
that same Second Law of Thermodynamics discussed earlier, tells

us, that given enough time, that material of single chirality will

become racemic, meaning that the material will end up consisting

of equal quantities of D and L forms (due to slow D to L and L to

D interconversion). Simply, a racemic mixture is more stable than a

single chiral form—it is more disordered, and therefore will tend to

be established given enough time.

We commenced this topic with the statement that many of the

molecules of life are chiral. The amino acid building blocks from

which all proteins are constructed, and sugars, from which nucleic

acids and carbohydrates are composed, are all chiral.What is import-

ant, however, is that within living systems only one chiral form of the

two possible chiral forms is present—biological sugars are almost

invariablyD-sugars, while amino acids are almost invariably L-amino

acids. Living systems are universally homochiral (meaning of just one

chirality). But this homochirality raises two fundamental questions.

COOH

H C R

NH2

COOH

HCR

NH2

L-form D-form

Fig. 1. Handedness associated with chiral objects. An object is chiral if

its mirror image is not superimposable on itself.
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transformed into hydrogen and oxygen gases cannot take place

spontaneously because that would be equivalent to a ball rolling

uphill.

The relative free energies of a hydrogen and oxygen mixture

compared with that of water are shown schematically in Fig. 2.

The hydrogen and oxygen molecules on the left side of the diagram

(H2 + O2) are located at higher energy than the water product (H2O)

on the right side of the diagram.

The diagram also reveals another important point—the hydro-

gen and oxygen reactants are separated from the water product by a

barrier. Even though the hydrogen and oxygen gas mixture is higher

in free energy than water, the path leading from reactants to prod-

ucts does not go downhill smoothly. It climbs uphill to some extent

before it begins to descend, which means that before the reaction

can proceed, the barrier must first be overcome. That’s why a spark

Reaction progress
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y H2  + O2

H2O

Fig. 2. Diagram illustrating the free energy change for the reaction of

hydrogen and oxygen gases (H2 + O2) to give water (H2O).

stability and instability

60



and a G nucleotide onto a C segment. Once the individual building

blocks are all locked into place on the RNA chain, their proximity

to one another enables them to link up so that a dimeric RNA entity

results—two RNA strands weakly held together by bonds called

(a)

(b)

(c)

Negative

Positive

Negative

Positive

U U U CC CG GA

Fig. 3. (a) Schematic representation of an RNA molecule made up from

a sequence of nucleotide building blocks, A, U, G, C. (b) Representation

of the process by which an RNA chain induces a complementary copy of

itself to be formed (positive to negative). (c) Representation of the

process in which the complementary RNA copy induces a copy of the

original RNA to be formed (negative to positive).
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related to eukaryotic cells (those making up you and me) than to

bacterial cells! As a result, the two seemingly closely related prokary-

otic life forms were relegated to distinct and separate kingdoms. The

tree of life, thought to be composed of twomajor kingdoms, Prokarya

and Eukarya, was transformed into a tree with three kingdoms—

Archaea, Bacteria, and Eukarya (illustrated in Fig. 4). Sequence analysis

had proven to be a most powerful tool in elucidating genealogical

relationship. A major step in constructing the tree of life had been

taken. But that’s where the good news stops. Applying that powerful

tool to the origin of life problem has proved disappointing. Sequence

analysis has failed to throwmore thanminimal light on that problem.

Let’s see why.

In recent years the true significance of sequence analysis, even for

established life forms, has been increasingly questioned. The prob-

lem initially arose in the 1990s when it became possible to carry out

complete genomic (DNA) sequencing and not just sequencing based
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AnimalsSlime
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Methanobacterium
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T. celer
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Gram
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Proteobacteria
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Planctomyces
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Spirochetes

Bacteria Archaea Eukarya

Fig. 4. Tree of life based on ribosomal RNA sequence analysis showing

three kingdoms of life—Bacteria, Archaea, and Eukarya.
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gloomy view is not just the frivolous opinion of an over-zealous

chemist on a subject that is not his own, but one that is beginning to

be expressed more generally. Carl Woese, in an almost messianic

article that we have already referred to, recently wrote:1

Biology today is no more fully understood in principle than physics

was a century or so ago. In both cases the guiding vision has (or had)

reached its end, and in both, a new, deeper, more invigorating

representation of reality is (or was) called for . . . Look back a hundred

years. Didn’t a similar sense of a science coming to completion

pervade physics at the 19th century’s end—the big problems were
all solved; from here on out it was just a matter of working out the

details? Déjà vu!

Woese, a leading contributor to the molecular approach to biology

whose fruits have been so rewarding, seems to have lost all faith in

the methodology that served him and molecular biology so well.

Paradoxically it is the dramatic increase in knowledge brought

about by molecular biology that has actually revealed how ignorant

we are. So what went wrong?

The road from Darwin to modern biology was a convoluted one.

Darwin’s monumental achievement was, of course, in providing

What is
life?

How did
life

emerge?

How to
make
life?

Fig. 5. Three key questions governing holistic understanding in biology
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is alive and kicking (no pun intended!). In addition, a not insignificant

side benefit would be to demonstrate that systems chemistry can

throw light on the origin of life problem, at least in an ahistorical sense,

by uncovering the principles that would have enabled inanimate

matter to complexify in the biological direction toward life.

Let us then begin our discussion with the traditional view for the

transformation of non-life into complex life. This can be repre-

sented as a two-stage process as illustrated in Fig. 6.

The first stage, the so-called chemical phase (termed abiogenesis,

meaning the process by which life emerged from non-life) is where

the never-ending debate and controversy lie. In the context of Fig. 6,

a simple life form would mean that the system would possess what

many would argue would be the most significant characteristic of

living things—the ability to replicate and evolve in a self-sustained

way. Indeed, having reached that critical point, the system would be

considered biological in nature and its subsequent transformation

into more complex life—single-celled eukaryotes and multicellular

organisms—would have been governed by that momentous

and earth-shattering theory that was proposed just 150 years ago,

Darwinian evolution. So the conventional wisdom is that we are

facing a two-stage process whose first stage is highly contentious

and uncertain, while the second stage, in scientific circles at least, is

in broad terms now unshakeable.

Non-life Simple
life

Complex
life

Chemical
phase

?

Biological
phase

Darwinian
theory

Fig. 6. Two-phase (chemical and biological) transformation of non-life

into complex life.
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Life’s diversity

Though Darwinian theory was able to relate all living things to one

another, the source of life’s spectacular diversity remains unre-

solved. As we discussed in chapter 1, Darwin himself remained

uncertain on this key point. In his Origin of Species Darwin did

propose a Principle of Divergence, but whether that principle was

independent of his principle of natural selection, or derived from

the principle, was left open and, interestingly, the issue continues to

preoccupy modern biologists. However, the theory of life that we

have described, based on the DKS concept, seems to offer some

resolution of this issue. It turns out that the key to understanding

life’s extraordinary diversity lies in the topologies of the two chemical

worlds—the ‘regular’ and replicative worlds, and the difference

between them. Let me explain.

I have already explained that all chemical systems are directed

toward their most stable form. That means that different chemical

systems that are composed of the same elements will all want to end

up at the same place, just like different balls rolling down a hilly

Thermodynamic
sink

(a) Convergent character of
      ‘regular’ chemical space

(b) Divergent character
      of replicator space

Fig. 7. Schematic representation of branching patterns within ‘regular’

chemical space (convergent), and within replicator space (divergent).
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