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The 'architecture of life' described by
computer modeling

March 8 2018, by Lindsay Brownell

3-Strut Tensegrity
Structure

One of the simplest tensegrity structures — three stiff rods (blue) held up into a
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stable conformation by flexible strings (black) — can also serve as a model for
protein structures, where a complex arrangement of molecules (red and blue)
serving as the rods are held in a “prestressed” state by hydrogen bonds that

approximate the flexible strings. Credit: Wyss Institute at Harvard University

While most of biology and medicine focus on the key roles genes and
chemicals play in the formation and control of living systems, the spatial
arrangement of the components that make up those systems and the
physical forces they experience are being increasingly recognized as
equally important. Donald Ingber, M.D., Ph.D., Founding Director of
the Wyss Institute at Harvard University, started investigating this
"architecture of life" over thirty-five years ago, and discovered that
Nature uses an architectural principle known as "tensegrity" (short for
"tensional integrity") to stabilize the shapes of living cells and to
determine how they respond to mechanical forces.

Tensegrity structures consist of elements that are either in a state of
tension or compression, and the balance between those interacting forces
allows such structures to stabilize themselves in state of i1sometric
tension, much like muscles and bones in our bodies. This internal tension
or "prestress" allows the entire structure to withstand stresses from
outside forces, deform in a controlled way, and spontaneously pop back
to its original shape when the stress is removed. The idea that tensegrity
dictates the shape and organization of living cells was initially
controversial, but as a result of experimental validation in multiple
systems, it has gained greater acceptance over time.

Tensegrity can also be hierarchical, in that each structural element can
itself be a tensegrity structure at a smaller scale, with tensional integrity
being maintained both locally and globally. Based on these properties,
Ingber also proposed in a "Scientific American" article in 1998 that
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tensegrity could apply beyond the cellular level to all size scales of life,
from atoms to whole organisms. Recent work by Ingber and others has
provided experimental support for that hypothesis by demonstrating that
tensegrity is used at the scale of cellular nuclei, cytoskeletal elements,
and individual molecules. However, investigating how tensegrity
functions in complex hierarchical structures that undergo dramatic
changes in shape and form (like enzymes and other proteins) has proven
challenging, partly because of the limitations of existing biological
modeling methods.

Using a newly developed multi-scale modeling method, Ingber (who is
also the Judah Folkman Professor of Vascular Biology at Harvard
Medical School and the Vascular Biology Program at Boston Children's
Hospital, and Professor of Bioengineering at Harvard's John A. Paulson
School of Engineering and Applied Sciences) and Wyss Staff Scientist
Charles Reilly have now successfully demonstrated that tensegrity
principles are used across various levels of size and structural complexity
within living cells. Their work also revealed how tensegrity-based
changes in molecular shape can drive the motion of cellular parts. The
research, reported in Extreme Mechanics Letters, further elucidates the
importance of tensegrity as a fundamental tenet of biology.

The team's new computational modeling approach takes a holistic view,
treating each model as a series of mathematical operations that can
dynamically change in response to different inputs rather than a
collection of static data points. "The difference between our method and
other modeling methods is a bit like the different ways you can use
Excel spreadsheets," says Reilly. "If you manually put a bunch of data
into a spreadsheet and then change the contents of one cell, it won't
update the other cells around it. But if you use a formula and feed any
data changes through that formula, it automatically updates all the cells
in the spreadsheet. That's essentially what we're doing, but for multiscale
models of biological molecules and systems of varying size and
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complexity."

In this animation of a dynein molecule, the colored lines represent the bonds
between all the atoms that compose the protein. Its movement pattern reflects the
principles of tensegrity acting at different size scales. Credit: Wyss Institute at
Harvard University

This strategy, also known as "procedural modeling," enables data from
different size scales and formats to be integrated into one multi-scale
model, building it from the bottom-up and top-down simultaneously,
rather than starting with discrete data sets that each describe only one
aspect of the model and trying to reconcile them. In a recent publication
in ACS Nano, Reilly and Ingber developed this method by combining
computer animation software approaches from the entertainment
industry with rigorous molecular dynamics simulation tools commonly
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used in biological research. They used this novel simulation approach to
build a model of a sperm cell that demonstrates cellular movement from
individual dynein protein molecules in the tail all the way up to the
whole cell, allowing them to observe how changes at the atomic level are
reflected in larger-scale structures. They also leveraged this advance to
produce an entertaining animated film for lay audiences that conveys the
beauty and wonder of egg fertilization entitled, "The Beginning," which
was published along with the paper.

In their newest article, they show that this same model reveals tensegrity
at work across multiple size scales in the hierarchical structure of a living
cell. At the molecular level, individual dynein molecules whose shapes
are stabilized by prestress were found to have areas of increased rigidity
around their ATP binding sites, which resist deformation by incoming
energy from ATP and instead translate that force into the dynein
molecule's characteristic movement. The collective shape changes of
multiple dyneins generate tensional forces that are exerted on the long,
compression-resistant microtubules to which they are bound at a larger
size scale. These tensional forces then drive cyclic bending of the
microtubules, which causes rhythmic flexing of the sperm tail at the
whole cell level.

"This is the first study, to our knowledge, that demonstrates the
mechanical continuity, strain transfer, and conformational changes that
result from chemical energy release from the atomic scale up through
the whole-cell level, as well as how tensegrity guides those changes to
drive cellular movement," says Ingber.

The researchers then modeled a new system with the same process: the
mitochondrial enzyme ATP synthase, which also exhibits a distinct
conformational change that is dictated by the application of force to the
enzyme structure, which is propagated via tensegrity. Changing the
concentration of the enzyme's substrate molecule in the model produced
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an outcome that described how ATP synthase interacts with its
microenvironment. Further investigations suggested that the higher
prevalence of enzyme molecules on the inner versus outer folds of the
mitochondrial cristae could, in fact, contribute to the physical properties
of the microenvironment as well, implying that tensegrity also stabilizes
structures at the scale of complex multi-molecular interactions.

"We focused our research in this paper on structures at the cellular scale
and down, but this modeling method also can be extended to larger
structures, such that you can model nearly any multiscale system," says
Reilly. The researchers anticipate that their approach could be used to
produce models for a variety of applications, from mechanobiology to
cellular signal transduction to decoding the underpinnings of life itself.

"Tensegrity is a good example of a biological design principle that we
have been inspired by here at the Wyss Institute, and that we leverage to
create new technologies," adds Ingber. "For example, working with
[Founding Core Faculty member and Molecular Robotics co-lead]
William Shih, we built tensegrity-based DN A nanodevices that can be
programmed to change shape on demand for biomedical applications,
and with [Core Faculty member and Bioinspired Robotics co-lead]
Radhika Nagpal, we engineered a self-deforming, modular robot that can
perform a variety of maneuvers more quickly than traditional robots.
Now that we have a modeling approach that validates and incorporates
tensegrity, we hope to be able to study and employ it in entirely new and
unexpected ways."

More information: Charles B. Reilly et al. Multi-scale modeling
reveals use of hierarchical tensegrity principles at the molecular, multi-
molecular, and cellular levels, Extreme Mechanics Letters (2018). DOI:
10.1016/5.em1.2018.01.001
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