme Mech-
anisms Involving Carbocations: Aris-
tolochene Synthase
R. K. Allemann, N. J. Young, S. Ma,
D. G. Truhlar, and J. Gao

2007/273, December 2007
Non-Born-Oppenheimer Molecular
Dynamics of Na...FH Photodissocia-
tion
A. W. Jasper and D. G. Truhlar

2007/276, December 2007
Insight Into the Role of Mg2+ in
Hammerhead Ribozyme Catalysis
From X-ray Crystallography and Mol-
ecular Dynamics Simulation
T.-S. Lee, C. Silva-López, M. Mar-
tick, W. G. Scott, and D. M. York

2008/3, January 2008
Benchmarking Approximate Density
Functional Theory for s/d Excitation
Energies in 3d Transition Metal
Cations
N. E. Schultz, Y. Zhao, and D. G.
Truhlar

2008/7, February 2008
Density Functionals With Broad Ap-
plicability in Chemistry
Y. Zhao and D. G. Truhlar

2008/8, February 2008
Evaluation of the Electrostatically Em-
bedded Many-Body Expansion and
the Electrostatically Embedded Many-
Body Expansion of the Correlation
Energy by Application to Low-Lying
Water Hexamers
E. E. Dahlke, H. R. Leverentz, and
D. G. Truhlar

2008/9, February 2008
Zn Coordination Chemistry: Develop-
ment of Benchmark Suites for Geome-
tries, Dipole Moments, and Bond Dis-
sociation Energies and Their Use To
Test and Validate Density Functionals
and Molecular Orbital Theory
E. A. Amin and D. G. Truhlar

2008/10, February 2008
Electrostatically Embedded Many-
Body Expansion for Simulations
E. E. Dahlke and D. G. Truhlar

2008/11, February 2008
Density Functional Theory in Transi-
tion-Metal Chemistry: Relative Ener-
gies of Low-Lying States of Iron Com-
pounds and the Effect of Spatial Sym-
metry Breaking
A. Sorkin, M. A. Iron, and D. G.
Truhlar

2008/12, February 2008
A Comparative Assessment of the Per-
turbative and Renormalized Coupled
Cluster Theories With a Noniterative
Treatment of Triple Excitations for
Thermochemical Kinetics, Including a
Study of Basis Set and Core Correla-
tion Effects
J. Zheng, J. R. Gour, J. J. Lutz,
M. Wloch, P. Piecuch, and D. G.
Truhlar

2008/20, March 2008 
and CB 2008-3

Role of Mg2+ in Hammerhead Ri-
bozyme Catalysis From Molecular
Simulation
T.-S. Lee, C. Silva López, G. M. Gi-
ambasu, M. Martick, W. G. Scott,
and D. M. York
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2008/21, March 2008 
and CB 2008-4

Origin of Mutational Effects at the
C3 and G8 Positions on Hammer-
head Ribozyme Catalysis From Molec-
ular Dynamics Simulations
T.-S. Lee and D. M. York

2008/22, March 2008 
and CB 2008-5

Quantum Mechanical/Molecular Me-
chanical Simulation Study of the
Mechanism of Hairpin Ribozyme
Catalysis
K. Nam, J. Gao, and D. M. York

2008/23, March 2008 
and CB 2008-6

Solvent Structure and Hammerhead
Ribozyme Catalysis
M. Martick, T.-S. Lee, D. M. York,
and W. G. Scott

Civil Engineering

2008/4, February 2008
Solute Exchange Induced by Under-
flow and Periodic Hyporheic Flow in
a Stream Gravel Bed: Numerical So-
lution of the 2-D Advection/Disper-
sion Equation and Derivation of 1-D
Dispersion Coefficient
Q. Qian, V. R. Voller, and H. G.
Stefan

2008/17, February 2008
Solute Exchange Induced by Progres-
sive Periodic Flow in a Lake Bed: Nu-
merical Solution of the 2-D Advec-
tion/Dispersion Equation and Deriva-
tion of 1-D Dispersion Coefficient
Q. Qian, J. J. Clark, V. R. Voller,
and H. G. Stefan

Computer Science

and Engineering

2008/1, January 2008
On the Tensor SVD and Optimal Low
Rank Orthogonal Approximations of
Tensors
J. Chen and Y. Saad

2008/2, January 2008
Filtered Matrix-Vector Products Via
the Lanczos Algorithm With Applica-
tions to Dimension Reduction
J. Chen and Y. Saad

2008/5, February 2008
Farthest Centroids Divisive Clustering
H.-r. Fang and Y. Saad

2008/13, February 2008 
and CB 2008-1

TOPTMH: Topology Predictor for
Transmembrane α-Helices
R. Ahmed, H. Rangwala, and
G. Karypis

2008/15, February 2008
Turbo Charging Time-Dependent
Density-Functional Theory With
Lanczos Chains
D. Rocca, R. Gebauer, Y. Saad, and
S. Baroni

2008/18, March 2008
Divide and Conquer Strategies for Ef-
fective Information Retrieval
J. Chen and Y. Saad

Electrical and

Computer Engineering

2007/240, December 2007
Guiding Circuit Level Fault-Tolerance
Design With Statistical Methods
D. C. Ness and D. J. Lilja

2008/6, February 2008
Low Power/Area Branch Prediction
Using Complementary Branch Predic-
tors
R. Sendag, J. J. Yi, P.-f. Chuang, and
D. J. Lilja

2008/19, March 2008
Independent Component Analysis and
Evolutionary Algorithms for Building
Representative Benchmark Subsets
V. N. Christopoulos, D. J. Lilja,
P. R. Schrater, and A. Georgopoulos

Geology and Geophysics

2007/241, December 2007
The Role of Korteweg Stresses in Geo-
dynamics
G. Morra and D. A. Yuen

2007/275, February 2008
Numerical Models of Stiffness and
Yield Stress Growth in Crystal-Melt
Suspensions
S. D. C. Walsh and M. O. Saar

Mathematics

2007/236, December 2007
Locally Conservative Fluxes for the
Continuous Galerkin Method
B. Cockburn, J. Gopalakrishnan,
and H. Wang

2007/237, December 2007
Adjoint Recovery of Superconvergent
Linear Functionals From Galerkin
Approximations. The One-Dimension-
al Case
B. Cockburn and R. Ichikawa

2007/238, December 2007
An Analysis of the Minimal Dissipa-
tion Local Discontinuous Galerkin
Method for Convection-Diffusion
Problems
B. Cockburn and B. Dong

2007/239, December 2007
An Adaptive High-Order Discontinu-
ous Galerkin Method With Error
Control for the Hamilton-Jacobi
Equations. Part I: The One-Dimen-
sional Steady State Case
Y. Chen and B. Cockburn

2007/242, December 2007
Optimal Convergence of the Original
DG Method for the Transport-Reac-
tion Equation on Special Meshes
B. Cockburn, B. Dong, and J. Guz-
man

Names of Supercomputing Institute principal investigators appear in bold type.



Mechanical Engineering

2008/14, February 2008
Stability of Polycrystalline and
Wurtzite Si Nanowires via Symmetry-
Adapted Tight-Binding Objective
Molecular Dynamics
D.-B. Zhang, M. Hua, and T. Du-
mitrica

Medicine

2008/16, February 2008 
and CB 2008-2

Interactions Between Multiple Genetic
Determinants in the 5´UTR and VP1
Capsid Control Pathogenesis of Chron-
ic Post-Viral Myopathy Caused by
Coxsackievirus B1
M. M. Sandager, J. L. Nugent, W. L.
Schulz, R. P. Messner, and P. E. Tam
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