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| I first began thinking abour the role of
in bmlbgu:a] evolurion roughly thirty years ago when 1 was a secondary
tudent. | would visit my father's laboratory, where 1 was allowed to
prateinoid microspheres in a test-tube and then watch them under a
cope, 1 found grear fascination in mixing salts, sugars, and lipids and
ing the remarkable self-assembled structures thar formed. Most capti-
all, however, was their Brownian motion. The micraspheres jigeled
occasionally a microsphere divided, and 1 would watch the two
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offspring- move away from each other. However, my aptitudes were strongest
in the mathemarical sciences, so in college | studied marhemarical physics,
with the intention of one day returning to biological questions.

During my college years (1960—1964), the genetic code was elucidared, and
soon thereafter protein biosynthesis was described in great detail. 1 was nor
unaware of these developments because, even though the study of mache-
matical physics put heavy demands on my time, [ kepr up wich molecular
biology. These events greatly influenced my decision to pursué graduate stud-
1es at the Rockefeller University (1965-1969), where 1 studied nonequili-
brium thermodynamics with George Uhlenbeck and Mark Kac. 1 also had the
£ood fortune to learn biochemistry and bioenergetics from Frirz Lipmann and
Christian de Duve. At that tme, de Duve had the remarkable foresight w
realize rhar the idea of chemiosmosis deserved a serious hearing and he or-
ganized a seminar course on chemiosmosis, which I attended. He jnvired Peter
Mirchell and many of his critics (most of whom are now quite converted) to
lecture, and | began to realize thar a revolution in bicenergetics, no less sig-
nificant than the revolution in molecular biology, was abour 1o rake place. By
the mid-1970s this revolution was nearly complete, and today, while many
derails of bioenergetics require more work (also rrue in molecular binlogy),
the essencal outline 15 clear.

During cthe 1970s | pursued an academic career in nonequilibrium staristical
mechanics and stochaste processes. 1 was seill looking for chances to connect
my studies with biology. While | was a postdoctoral fellow, Uhlenbeck ar-
ranged for me to spend a couple of weeks with Max Delbruck o help make
this connection. Delbruck was very sympathetic bue tried 1o convince me that
what I should do was simply to become a biologist, as he had done so suc-
cessfully. To him, physics and biology were concerned with very different
issues and required very different methods. Ar about the same time, 1 had
occasion to visit with Lars Onsager, whom 1 had met as a scudent at Rockefeller
University when he visited Uhlenbeck. Onsager had retired o Miami, where
he came to know my father, and revived his earlier interest in questions of
the origins of hife. 1 once asked him whether he thoughe thar staristical me-
chanics would have a significant impacr on the study of hiologieal questions.
He replied with a typically enigmatic and rerse: “No.” Ironically, the man who
encouraged me the most, when | visited Kac and Uhlenbeck ar Rockefeller
University, was Fricz Lipmann, After all, he had played the major part in
developing our understanding of the role of energy in biology and, while he
emphasized the importance of appreciating biochemisery as chemistry, he also
understood thar energy flow was a physical, racher than a chemical phenom-
enon with a strongly thermodynamic flavor. Through Lipmann I learned abour
the unique biological importance of phosphorous compounds and their sig-
nificance with regard o energy fow.

The 1970s wirnessed yer another scientific revolution, this time in mathe-
matical physics, where problems of nonlinear dynamics were being solved and
attracting considerable artenton. My colleague, Joe Ford, a pioneer in this
field during the early 1960s, invited many scientists—among them Boris Chi-
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v and Mitchell Feigenbaum—ro our department to discuss these devel-
ents. At first 1 did not realize what was happening and was mildly amused
ar these people talking about clasircal preillators, abour which 1 thought
everything! As a postdoctoral fellow at Berkeley, 1 had expressed my
may at such talk to Karen Uhlenbeck, who patiently attempred o tell me
these oscillators weren't farmonse but nonlinear, and that that made all
difference. It ook me nearly & decade for these ideas o sink in, so thar
sn't until the beginning of the 1980s that | recognized the point of the
scientific revolution: that deterministic dynamical systems could display
¢ behavior, Even more important for me was the realization thar well-
2 themarical systems of equarions, which in principle posiessed unique
utions, could be successfully studied only in conjunction with numerical
nulation. The advent of readily available rapid computing coincided with
slarion.

4, the John Simon Guggenheim Foundation generously awarded me
_' ip to study the physical basis for biological evolution. This award
n supported by Tetrell Hill, Mark Kac, Fritz Lipmann; and James
enson, to whom | am mose grateful. The grant was generously matched
ﬁa,eﬁ;'r&n:gm Tech Foundarion, so chae [ was able o devore the 1984— 1985
demic year exclusively to these studies. My objective was to bring together
_consequences of the several revolutions mentoned above. 1 approached
'pmjéét as an experiment in simultaneous writing and research. The ex-
ience was very rewarding, and this book 1s the produce. [ am indehred

also especially grareful to a few close friends who were willing to review
y version of the manuscript and provide me with their criticisms. They
Gold, Joel Keizer, and Roger Wartell, 1 benefirced greatly from the
ditorial efforts of Barbara Brooks, senior editor for W. H. Freeman and
‘Company, and Martin Silberberg of Manuscriprs Associates.

- It saddens me to reflect thar Mark Kac (1914—1985) and Frirz Lipmann
(1900-1986) are no longer able to read my work. I would have loved to have
eceived their comments about this book. Kac served so well as menror, guide,
friend aver the last twenry years. Lipmann encouraged my exploration
the origins of life at several crucial steps. It is to the memory of Kac and
ann thar [ dedicate this hook.
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Any book about the role of Bnergy in
ust be an interdisciplinary work, concerned wirh biology, chem-
! 1 tics, and physics: The biological and chemical aspect of the book
2 2, 3, and 5) is descriptive, emphasizing specific substances and
ereas the mathematical and physical aspect (Chaprers 1, 4, and
prual, emphasizing general principles. A glassary of specialized
appears at the end of the book.




20 INTRODUCTION

Energy Flow in Biological Systems

Biological arganization and irs evolution are consequences of the fow of
encrgy through marrer. Frice Lipmana's recognition (19411 of the universal
energy currency of phosphares in biological sysrems (see Figure 1-1) was es-
sential o the subsequent revoluton in molecolar hiology, a revolurion char
clucidared the processes of the biosynthesis of proteins and of the genes that
serve as templaces for them. Sciencists mapped metabolic pathways (for ex-
ample, glycolysis, the tricarboxylic acid cycle, and the elecrron transport chain)
and realized thar these pathways are driven by the flow, use, and transduction
of encriy. This book presents these ideas ar an introductory level with em-
phasis on energy flow as the central pninciple. The revolution in molecalar
biology preceded by only a decade a related revolution in bisenergetics, in
which scientists discovered that the process of chimimimesis provides che link
berween electron transport energy and phosphare bond energy (Harald, 1986).
This discovery enabled biochemists to describe reasonably well the mecha-
nisms by which cells transduce, use, and store energy,

Mathemarical Properties of Driven Dynamic Systems

The recognition thar biological evolution is 2 manifestarion of energy-driven
organic marter has focused the attention of binlogists on recent revolutionary

IOk

Creing -~

Inczanic

FIGURE I-1

The Lipmann cycle. The metabolic dynamo generates ~P current, This is brushed off by
adenylic acid, which lilkewise funcrions as the wiring syseem, distributing the corrent,
Creatine—P, when present served as P accumulator. Components of the membolic wheel
include glycolysis, the citric scid cycle, and the electron rransporr chiain.
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athematicians and physicists on understanding the dynamics of
‘nﬂneal’ By SLEITLS. The great mathematician, Jules-Henrl Poincaré
12) had gained nsights into such systems long betore there were
Hawever the systems are best studied by computer simulation
e equations used rarely possess closed-form solutions. By using
C fapp]y Poincaré's ideas, researchers have discovered many new
riven nonlinear systems. The concern of this book is with those

