
APPENDIX 1

RED PROTEIN MECHANICS

The red protein is ferredoxin, one of the most ancient and fundamental
proteins across all of life. It seems to have many jobs, but the common
denominator is that it has unparalleled power to transfer electrons onto
other molecules, most notably CO2, to fix carbon in photosynthesis and
other forms of autotrophic metabolism. In the main text I gave what
might have been a perplexing figure, if you looked at it for a while. Here
it is again. Recall that carbon is shown as black balls, hydrogen as grey
balls, oxygen as white balls with the symbol ‘O’; and R signifies the rest
of the molecule, which could be anything you like. Ferredoxin is marked
here as Fd, which catalyses the transfer of electrons from the 2H onto
CO2 to extend the chain length of the carbon skeleton:

What just happened here? You’d struggle to figure it out from the
scheme depicted above. In fact, several steps are needed to make this
work in modern biochemistry, each one with its own chemical ‘prop’,
notably ATP, coenzyme A (CoA) and ferredoxin itself. These steps are so
central to modern metabolism that it’s worth considering how each step
works.

Let’s think about a specific example – how acetate (a C2 molecule) is
activated to react with CO2, to form the C3 pyruvate. In other words, the
‘R’ depicted in the example above corresponds to a methyl group (-
CH3). The first step goes like this:



The problem here is that the carboxylate group (-COO–) is not very
reactive. To react with CO2, it first needs to be activated. This is
achieved initially with ATP, which adds on the phosphate group to form
acetyl phosphate, as shown on the right-hand side. (ATP is adenosine
triphosphate; the transfer of one phosphate onto acetate by ATP leaves
ADP, adenosine diphosphate, which can be recycled to ATP through
respiration.)

Having the phosphate attached makes it easier to remove the
unreactive carboxylate oxygen and then add on something else in its
place. Phosphate is said to be a good leaving group, which is to say, it
detaches quite easily as a stable entity, so long as something else is
available to take its place. That something else in this case is coenzyme
A. I won’t show this as a structure as it’s quite complex, so I’ll mark it
simply as CoA-S– to signify that the reactive bit of the molecule is the
sulfur (S) atom. In this next step, I’m showing the sulfur atom forming a
bridge to coenzyme A:

The important thing to notice here is that the right-hand carbon is now
joined directly to a sulfur atom, without there being an oxygen in the
way (as there is in acetyl phosphate). And that makes the carbon more
willing to react. In the final step, the CoA-S– can now be substituted for a
molecule of CO2, giving the C3 pyruvate:



You might still be wondering what the ferredoxin is doing here. It’s
adding on two electrons, but where did they actually go? The easiest way
to see this is to think about what happens when the CoA-S– comes off,
and the CO2 is added on in its place. The reason that CoA-S– can detach
relatively easily is that it, too, is a good leaving group: it can pick up
both the electrons in its bond with carbon and leave as a stable entity.
But that leaves the carbon short of electrons, which it must pick up from
somewhere else instantaneously or the reaction won’t happen at all:

The curly black arrow shown here denotes the movement of a pair of
electrons, in this case the pair of electrons that form the C–S bond. The
electrons move wholly onto the sulfur of CoA, giving it a negative
charge, and leaving the carbon bereft of an electron pair (hence the
positive charge). The reason there’s only a single negative charge on the
sulfur is that one of the two electrons in the pair belonged to the sulfur in
the first place, hence it only receives one additional electron.

Short of an immediate back-reaction (which would just revert to the
starting point), where could the positively charged carbon atom pick up
the pair of electrons it needs to regain stability? Not from CO2, because
that faces a similar problem. CO2 is not very reactive, as it has a stable
bond structure. But this structure is under some electrical strain. That’s
because the oxygen atoms have a strong tendency to pull electrons
towards themselves, giving them a slightly negative charge (not a full-on
electrical charge), which is symbolised by the Greek symbol delta (δ).



Each of the two oxygen atoms therefore has a δ−, whereas the carbon
atom is δ+, as shown below.

This mild electrical polarity can in principle give rise to a more
extreme endpoint, where a pair of electrons is pulled wholly onto one of
the oxygens, giving the more reactive, unstable structure depicted at the
right in the reaction on the previous page.

You can imagine that the positive charges on the acetate shown above
and the CO2 shown here would not go anywhere near each other; but the
pair of electrons transferred from ferredoxin makes a new C–C bond
possible, joining the two positively charged carbon atoms together, by
giving each one a single electron, to form pyruvate:

The chemistry shown here is not intended to be realistic (this is not
what actually happens) but to show what the problems are – why this
reaction doesn’t take place spontaneously and needs to progress through
several steps. But something similar may happen in the enzymes, where
all the molecular players are held ‘just so’, meaning that the electrons
from ferredoxin are transferred onto the two carbon atoms in the very
instant that the CoA-S– grabs the electrons in its bond with acetate and
exits the stage.

There’s only one other thing to notice here. In the first scheme above,
water is shown as a product. Yet that seems to have gone missing in



action in the various reaction steps I’ve depicted above. In fact, water is
never produced as a separate entity. Look back at that first scheme –
you’ll see that the oxygen in the water molecule comes from the
carboxylate group – and ends up on the phosphate that detaches from
acetyl phosphate. The protons, in that first example, came from the 2H
and bind to the O2- to from water. When the oxygen ends up on a
phosphate group, those same protons simply balance the charges on the
newly released phosphate ion. So the overall reaction is this:

As happens so often in the chemistry of life, the water is there alright,
marked by the dashed lines (one of the oxygens plus two of the protons
on the phosphate), but it’s nowhere to be seen as an independent entity.
Biology magics water away.


