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I propose to study languages that can precisely and concisely represent biological processes
such as the one described below. I give a very specific example, for concreteness and for
shock value. But the range of phenomena and problems that fit in this endeavor is much
larger. The domain is that of systems biology [13], which aims to represent not only cellularlevel phenomena, such as the one below, but also phenomena at the level of tissues, organs,
organisms, and colonies. Descriptive formalisms are needed to represent and relate many
levels of abstraction.
The given example concerns the “algorithm” that a specific virus follows to reproduce. It
is a sequence of steps that involve the dynamic merging and splitting of compartments, the
transport of materials, and the transcription and interpretation of digital information. The
algorithm is informally described in English below. What are appropriate languages and
semantic models that can accurately and concisely describe such an algorithm, at a high level
of abstraction but in its entirety? Formal modeling (e.g., at the level that can drive a simulator)
is becoming of central importance in biology, where complex processes need to be analyzed
for hypothesis testing. The area is increasing concerned with the discrete, although stochastic
and perturbation-proof, processing of information.
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Figure 1. A virus is too big to cross a cellular membrane. It can either punch its RNA through the
membrane or, as in this example, it can enter a cell by utilizing standard cellular endocytosis
machinery. The virus consists of a capsid containing the viral RNA (the nucleocapsid). The
nucleocapsid is surrounded by a membrane that is similar to the cellular membrane (in fact, it is
obtained from it “on the way out”). This membrane is however enriched with a special protein that
plays a crucial trick on the cellular machinery, as we shall see shortly. The virus is brought into the
cell by phagocytosis, wrapped in an additional membrane layer; this is part of a standard transport
pathway into the cell. As part of that pathway, an endosome merges with the wrapped-up virus. At
this point, usually, the endosome causes some reaction to happen in the material brought into the
cell. In this case, though, the virus uses its special membrane protein to trigger an exocytosis step
that deposits the naked nucleocapsid into the cytosol. The careful separation of internal and
external substances that the cell usually maintains has now been subverted. The nucleocapsid is in
direct contact with the inner workings of the cell, and can begin doing damage. First, the
nucleocapsid disassembles itself, depositing the viral RNA into the cytosol. This vRNA then
follows three distinct paths. First it is replicated (either by cellular proteins, or by proteins that
come with the capsid), to provide the vRNA for more copies of the virus. The vRNA is also
translated into proteins, again by standard cellular machinery. Some proteins are synthesized in the
cytosol, and form the building blocks of the capsid: these self-assemble and incorporate a copy of
the vRNA to form a nucleocapsid. The virus envelope protein is instead synthesized in the
Endoplasmic Reticulum, and through various steps (through the Golgi apparatus) ends up lining
transport vesicles that merge with the cellular membrane, along another standard transport
pathway. Finally, the newly assembled nucleocapsid makes contact with sections of the cellular
membrane that are now lined with the viral envelope protein, and buds out to recreate the initial
virus structure outside the cell.

Are existing languages and semantic models adequate to represent these kinds of
situations? Many classical approaches are relevant, but I believe the current answer must be:
definitely not. Biologists are busy inventing their own abstact notations [8][9][10]. There are,
of course, some proposals from computing as well [2][3][5][6][7]. The systems to be
described are massively concurrent, heterogeneous, and asynchronous (notoriously the hardest
ones to cope with in programming), with stochastic behavior and high resilience to drastic
changes of environment conditions. What organizational principles make these systems work
predictably? [11][12]
Answers to these questions should be of great interest to computing, for the organization
of complex software systems. But that may come later: the proposal here is exclusively to
model biological systems in order to understand how they work. The fundamental connection
to computing (shared by systems biologists) is that many levels of organization are much
more akin to software systems than to physical systems, both in hierarchical complexity and
in algorithmic-like information-driven behavior. Hence the emphasis on the central role that
languages may play.
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