.ry simple structures; it also explores the fact thar the dererministic
wns used 1o describe driven nonlinear systems can give rise ta descrip-
i cbor otic behavior. These behaviots are closely relared to the nonex-
‘f’tlﬂpad—f-t}rm solutions for these equarions and to the need for simu-
chniques o obrain informartion abour their dynamics. These
ions have profound significance for the problem of predictabiliny in
ear systems, which Chaprer 5 relates to the process of biological

: presents three perspectives on the role of energy in biology,
bur quite distince, Chapter 2 gives the first perspecrive, which

s of energy regulation (the second perspective) and storage (the
ve), espéciialhr_in certain 5per:i,a1 energy storage molecules, the

S, H:léit dﬂ?&ndeure on phusphagens and their d1re-:|: connecrion
of nonlinear dynamics. The three perspen_nvf:ﬁ of the role of
mlﬂg}' cover a range of questons, from the origin of unicellular
tion of multicellular organisms and their social structures. The
iews that express the conclusions reached from each perspec-
he author's hypotheses. Throughour the book, purative facrs are
ntiated from explicic hypotheses.

spective: The Urobores Puzzle  Whar is the fundamental problem
7 Max Delbruck answers as follows: “Thus there is a clear case for
2 on Earth from ne-life o life. How chis happened is a funda-
'”“” “the fundamental question of biology.” [Delbruck, 1978, p.
oblem of the initiation of life is beautifully embodied in the ancient
‘uroboros. The uroboros, symbalized by a serpent with its tail in
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FIGLIRE 1-2

.l'ha-.uru‘.:lcrrm'_ Usually the uraboros is symhalized by ane serpent rather cthan rwn. This
version has 4 more direct molecular biology interprerarion in erms of proteins anid
palynuclearides. (From Eleazas™s Unafte Chymisctes Werk, 1700,

The IIII!IEI'IIL‘F’J?IV.EIl uses thar grew oue of the idei of uraboros were relared o Greek idens about
is minifestarions i the real world, One of these manifestations was gold, which was equal
tire an the scale of Elements: [t seemed 1o be the only substance thar could resise chemical
change by fire, und i is yellow hke fire and the sun. The sun symbalized gold in ancient
||u:-r:1:u1_'4.-.. and for both the Greeks and che Eeyprians, gold color, the sparit of gold was the
Ideal of pecfection. This spiritual essende was endowed with the power o reproduce iself and
10 eransmute all metals inre gold. To Plao gald was the ultimate stare of inanimase mamer, To
lis pupil, Aristotle, ofganic nature, also seeking perfection, progresses through a series of
cyeles in which the ultimare goal is selreproduction. This view is the strongest analogue 1o
madern molecular biology: The sun, the symbal of welf-begerting gold, is the wltimare SOUCCE:
of cnergy for earch's self-begetng sysrems

INTRODUCTION

b (s -¢ Figure [-2), represents an eneity thae is self-generating and self-

is a self-generaring and self-sustaining system that has evolved
being in which its origins are no longer discernable. Organisms
a Energ}f..trﬂ_nsducing structures for oheaming che energy o make
needed for energy transduction. The uroboros puzele of the tran-
life to life is: how could this have begun?

d Third Perspectives: Evolutionary Trends  The uroboros puzzle
fundamental biological problem of the rransition from no-life o
v flow supports the existence of life’s dynamic molecular stare and
¢ 1o evoludonary trends thar lead to more complex forms of life,
mﬂﬂcefhilar forms that have muscle and nervous tissues. Regulatory
ms (perspective two) and storage schemes (perspective three) involve
es of energy flow. The solution to the uroboros puzele pinpoines
bond energy as che special type of energy used by cells. Phosphate
punds are important regulatory substances, and one group, the phos-
provides the energy storage thar is essential for the funcrion of ex-
1ssues (muscle and nerves). Phosphare along with calcium, another
ory substance, provide the substrate for bone, a structural and protec-
‘that has coevolved with excitable rissues.

Dielbruck (1977) ohserved that it is difficule to reconstruce the “tree
[rom paleontology and comparative anatomy” because fossils provide
cord. Although comparative anatomy, physiology, and biochemistry
h more useful than fossils for such a reconscrucrion, he concludes char
unt of study of present forms would permit us o infer dinosaurs.”
the evalutionary view of energy flow makes a zood case for ver-
f not dinosaurs. In particular, muscle, bone, and nervous rissue ap-
Automartically within the perspectives of the evolution of COCrLy

utionary Significance of Excitable Tissues

sph ‘__Elf_iS enable organisms to accumulare stores of energy for use during
s of high energy need. Early in the history of life, this storage mechanism
simple regulatory device. But it evolved and made the evolution of
tissues possible. Their rapid use of energy could nor be sustained
8 hosphagens.

uscle provides an organism with movement, not only of the various parts
Pody but also of its entire bady thraugh its environment, Such movement
intensifies organism-environment and Organism-oreanism interacrions,
l..usunl!].r nonlinear in character. The survival of an individual organism
eCles depends on the outcome of these interactions,

= YOUs tissue provides organisms wich the ability to control their move-
1d 10 influence the outcomes of biological interactions. The ability to
“Butcomes would be an obviously beneficial strategy, bue the prediction

5
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of nonlinear events is a special type of nonlinear dynamic problem. Chaprer
4 shows rthat the optimal approach to this problem is rapid simulacion, That

the nervous system has evalved to be a rapid simulator is the subject of Chaprer
% 3

e CHAPTEHR

A list of references follows each chapter. Three references especially usefy]
far their beauriful illustrations and detailed trearmencs of molecular and cel-
lular biology are Lubert Stryer's Brockemistry (1988), Christian de Duve's A
Guided Tour of the Living Cell (1984), and Franklin M. Harold's The Vital
Force (1986). The reader will be reminded throughout this book ta consult
these three utles.

REFERENCES
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de Duve, C., A Guided Towr of the Living Cellf, 2 wols., Scienrific American Books,
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Delbruck, M., "Mind from Marrer?," in Xiflth Nobel Conference, Gustavus Adolphus.
College, Oct. (19770, Nazare of Life, Edited by William H. Hewdcamp, University
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Lipmann, F., “Mewbolic Generation and Utilization of Phosphare Bond Energy, in
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life could begin.

_ Energy was present in abundance the
erse began. Matter came larer, forming from energy as the
eratures and pressures of the beginning grew less, This chapter
Ows of energy and the changes in its form thar resulted in con-

1ate for life. Atoms, molecules, and a suitable surface had to

§ are clear. After stars form chemical elements in a process
Bucleosynthesis, which involves various energy flows (Section 1-
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| s n) denotes the deuteron, a Jjjucleus of mass 2 (the proton
.g,;.pmdlwiﬂ.g a deutcron, the reaction causes one of rhe procons
1 bera (plus) decay into a neutron, positron, and neutrino. (Only
ad inside a nucleus can beta decay; a free proton cannot, |

\ewly formed star, hot protons surround the deurerons, a con-
o another rapid nuclear reaction,

11, the chemical elements combine into small molecules an the relanvely loy,
temperature surface of the earch, with help from natural energy sources (Sec.
tion 1-2). Among these small molecules are the monomers—aming acids;
sugars, and bases—which when linked togerher form the larger molecules.
essental to life (Secrions 1-3 and 1-4),

Mot so clear is how to form these larger molecules essennal for life on the
prebiaric earth, since they tend to break up as fast as they form (Secrion 1=
31 Thus the uroboros puzzle arises: How do you hegin to make polvmers
when polymers themselves are needed o make polymers (Secuon 1-6)7

{pyn) + p—(2p.nk + ¥ {Reaction 2)

a photon, and (2p, n) denortes the nucleus of helium 3 ("Hey,
ambine with protons. Instead, the protons elastcally scacer
éther} withour a net change in their combined energy. Deu-
orming “He, are now oo rare (o combine appreciably with
ntly, the amount of "He increases until hor *He collisions take

I-1. ORIGIN OF THE ELEMENTS DURING STELLAR
EVOLUTION

The subject of this book begins somewhar after the beginning of the universe,
when the sears funcrioned as factonies of chemical elements. The mechanism
by which the chemical elements come into existence is itellar nucleasyntheris.
The processes invelved are an example of how energy ffote produces complex
states of matter from simple constituents: A combination of gravitational en- 250

ergy and nuclear energy converts vast quantities of hydrogen gas, the simplest by ). : -

element, into the nuclei of ather, more complex, elements. Nucleosynthesis: ﬂu'm‘f“- the sum of Reacrions (1)-(3), can be writeen as the
nvolves nuclear reaction cycles and happens in stages thar correlate strongly ultistep nuclear reaction

with changes in stellar scrucrure,

In the &g bang model of the evolution of the universe, an extremely dense
and hot ylem expands and cools, giving rise ro stars by collapse of local su-
percrincal masses of mixtures of hydrogen and helium (—25 percent helium).
During collapse, half the gravitational porential energy of a supercritical mas
15 converted into kinetic energy, causing the gas rtemperature o rise; the other
half 1s radiated into space. As the temperarure soars, fonization strips electrons
from hydrogen atoms, leaving protons.

