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Protein machines and other protein complexes play an important role in the life of the cell.
But these complexes do not sit around in the cell interior, preassembled and poised for action.
It has recently become clear that most protein machines form at specific sites in the cell and are
activated only when and where they are needed. This mobilization is generally accomplished
by the covalent addition of a modifying group of one or more specific amino acid side chains
on the participating proteins. More than 200 types of covalent modifications can occur in the
cell, each helping to regulate protein function. Each of these groups is enzymatically added or
removed depending on the needs of the cell.

A large number of proteins are now known to be modified on more than one amino acid
side chain. The p53 protein, which plays a central part in controlling how a cell responds to
DNA damage, can be modified at 20 different sites. Because an enormous number of
combinations of these 20 modifications is possible, the protein’s behavior can in principle be
altered in a huge number of ways. The set of covalent modifications that a protein contains at
any moment constitutes an important combinatorial regulatory protein code. The attachment or
removal of these modifying groups controls the behavior of a protein, changing its activity or
stability, its binding partners, or its location inside the cell. This regulatory code enables the
cell to make optimal use of its proteins, and it allows the cell to respond rapidly to changes in
its condition or environment.
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Some of the proteins that process and package miRNAs also serve as a cell defense
mechanism: they orchestrate the destruction of ‘foreign’ RNA molecules, specifically those
that are double-stranded. Many viruses (and transposable genetic elements) produce
double-stranded RNA some time in their life cycles. This targeted RNA degradation
mechanism, called RNA interference (RNAi), helps to keep these potentially dangerous
invaders in check. '

The presence of foreign, double-stranded RNA in the cell triggers RNAI by first attracting a
protein complex containing a nuclease called Dicer. Dicer cleaves the double-stranded RNA
into short fragments (approximately 23 nucleotide pairs in length) called small interfering
RNAs (siRNAs). These short, double-stranded RNAs are then incorporated into RISCs, the
same complexes that can carry miRNAs. The RISC discards one strand of the siRNA duplex
and uses the remaining single-stranded RNA to locate a complementary foreign RNA molecule.
This target RNA molecule is then rapidly degraded, leaving the RISC free to search out more
of the same foreign RNA molecules.

RNAI is found in a wide variety of organisms, including single-celled fungi, plants, and
-~ worms, indicating that it is evolutionarily ancient. In some organisms, including plants, the
RNAI activity can spread from tissue to tissue by the movement of RNA between cells. This
RNA transfer allows the entire plant to become resistant to a virus after only a few of its cells
have been infected. In a broad sense, the RNAIi response resembles certain aspects of the
human immune system. In both cases, an infectious organism elicits the production of ‘attack’
molecules (either siRNAs or antibodies) that are custom designed to inactivate the invader and
thereby protect the host.
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The synthesis and degradation of glycogen occur by quite separate metabolic pathways,
which can be rapidly and coordinately regulated according to need. When more ATP is needed
than can be generated from food molecules taken in from the bloodstream, cells break down
glycogen in a reaction that produces glucose I-phosphate, which is then converted to the
glucose 6-phosphate that feeds into the glycolytic pathway.

The glycogen synthetic and degradative pathways are coordinated by enzymes in each
pathway that are allosterically regulated by glucose 6-phosphate, but in opposite directions:
glycogen synthase in the synthetic pathway is activated by glucose 6-phosphate, whereas the
glycogen phosphorylase that catalyzes the breakdown of glycogen is inhibited by both glucose
6-phosphate and ATP. This regulation helps to prevent the breakdown of glycogen when ATP
- is plentiful and favors its synthesis when glucose 6-phosphate concentration is high. The
balance between glycogen synthesis and breakdown is also regulated by intracellular signaling
pathways that are controlled by the hormones insulin, adrenaline, and glucagon.

Quantitatively, fat is a far more important storage material than glycogen, in part because the
oxidation of a gram of fat releases about twice as much energy as the oxidation of a gram of
glycogen. Moreover, glycogen binds a great deal of water, producing a sixfold difference in
the actual mass of glycogen required to store the same amount of energy as fat.
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