(2p.m} + (2p,n)— {2p, Za) + 2p (Reaction 3)

2n) denores the nucleus of helium 4 (*He, also called o particle

bp— o + 2p + 2e” + v+ Iy

o -_{e,.*jl eventually annihilate in collisions wirh electrons (e~ 0 that
usly seripped from hydrogen atoms, thereby producing light ().
nos (v) tend to flow our and away from the star inta interstellar

producing heavier nuclei, these fusion steps release cnergy, A
or the sun will illustrate. The mass of an o parricle is only 99.34
mass of the four protons from which it is produced. Einstein's
= me” computes the amount of energy produced by naclear
rmous and dwarfs the contribution from gravitation potennal
g ['“?-' sun, 1‘500 million tons of hydrogen fuse every second to form
ns of helium; thus 4 million tons of matter turn into energy.
10 800 billion kilowat-hours (kW h) of energy every second.
of the sun's available hydrogen will keep it burning ar this rate
on years; bue gravitational energy alone could produce energy
r only SO million years.
on of another nucleon to an o particle leads ro unstable produces
nd *He, which have lifetimes of 102" s,
ages and its hydrogen changes to helium, irs interior becomes
ieous. In a sear's core, where temperature and density are highest,
Accumulate at the expense of protons. Astrophysical observations
Particles in the core mix only very slowly with a star's outer

The Protoen-Froton Reaceion

When the wmperature of a forming star reaches 107 K and its density is
107 giem™ (100 rimes that of water), the transition to nuclear ENErgy generarion
begins, with the proton-proton reaction. Below the reaction temperature, the
protons (positively charged hydrogen nucleil repel each ather by coulombic
forces; but when this repulsion 1s overcome by a sufficiently energetic collision
berween rwo hat protons, then the protons are close enough together for the
short-ranged scrong nuclear force o ace. This nuclear force is strongly arrracrive
and creates a new combination of nuclear particles, with the release of energy
in the form of light and/or other particles; tha is, '

ptp—ip,n) +e* +w (Reaction 1)

in which p denotes a proton, n a neutron, e a positron, and v a neutring-
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« of this state were theoretically compured by Hoyle and sub-
verified in nuclear experiments,

0 u&];;i- then react with hor a's o form oxygen nuclei (0}, and
th a’s to form neon nuclei (*'Ne). The process of adding o's w0
clei of carbon, oxygen, and neon yield less energy per gram of
. sroton fusion into s, but it is faster. Consequentdly, this type
lizes the red giant so that no furcher gravitanonal collapse occurs

p.[te the less efficient conversion of energy.

envelope of protons. The core of o particles grows in size; but at irs presenp
temperarure (10”7 K), the elecrrostatic repulsion, which is greater berween g
particles than berween protons (because o's are doubly charged), inhibirs g
a nuclear fusion reactions. Much higher remperatures are required for the: g
t reaction,

Nevertheless, ar temperatures of around 107 K, the nuclei of *He and 1Ha -
can combing to make "Be, which can react in the star to form other isotop
of lithium, boron, and beryllium. Such reactions explain how elements lighte
than carbon come into being. They also produce more a's.

The star has now developed a core of hor bur nonreactive o's and an o1l
envelope of protons (ionized hydrogen atoms), eléctrons, and hydrogen
A thin, spherical shell surrounding the o core is the region in which nul
fusion and energy generation continue. As a consequence, this region is the
hocrest {around 3 % 107 K) and the most luminous,

"“f ‘@ reacrions and from the gravitanonal collapse of the o core

t of nuclear reactions, the carbpn-nitrogen (CN) ciele; see
cyele is possible in any star that furms from interstellar gas
oducrs from supernova explosions of earlier-gencration

Origin of Carbon

Gravitational contracrion of the core of a's, the next source of EOCTEY [Fans- er temperature it is dominated by the more powerful proton-proton
tormarion, again illustrates the creative furce of energy flow. As the co e
conrraces, it heats up due 1o conservation of total energy. The hot core then

heats the reacrive spherical shell, which expands greatly. Astronomers call stars 3
in this stage of evolution red giants. | P &
When the core a's reach a temperature of 10* K and densities of 10° g X £
em?, the coulombic repulsions berween a's are overcome, and they can react v ¥ By
and fuse. Ar rthis stage something peculiar happens. The narural product of & N '
fusion, the beryllium nucleus ("Be), has a liferime of only 10~ s hef'm"e--'i: » -
reverts 10 a's. The fusion reaction, g iReacrion 7)
2a — "Be + v (Reacrion 4) | :
i 13{: ¥ I"!lo
does not produce "Be fast enough to dominate the decay of *Be into o's, the p ' ¥
reverse of Reaction (4), So how do beryllium and heavier elements fi . '
Salpeter suggested (Fowler, 1967) that perhaps *Be absorbs another a, form it P "N [

a stahle carbon 12 (“*C) nucleus:

2, carbon acts as a catalyst for the generation of helium from
» the complex sequence of CN-cycle reactions regenerates '*C
ur protons into one « particle, two e, two v, and three
om protons to «'s and from a's to '2C are both uncom-
fiven conversions. The CN cycle shows for the first time the
Fan e trimer, '*C. For approximately every 2000 of chese
ive pathway converts '*N into "'N plus an « through 'O
- iates. Both the '*O of the CN cycle and the 'O are radio-
t€cay rapidly; but 'O is a stable intermediate that increases in
it

"Be + a— '2C + y (Reaction 3)

Fred Hoyle suggested (Fowler, 1967) thar the short lifetime of *Be meant

Reaction (5) could be fast enough only if a resonant reaction occurred thi
produced an excited state of che carbon 12 nucleus (which could then dec
to the carbon ground seate, 12C) ]

"Be + a— “C* + ¥y (Reaction 6)
i

where '“C* denores the carbon nucleus in the excited state. The encrgy
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If the temperarure is high enough (107 K), "*C and 'O nuclei react wiry "
a's to produce ““Ne, “"Mg, *"5i, and **8 (nuclei of nean, magnesium, silicgn.
and sulfur) as the most stable produces. Reactions involving protons (like th
reactions in the CN cycle) lead to the intermediate nuclei of fluorine, sodjy %
aluminum, and phosphorus.

Production of Heavier Nuclei

Reactions among larger nuclet require higher temperatures because uf:h
larger ner charges and their grearer coulombic repulsion. However, ac 3

10" K the process of photodisintegration begins to contribute to these rege.
tions, The absorpeion of light by the “*Si nucleus causes it to disintegrate i into
seven a's, which are somedmes caprured by another *#51 to produce a nj
nucleus (**Ni). The *°Ni decays into radioactive cobalt (**Ca), which in w
decays into the stable nucleus of iron (*°Fe). Many other sotopically relared
nuclei are also produced in similar processes.

Appearance of the iron group of elements (Co, Ni, and Fe) in some
suggests that they have achieved nuclear equilibrium ar 4 x 10” K and
density of 3 % 10" glem”. The subsequent evolution of these stars can tal
one of several different direcnions thar will produce still heavier element
One outcome 1s a supernova event, in which the star explodes and distributes

Cu | &n

Mi
LR ETRR (W \.1"'54.-]

the products of its reactions into interstellar space. Later-generation stars will
accrete this enriched matter as they form. For the purposes of this book,
however, discussion of the evolurion of the elements will end with **Fe.
the hot star, nuclear reactions occur in a plasma of charged (ionized) nu
and the elecrrons that have been stripped from them. Ar much lower te
peratures {107—10° K), planet formarion occurs concomitantly with ato .
element and molecule formarion from these electrons and charged nuclei. - e s a.nmunts of euerg!.r—much more than Irum -:hnnges in

tin our treatment, such ot aluminum (Al wod silicon (51 since
th's crust.

Biological Elements, the Primordial Dozen In addition, the a’s can react directly with oxygen nuclei

The dynamic properties of molecular systems thar we recognize as biologics ei of neon, magnesium, silicon, and sulfur. In the
are fully represenced by chemical reactons among the inital 26 ele : i
{Figure 1-1), Furthermore, for inital inquiries into the rransition from na- S ron: Thus, making elements uses four Lypes of energy flow:
w life, the primordial dozen (H, C, N, O, Na, Mg, P, §, Cl, K, Ca, and Fel, & otential energy, hear, nuclear energy, and light energy.

subset of the 26 clements, suffices as the basic ser from which all biomole
combinations are constructed. Beyond these, Si and Al are needed for
earth's crust, and several heavier elements—for example, indine (1), cop
(Cu), and zinc {Zn)—are necessary for higher-level nervous tissue functionss

MATION OF SMALL MOLECULES FROM THE
ELEMENTS

s story now changes from the interiors of stars to the surface
~earth) that formed around a particular star (the sun) shortly
- Aystem was born. On the earth, energy flow at reladvely low
will convert the primordial dozen elements into more complex
the bmlugica.lly relevant small molecules,

Summary of Stellar Nucleosynthesis

Gravitational collapse in stars converts gravitational porential energy !
heat and light and drives the fusion of protons into a particles. Further colla
and concomitant heating fuses o's inro carbon nuclei, These fusion proces!
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Evolution of the Earch

Prevailing maodels of the evolution of the earth envisage an early stage
accretion about 4.5 billion years ago, Around 4 hillion years ago the p
was 50 hot that the iron-group elements (Co, Ni, and Fel melted and, beg;
of their great density, passed through che lighter, silicate rock 1o form
core of the carth. This event is called the iran catastruphe. The surface
began to cool and develop 4 solid crust, which was very thin relative
earch's radius. The iron-nickel core solidified under Erear pressure, €
opinion is that the solid iron-nickel core 15 surrounded by a region of
iron and nickel; together these regions account for roughly half the
volume. Floating on this liquid iron and nickel is a molten mantle, pri
of silicates, perhaps 2000 km thick. The salid siliceous surface cruse
about 100 km thick, abour as thick as an egg shell compared with the diam
of the ege.

Ourgassing through the crust built an atmosphere rich in H. 0O, N., CC
and CO. By 3.6 billion years ago, the aceans had begun to form: and gr
crustal plates, solidified out of the lighter material and floating on the mol
interior, were being shaped and moved on the planet's surface by an on-gois
process called plase tectonics. On this early earth with irs nascent oceans, ten
peratures were abour 3 % 107 K and densities were berween | and 10 glem

Because light gases such as hydrogen and helium had escaped from
armosphere, the environment was composed of hydrogen in molecules.
complex than H; and of heavier elements. Table 1-1 shows estimates
abundances of the elements in various environments including those wi
organisms. Almost all the hydrogen on the earch and in Grganisms is
in water; oxygen is abundane in warer, in COs, and in silicates in the
Note for later discussion that the amount of phosphorus in organisms
grearer than in any other environment excepr the earth's lithosphere.

Free Energy of Formation, Predictor of Stability

Consideration of the free energy of formation (AG?) of various mol =l
gives some idea of whar substances to expect on the earth's surface (lithos ._
+ hydrosphere + armosphere). By convention, the free energy of form
is zero for the most stable form of every element ar 298 K and 1 armo
of pressure (that is, AG{ = 0). Thus carbon as crysealline graphite has
energy of formartion of 0,0 and is stable; but as diamond it has a positive
energy of formation (AGY = 0.685 kcal/mol) and so is slighely unstable:
1-2 presents the empirical formulas, molar weighes, and standard free energ:
of formation for a variety of elements, ions, and biclogically imporrane |
ccules. Because H,O was abundant on the primitive earth, the properti
many of the ions are given for aqueous solutions (ag), which are the biologl i
relevant forms, (The units kilocalories per mol can be converted to kilojoules
per mole by mulaplication by 4.186,) '

The more negative the free energy of formation the more stable a subst
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TABLE -2
Free Energies of Formation

MName

Aceraldehyde

Acetic acid

Acerare (ag)

Arvervl CoA

Aceryl phosphare
rir-Aconitate
L-Alanine

L-Arginine
L-Asparagine
L-Aspartate
Ammonium won {ag)
Hydrogen carbonate (ag)
Carbon dioxide (z)
Carbon dioxide ()
Carbon monoxide (g}
Cirrare

Crearng

Crearinine

Cystemne

Carbont (¢, geaphire)
Chlorinet

Chlorine 1on {ag)}
Calciumt (e}

Calcium (ug)

Catlcium hydrogen phosphate (0]

Dihydroxyacetone phosphare
Erythrose d-phasphare
Ethanal

Formaldehyde

Malar

Empirical et

Sormsila { it mady
CHO 444
CaHO; G
C:H:07 54
Coa a0 NP B2
CoHL 0P 140
CoaH O 171
CiH-0:H ga
CoHp. 0Ny 175
CyHzOsN, 132
CuHO N~ 132
NHJ 18
CHOy 61
Co; 4
o 44
CO 28
CoH,03 189
C4HO:N, 131
C,;H-0M, 113
CiH-O: NS 121
Ca 120
Cl; 71
cl- 355
Ca, A0
Ca™ 4
CaHPO, 138
CiH-0OzP 170
CiH.O;P 200
C:HO 46
CH,0 30

ENERGY AND MATTER: BEFORE LIFE ! 7

prmation (continued)

Empirical
Sformula

CH.0;
CHOY
CaHq20,
CaH.OuP
CaH1:00:F:
CiH Oy
CeH,1204
CyHq 20
CoHaOaP
CaHgO3NWN
CaH 00N,
CaHuOy
CaH,OsF
CoH,0:N
CiH-0:P
H -

H;

H,O"
H:0:

H,5

HCN

Fe,

F‘:i +

Fet*
CHs0} ™
CeHpyO:N
C;H 04
CiH,OF
CizHz 0Oy

Madar
werghi —AGTa
fgfmall {Ecalimall®
46 85.1
45 3.8
180 218.7
20600 42000
340 6213
115 1.3
150 220.6
180 2191
260 420.5
146 L6645
146 125.4
g2 116.7
172 319.2
75 Q0.0
1 307.1
|7 37.6
2 1.0
1 36.7
34 327
3 6.5
27 —28.7
55.He .0
55.8 20.3
55.8 25
1HY 277.1
131 B2z
144 19,7
HY 123.4
332 362.0
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TABLE 1-2

Free Emergies of Formation (continued)

Mafar
Ewipirical weight
Neanie Tormal {almod)
L-Leucine CoeH DN 131
Mechane () CH, L3
Merhanol CH40 32
t-Methionine CaHyOxMS 14y
MagnesiumT () Mg, H.3n
Magnesivm jon (g Mgt 24:3
Mirrite fon Lag) NOy 4t
Nitrate ion (ag) NO; (i)
Nirrogent (g) M 28
Cealare G050 HH
Oixaloacerare CaH. 08" 130
Oxyeent (g) O, iz
Phosphaoric acid H.F0, 'l
Dibydrogen phosphare ion (ag) H:POT 97
Hydrogen phosphate ion (aq) HPo 06
Phosphare ion (ag) PO; - 95
Phasphorust (¢, whire! P, 3l
Pyruvare CyH.O: 87
Phosphosnolpyruvate CyH. 0P 136
Purassiumt (¢ K, EPREY
Patassium won (ag) K 9.1
Ribose S-phosphare CiHy OuP 230
Ribulose S-phosphate CuHy OgP 230
Quaree {1 (silicon dioxide) S0, &Y
L-Phenylalanine CsHp 0:N 145
Sedoheprulose 7-phosphare CiHia Oy F 290
Succinare CiHiO4~ Li6
Succiny] CodA CasHipOuy NP5  HE2
Sucrnose Ci:H=:04, 342

ENERGY AND MATTER: BEFORE LIFE / 19

tion (comtinued)

Malfar
: Empirical teedpht —AG Y
{ .é_gf formula iglmod) i el el
S0i~ 96 177.3
S0:~ 80 118.8
8. 32n 0.0
S, 28u 0.0
Na, 23n 0.0
MNa’ 23 G2.6
Mall 585 018
CyH. 0N LS 1221
CiH,OsIN LEY 1229
CoHy O 181 2.5
CriH 0N 2004 ELTRY
CH4 ON,; ElH] 44.7
— 27 CoH, 05N L1S 860
CiH 0N, 153 333
CsHg0s 145 178.7
H.0O LH 567

s equilibrium. However, the rate ar which equilibrium is
°r many orders of magnitude for different substances. Con-
considerations are nnly suggestive, not definitive.
is & prominent product, given its free energy of formation
and quartz (5103), a major cruseal component, has a free
1on of —192.4 kcal/mol. Calcium phosphate (CaHP(0,) is
atequilibrium, as are the aqueous ions of magnesium (Mg ™ )

ressed by RT where R is the gas constant (1.99 cal/
d against which to compare these values. At T = 298
istical mechanics shows that at equilibrium the relative
€ presence of a molecule with a free energy of formation
Oy the Boltzmann formula exp(—AG%s/RT). Almost every
=, except the elements themselves, is thermally stable at T
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olecules, such as COz, Ny, and H;O, into combinations
amino acids, which become the building blocks for life.

= 208 K. (25 "C). Note that molecules of biclogical significance are g
particularly amino acids, such as alanine and glycine, and simple Cafbﬂ.h}rd
such as fructose and glucose. Therefore the basic building blocks of Jj
matter are the relatively stable and therefore abundant small molecufas |
spontaneously form from the elements, a facr thart is consistent with the oy 2 MONOMERS: THE BUILDING BLOCKS OF
servation that such molecules are also found in incerseellar space, in metegriras = ' LIVING SYSTEMS

and on rhe surface of che moon, .
Jall molecules (MW = 300} that naturally arise from the effects
on the primordial dozen clements, the monomers are of special
\ude aming acids, monaiaccharrdes (sugars), and the purine
arer. Whar distinguishes the monomers and makes them spe-
m link together into larzer molecules, the mixed ofigomers,

Possible Primitive Artmospheres

Two views of the atmosphere are shown in Table 1-1, one of which s 12
primitive. This particular primirive atmosphere contains primarily CO,,
and H;O—nort the highly reducing conditions postulared in the Oparin-
scenario. Instead of a highly reducing primiove atmosphere, many in
gators have now proposed a less reducing, or even nonreducing, primit
agtmosphere such as thar shown in the able. The point here is not o g
which conditions really existed on the primitive earth, but to point o
a number of possible atmospheres might have given rise to conditions
able to life. The Oparin-Urey scenario for a primicive armosphere calls
methane (CHy), ammonia (NH4), and water (H,0), as opposed to’
dioxide (CO5), Na, and H-O, or other choices, When one of a vari
energy fluxes passes through one of these various mixtures of gases, th
come is a vast variety of molecules with neganve free energies of form
many of which are listed in Table 1-2, The type of encregy flus—for ex:

process that forms these linkages, found almost everywhere
 debydration condensaton because formanon of the linkage
lecule. The following reaction shows the linkage of two

the atmosphere affect the composition of the produce mixwure. (Derail ‘{
garding these experiments can be found in the references. ) OF course, N — ¢ AN J:
initial mixture does not have a nicrogen-containing component, no oll y i

containing products can be formed, _
Many of the molecules rhar can be made by adding energy to gas m i
like the above are biologically relevant because life arose under simi Amtiing zcid 1 Aminn acid 2

cumstances. The experimenral serting arranged by scientists and the
serting arranged by stellar and geophysical processes auromarncally
the molecules that are most likely ta form from the primordial dozen elei
Maoreover, a variety of sertings in the atmosphere, hydrosphere, and [ | IH_;,N"’-—C—E— N—C— + H.0
may be relevant simultaneously. Products from one setting may enter 3
and thereby enrich it. Exactly whar happened 4 billion years ago on th
may remain unknown, bue an underseanding of the possibilities is within

Pepride linkage

Dipepride Warer molecule

- ; .' e exan fdehydration condensation is the linkage of two phosphate
Summary of the Formation of Small Molecules * 2 sduce Fyrob baiphate:s

Elements formed during stellar nucleosynthesis combine into varied
small molecules at the relatively low temperatures on a planetary crust.

N T | olie fadise R e oae ere and in later secrions, strict adherence to the correct charge states of molecules
uxes, such as lightning, ultraviolet radiation, and volcanic heat, conve

‘ed unless it is a crucisl consideration,
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O O 'f|3 O H—C=0)
HO—P—OH + I-IG——|F‘—DH - HD—T—D—-P—DH + H.0 H—E|_".-D—I—I
O @] o- o~ H—E—0—H
Fhosphate Phusphate Prrophosphire H

f (CHOH), have many arrangements (called isomers). Some

Amino Acids, the Monomers of Proteins [
des exist largely as closed rings in solution, such as B-D-glucose:

When researchers mix CH,, H20, and NH; and make chem reacr h}* e
plying an encrey flux of electric discharge (Miller, 1953} or of heat (
and Fox, 1964), the elements H, C, N, and O combine. Amino acids are
the resulring molecular species. Their general scruccure, in aqueous milie

CH;OH

R

H—C—CO7

[

NHy

MNote thar (ar room remperature T and neprral pHY the carboxyl
—CO7 , is negatively charged, and the amino group, —NHY | is positivel 1]
charged. The R refers to R group, the moiety that confers individuality o d the monomers into pnlysncfhand(_b Table 1-3 lLists the
the specific amino acids, which are otherwise almose identical. Contemp i hat are important for this discussion, Their structures are
oeganisms have mare than 100 different R groups, of which they use DnI? J| T 1 biochemistry texe [Stryer, 1988].
1o make their proteins. The structures of these special 20 are in any sta wdrate structure (CHOH),—or, equivalently, (CH20),—has 4
biochemistry rext [Seryer, 1988], The dehydration linkage berween the a formation per CH;O unit that depends on #. Formaldehyde,
acids that make up protein chains occurs berween the carboxyl and 2 a free energy of formation of — 31 keal/mol, compared with
groups and does not involve the R groups, ol for CO; and H,O (think of COy + H,O0— CH,O + O.).
The simplest amino acid, glycine, for which R is only one atom of hydrogeny n = 0, has —36.5 kcalimol per CH>O unit. In all cases, the
has a free energy of formation of — 20 keal/mol in H, O, whereas its
constiruents (CO., NHy, and CH,) ogether have a free energy of form

i -2 b ralatd TABLE 1-3
of — 1251 kcal/mal. I:nnsequentl}r_, although II_.{'].H_:]HE is energy-rich relatl \Simple Sugars
its constituent small malecules, it has a negative free energy of forma e —
relative to its constituent elements. Thus glycine is of intermediate theft Monasaccharide H Linear . E”if
:Iylna!qit stability, as are the other amina acids_. Amino sru:ids existed on | Glyceraldehyde 3 -
primitive earth because the geochemical condirions on irs surface were 080 el
equilibrium conditions but involved a varicry of energy fluxes, which generates E.ry el 4 X
molecules of intermediate seabilicy. Ribose 5 X X
Ribulose 5 X
Sugars, the Monomers of Polysaccharides Xylulose E] X
Melvin Calvin (1950) reacted H and CO: together using an energy Glucose 6 X X
radioactivity to produce monosaccharides (sugar monomers), all of which B Fructose & X X
= - [
the general scructure (CHOH),, where n = 3, 4, . ., 7. For examp Sedoheprulose 7 X

ceraldehvde the trinee (three carbon arams) has the fallowine srructure
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N,
o
N
M N
\ HN i
CH
CH
M T NH,
L
H |
H
Adenine (a purine) Guanine (4 puring)
H D

ot

H,C—C

u|’j‘

. ™
3
Hit—C
H H Q““a_-hz"’
6,7 -Dimethyhisvalloxazine
(et of riboflavio, vitemin Ba)
N {J

H'\_ j H,
N
¥ : J\

T
H H

Cyeimine (4 pyrimidine) Thymine (& pyrimidine)

FIGURE 1-2

Monomers: purines, pyrimidines; and coenzymes.

\H\"‘“/\‘r/‘\"“ , /iil-h
L

Sicotinie acid (nif
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CH.H O Moo
| [

o H gc—cl—é—c—:i:-—T— rT-—r_.—-c:-—H
H—B——l!—o CI—I.(L H o H OH
_ (9]

n phosphate oo Pantathene acid

H
Uracil ia pyri H
L—{—H
No i
H -t 11
\T|'/ %**c‘;——(l_—c

- C i
H-HHHi Bie? S
i —C—OH |

&) i

—H

il (oxidized), 155 Pyridosine (pare of viteon By, PyeP

red with the elements themselves, This face shows that
ke the amino acids, are of intermediare stabilicy from an
f wview. Their existence 15 a consequence of the presence

Tolecules, the Monomers of Mixed Oligomers

ar species are also regarded as monomers because they can
Idihydrﬂtmn to produce mixed oligomers. These include many
nces that have special importance. Figure 1-2 displavs a rep-
he purines and pyrimidines, for example, are important com-
ytibonucleic acid (DNA} and ribonucleic acid (RNA) and
coenzymes, the catalytic centers of many enzymes.

5¢ oligomers are of contemporary biological significance, and all
: toducts of abialogical geophysical processes (Oro and Kimball,
i e, CH« NH, and H2O can react in an energy flux of B
adénine or in a flux of electric discharges to produce porphyrin;
ible constituent of primitive planetary sertings. However,
¢ does not imply thar biology is present; it is only a pre-
can become a feature of our picture only after these mon-

M
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omers link into larger scructures. The nexe section explores this pussl i

and its requirements for energy. CH>OH

HOCH.
O u H
Summaury of the Origin of Monomers
Using a variery of energy fluxes, simple precursors combine to beg O H H HO _H'UH+ H.0
monomers. In the laboratory in simulated, primitive earth environme ; '
include CH., NH;, CH:O, and H:O, scienrists have produced amino b4 OH OH H

sugirs, and the generic bases.

ween the C-1 carbon of glucose and the C-2 carbon of fructose

I';afdeh}'dmtiﬂﬂ condensation called a ghewidne inkage,

I-4. MIXED OLIGOMERS: SHORT CHAINS OF {
VARIOUS MONOMERS

e oligomers made of a furanose monomer and a nucleic acid
nomer). One molecule of the furanose rifoie and @ molecule
sne combine by dehydraton condensanon o form adenosine:

NH.

This section discusses mixed oligomers (so called because they consist of 1
to ten manomers thae are not all the same kind), which are cunsnmen
enzymes, genes, vieaming, and such important molecules as lacrose and suern
Subsections rreat oligosaccharides, nucleosides, nucleotides, and coenzy
Figure 1-3 shows several biologically prominent mixed oligomers an
constituent moieties, each of which combines by the dehydracdion lin
Many of these species are coenzymes that are indispensible to energy
olism in contemporary organisms, Nouce that nicotinamide is a dehy
linkage berween nicotinie acid and ammonia. '
Nor all mixed oligomers form in the abiological context of the p

L C
carth. Section 1-5 addresses their actual occurrence, along with thar e ek \ A
polymers, * NN N/ \\H
Aclenine
Oligosaccharides
(Mignsaccharides are comprised of two, three, four, five, six, or mor
manomers. Sometimes they form as Aydralyin produces of molecules s

maltose (which has two sugar monomers) or cellobiose (which has ¥ .
hydrolysis, water inserts itself into a molecule, the reverse of de
condensation.} The sugars lactose and sucrose also are oligosacchari
sucrose forms as the dehydration condensate of p-glucose and D-fi

i-ll(:ll—DH Hj:l_ ou
; /{Z—D\ ; /D[b:‘f
I\'i"H 1/ N

-—-L('DH OH }{i—ﬁ HC—OH
H DH o H

Adenosine




28 [ CHAPTER 1 Thiamine pyrophosphate (TPE)

|3t

I Wicetinumide mononucleotide (BME

Pyrophesphace

2 Flavin manonucleonide (FMN)

Adenine

— Ribailavi {4
é.'-Dlrne:ll.yllmllimnlnu

LRkl
Thin hydirosy] griup is
esterificd with phisphae
in MADP.

Phusphan

Nleotinamide
FIGURE 1-3

Mixed oligomers, Rt
Aletidi)
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9 Flavincadenmine dinucleotide (FATY

e
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6 Coeneyme A Cad)
constituents of the genetic system af all organism, are .m-jxud
three manomers: a nucleic acid base (purine or pyrimidine),

and a phosphate (Figure 1-4). The distinction between ribo-
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA}
ry es of furanose molecules involved, The three monomers of

de also bond by dehydration condensation.

Adering Aderine

FIGURE 1-3 {continued)

V' u

— e snams Sl oad ST

Pyruphospliane

4 Fiboflavin

?1
)
i
+
i
3]
i
;

uﬁiéqtidﬂs as mixed oligomers emphasizes their complex steuc-
| with those of amino acids or monosaccharides; however, au-
selves act as MonoMmers of DMNA and RN A macromolecules.
L as those that produce amino acids and monosaccharides in
-ve earth atmospheres vield small quanrities of nucleic acid
“do not combine into nucleatides, probably because nucleo-
. many dehydration condensations. As the number of dehy-
** ! ! sarions increases, more energy is needed because each linkage

Bidrme Kilwsse

Prroaphoaphate §
: o made by dehydration linkage, are of cnnical importance in
. In contemporary organisms, they combine with proteins
rm funcrioning enzymes, which act as catalyses for many
. The coenzyme is the locus of activity of an enzyme,
as a definite biochemical function (see Figure 1-3 and
participate in  variery of oxidation-reduction reactions and
carbon groups. A coenzyme can function in metabolic re-

Famorkenic

Fanetion

Hydrogen and electron cransfer in oxidarion-reduction
reactions

Hyvdrogen and electean teansfer in oxidation-reducton
reactions

b BeAmeno
A ethancrhiod

: T OHs JI "Active” acery] rransfer, “active succinate”
}ﬁ T Codecarboxylase

Active acerate rransfer, acuve succinate transfer

Cy-transfer: —CHO (formyl), —HCOOH (formate),
—CH,0OH (hydroxymethyl)

Amine carrier

Decarboxylation of pyruvate and aceryl rranster
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MERS: THE FABRIC OF LIVING SYSTEMS

ortant polymers can be looked on as rt:pi:al:inlg dfhydrutilﬂn
wen their monomers. However, the mfchamsms_hj.- which
isms manufacture polymers are complex mu]t_:smp pro-
grdmﬁcn does not ectually occur. In other words, in the 1.’.1.3[1,

sor made by dehydrating ribose and bases, and p.;lu’_}-n:w!m!rrfe:
y simply dehydrating nuclearides. Neverdheless, viewing poly-
15 of monomers linked by dehydranions 15 convenient.

| OH  OH |

Mucledside 5" -monophosphate (NMPI

L | : d Pﬂlysaccharidcs

Muclewside 3 diphosphage (NDP)

.ptides, are chains of many amino acids that are succes-

l I wdrated peptide bonds:

Muckrmule 3 -triphosphare (TP

Rz(a\ R%(a\
HO—CH, O ©OH Al 1& | '\”
e e \K‘T| :
\#) B )
H H
.
OH OH Fr(cﬁlx rr(ﬁ\ Tt|:|)
(Hebafurannse) y: b .
r e oo
HO—CH \ H

N
. ir\” H/_-H

LN E_L
H

: original # amino acids yield this polypeptide and # — 1
The reverse process, the degradarion of proteins into their
ids by the action of water, is called hydrolysis. Polysac-

QR FIGURE 1-4

2 Dieaxyribofuranoe BMucleaside Phﬂﬁ].'l hms, . &} dﬂh‘}’d [‘i-ltiﬂﬂ_s,

actions even withour being joined with a protein to make a complete &
however, the protein is the part that enhances rate of reaction and sp
Although nor classified as a coenzyme, glutamic acid (an aming A

5 3 L)
=l s
as a coenzyme while serving as an amine carrier by transferring—NH - pooo
When it gives up —NHs, it hecomes t-ketoglutaric azid, an interm ] o
the tricarboxylic acid cycle (to be discussed lacer). . _ Oy 00

Summary of Production of Mixed Oligomers

To make mixed oligomers, which are biologically important molecul
omers link by dehydration condensations, This mechanism for mi
molecules is universal in biology. Energy is required for each linki

I85€ss important structural properoes. For example, callogen
next section considers how to form pelymers {macromolecules).

5 Brotein in connective tissue, and chicin. a polvmer of the
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monosacchande N-aceryl-D-glucosamine is the horny substance in the
skeletons of crutaceans and insecrs, ,

Many proteins, especially the enzymes, are globular in physiolopi:
solutions. These globular conformarions can themselves be viewed as
omers on 4 higher level of structural hierarchy in which aggzregates of o
globules act as oligomers. The aggregation process does not involye
dration condensations even though water plays a cencral role. {Chapm.ﬁ'
tains further discussion of this fascinanng property of proteins.)

Fraemd
and sunlighe

Monomers LEnergy

FIGURE 1-5

Polvnucleorides
' Polymer synthosis enery requirements,

Polynucleorides (DNA and RNA) are chains of mononucleotides link

flaighodiester dehydrations: ;
nt exists because biological polymers are surrounded by water,

erade them by hydrolysis. Organisms acquire this energy

= tivity of enzymes, special proteins which the organisms

H
HD—T—E—U—CH HO—P—0-—CLr

E'I Hasey H Basey.

ros puzzle get solved on the priminve carth? The next
guestions; the next chapter artacks the problem.

Monomer — Polymer Energy Requirement

ships between polymer production and energy producrion are
iy

1-6. THE UROBOROS PUZZLE

es and monomers can arise from the primordial dozen
ous discussions have shown. Bur the setting contemplated
ter, partly because the large negative free energy of formarion

or H:0 to form from the elements. Farmation of siliceous
ilarly favored.

H H H

Twa varieties exist, depending on which type of ribose used: DNA
ribonucleic acid) and RNA (ribonucleic acid). Also, several functond
ferent types of RNA exist

hermodynamics

onment (such as existed on the primitive earth) is not a hos-
it linking monomers by dehydration condensations because the
radation by hydrolysis, tends to break rhe resulting poly-
Astituent oligomers and monomers. Indeed, the hydrolysis of
nistically simple, thermodynamically favorable—but for-

Energy Requirement for Polymerization

So far the emphasis in this chapter has been on scrucrure. In e¥e
what oreanisms must do to gchieve theze errirfiree invalves enereys
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Therefore, in the presence of abundane H2 0, the formation of polymen gy to activate monoRIers 10 & state in u.r":v:ff:r_ﬁm"_‘pmar;mhan AUCHT
: : y convert this energy into a form suitable for monomer

thermodynamically unfavorable. When experimenters pur polymers, - Bl orch toatad
protewns and polynucleadides, in water, evenrually (although not rapid £ y catalyze and mnt_ml thc_ pu]ymcmauunlcf ;fff“r-glf';‘ MT:_
polymers hydrolyze (break up). And when they put amino acids and o - mers that ﬁ?rm are still subject e h"rdml‘"r_m' u.t_db nE las
side-monophosphates into warer, these molecules do not polymerize. ' merization is fast Em_:;ugh, ﬂ mm.m-"l_mi i i
In general, pepride formation in aqueous milieu requires an increase (Chapter 2 d':sc,nhﬁ hovethisis soug)

energy of 2 or 3 keal/mal for each bond formed, and phosphodiester fo stic feature that will T sisiilioh e nrt ik Im:‘:-
requires an increase of abour 5 kealimol per bond. Glycosides ten olymerization of EL'INR-EF:I..I monomers is t_hnt the freodaets af
intermediate amount of energy per bond. In all cases, formartion of dely mers, are themselves e_munfn' components of the .r;.m.!'fn:_e'ar u.p‘
linkages in aqueous miliew requires an increase in free energy, while hydggl y polymers are pm;f’mm’, .!n Culs oc iag. PONTIEL Sre 6 -Dege(
of dehydration linkages decreases the free energy by 2=5 kealimli it molecular manifestation of an wroboros and the uraboros
hydrolysis 1s spontaneaus, while polymerization is thermodynamically:

ited, although the rare of hydrolysis varies over many orders of magn
These conflicting tendencies ocour in a ratio determined by Bul:zmm
mula expl —AG/RT], in which AG measures the free energy change
reacrants to products. For a pepride bond with AG = 3 keal/mol, this. o
vields a factor of exp(—5) = (.007 in favor of peptide over mono

cxponential character of the criterion implies thar multiple dehydras
ages are exponentially inhibiced—rhat is, very strongly. For » link
factor is exp[—9n]; for example, for # = 20, exp[ — 100} = 3.7
Conscquently, organisms must use complex strategies to circumvent h
damental difficulry. (And any solution to the uroboros puzzle muse d
one. )

n of the synthesis aof the elements and the subsequent

| molecules and monomers myvoked a variety of plausible

er, formation of dehydranon condensarions, which s

g polymers from monomers, reserices the mechanism of

t chapter discovers that organisms use a remarkably ver-

‘of energy, hased on the relatively rare element, phos-
5.
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CHAPTER

Twa basic ideas lie behind the model of
at I shall describe in this chaprer. The first idea is
: literature on biological origins: Start with something
.-ﬁ‘ ¥ few_ parts and let it evolve into something complex. The
e initiation and evolution of an uroboros were driven by
source of energy.

at the chemistries that were available on the prebioric
molecules and enetev counlings that were needed for
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mpare this seructure wich thar of ATP. Energy is released
- eohate is split—for example, by hydrolysis, which releases

life ro begin. Several incomplete scenarios provide insight into the weaf
of working our the steps to a self-begerring and self-maintaining living &
Section 2-2 explores the ways used by contemporary organisms lﬂm.l : i 'I'_Eli.f&.‘_l"B'Y per mole as heat:
polymers and generate phosphate bond energy. In Section 2-3 [ 4 i
plausible sequence of evenrs by which a simple, primitive uroboros cqu;
begun and suggest how it could have evolved into grearer complexity, 4
modynamic analysis of the proposed sequence is the subject of Secy
Dhiscussions 1o this chapter are strongly biochemical in flavor and
though emphasis is on concepts. Readers who lack the appropriate ba
may find the references and glossary useful. Mathemarically minde
may find it fruitful to move on to Chapter 4 and read Chaprers 2 ag

olecules Needed for Polymerization

flow path that caused monomers o polymerize for the
: itive earth is unknown, but plausible hypotheses are
: 'ﬂs.af'mﬂlccuies played special roles in the initiation event.

ated Monamers  Monomers can absorb and sequester the
hen phosphate bonds are broken. These energy-rich mon-
be activated. For example, if a phosphare transfers from a
"_E carboxyl group on an amino acid, an amino acyl phos-

2-1. ENERGY-DRIVEN POLYMERIZATION

The beginning of polymerization on the primicive earth required tha

reactions among some very special moelecules be driven by a new ) [ fii’ E|{ '[1_]} "h"'
energy that was based on phosphorus. | .. Lol
10— P—OH — H—C—C—0O—P—0OH
| l |
The Chemistry Available on the Prebiotic Earth O NH; 0O
. . . H H

Several kinds of chemistry were occurring on the prebioric earth, i

acid-base reactions, in which protons transfer from one type of mol Pyrophosphate Ammine acyl phisphiee

another, and oxidation-reduction reactions, in which electrons transf {Activated monomer)

one molecule o anocher, During some oxidarion-reduction reaction
exchanges also take place. The proton-transter and electron-transfer

began early on the primicive earth, since they derived from geophysi + HO—P—0OH
flows, and no doubt played prominent roles in prebiotic energy

Another type of chemistry, based on phosphorus, just as assured O
a special role. Ultmately, phosphorus in the form of phosphate b‘ur H
enabled geophysical oxidation-reduction energy to flow through the st

matter that existed on the primitive earth. Thrangh conversion in

bond energy, oxidation-reduction energy is capable of driving the polyn 12 Sl me: can rake part in one of wo CUH}PEEEHE reactons:
monomers. Contemporary organisms use the phosphate bond energy i e . erization, Mydrolysis degrades it, releasing the energy as
osine triphosphate (ATP), a nucleoside derivarive, o drive polyme :

The usable energy in ATF is associated with the pyrophosphate

anhydride linkage between two phosphates in ATP or—in the suﬂpl ll{ l}) lﬂ.ﬁ
in pyrophosphate: "
e t=0H + H.O — H—{|:—C 4 HU—T—UH # heat
N"H, OH 0
H

HD—T—D—T—DH
9]

O
H H
Pyrophosphare

the monomer's activation energy to form a peptide bond
ather monomer:
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L Q 0 B R O R f this system, sumulated by an exrernal eneegy fux rhar
[ D—” : - : I | stinguishes it from a system in thermal equilibrivm. In
A== C—0—F=0H + H—¢—C0; H—=(—C—N—c— " withour an energy flux, none of the reactants P ~ P,

i M 0 :

+ : I i e\ -ould occur because each participant would have hydrolyzed

o E o T T rm.'l:.'luwever. an energy flux that conunually generares

this system forward, producing populations af f"'h'_.r"u,l Mulre-

nélﬁdes polymer-lengthening reactions, then a discribution
s will also result, as tollows:

{Peptide elongarion)

::-.'thg':ams of competing reactions determine the outcome.
ces. no net synthesis of polymers takes place; if activation
fast enough, synthesis prevails, and a distribution of
sults, The hydrolysis rate for a single pepnde bond
per second, that is, roughly one a month. However,
d Dose, 1977) confirm that hydrolysis dominates wnas-
polymerization.

If the actvarion-to-dimerization stepsare rapid enough, dimerization
inate the hydrolysis of the activated monomers and the product dipe
lead to a buildup of dipeptide molecules. These molecules can
longer by further additions of acrivated monomers,

To emphasize their dynamic quality, several processes involving acoy
monomers are depicted as follows: N

P~PFP +W—=P + P+ heat (Hydrolysis of pyropha
P-P+ A= A, ~P 4+ P (Activation of amino aci

Ay ~P +W—=A, + P + heat {Hydrolysis of acel

eptides  Assisted activation is the key to producing
macromoleciles, which can have so-called emergent
(-gfdﬁﬂﬂﬂ of systems can be predicted only with grear
wledge of the properties of a system’s components. Thus
amino acid) ;
. rs, One emergent property is that some macromol-
W A A—de 4T (eprisle: Pancice 1ef, BCE as biulggica]g ca[nl:jrs:s. A modest catalytic acovity
A =P+ A ~P—= A—A, ~P + P (Actvated pepride forma & hydrolysis rate of one peptide bond per month. A turn-
where A denores an amino acid, 7 an integer index, P a phosphate
a warer molecule, the symbol ~ an energy-rich phosphare bond, and thes
bol —a typical covalent chemical bond with less free energy conte
The equations show thar these reactions are nor aided by any caral
In additian, they are virrually irreversibile.* The peptide bond bet 51 e
and A, has 2 AG (free energy content relarive to hydrolysis) of oniy S I
% RTi0q keal/mol. This means that A—A, will hydrolyze and re
but the bond energy i3 otherwise not useful;

best contemporary enzyme. Carbonic anhydrase holds
I
est rate of turnover of substrate molecules: 6 = 10

_i}";l*-° and incomplere constructs cannot initiate 4 mo-
-:t!iéﬁﬁ demonsrrate the problems involved,

A—A; + W — A, + A, + hear (Peprtide hydrolysis) _-h@sﬁ.(ﬂypﬂmeﬁm” Assume that three particular
nces of five amino acids) exist:

* This is only an approximarion, ilbeit 4 good one when the reaction involves # frec &
lasge compared with the scale set by the thermal energy: BTops = (0,59 keal/mol
tich phosphace bonds in phosphoanhydride and amino acyl phosphiste growps

of h}rdmh'sjs‘ differences of abour 10 % BT sy, This makes liydrolysis vircually iFr
=3.% 1077

Ay —AL—A,—A.—A,,
ﬁh I__'P"I:!nz'-_ﬂ‘ll I.'I_l._ﬂ b L_A b
AFL_'ﬁt,r_'&c_;—ﬁ:4_ﬁn
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which are abbreviated E,, Ey,, and E_, respectively. Further, SUppos
peln[apeptidt:s exhibit catalytic propernes: E, caralvzes the formaria
P from a hypothencal energy flux, Es, caralyzes activation of dming

P — P, and E, catalvzes polymerization of A, — P and Ay~ P

Cosmic SOurces

THE PRIMITIVE URQBOROS

andances of Amino Acidy in Various

. -_;_gm.t* o -

feorien
energy flux + 2P 6‘ P~-F ﬂir’ﬂﬂ
lveine
E Glycin
Alanine

Glutamic acid

A+ P—Poms A, ~ P+ P
®
]

e
Ay B+ A Prj) A—A ~ P+ P Aspartic ac
E Waline
FProline

Assume chat these three caralyric funcrions proceed fase enough so ¢
rates prevail over che hydrolysis rare. Thar is, although these cat
tapeptides are also subject to hydrolysis, they possess long half-liv
were essential components, they would appear, regenerated, among d

Heor terrestrial lata

Glycine
Alaning
Glutamic acid
Aspartic actd
Serine
Threoning
Valine
Isoleucine

Leucing

ucts of the polymerizations, This is part of the uroboros requirenETy

Laboratory Simulations

Protein Synthesis (Incomplete Construct) Mixmures of amino acid
to dryness, vield short chains of amino acids called thermal pror

teinords. Experiments (Fox and Dose, 1977) have shown that the
the amino acid sequences of proteinoids are not random but areie
largely by the composition of the amino acid mixture and other
ditions, and thar the yield is aided by the addition of phospha
shows the constituents of amino acid mixcures in various envir

ai almosphere and eleciric Heating
discharge
Glycine
Alanine

Gluramic scid

Abouc the time life began, this process could have been active ek Aipaicaad
crust. Pools and lakes of liquid water containing dissolved small Serine
including amino acids, had accumulated in shallow depressio 5 Vali
When the water evaporated or splashed onto the surrounding £ o
in the rock would have reacted the amino acids to form proteing Proline ==
refilled rhe pools or rides washed the proteinoids back into the § : BT dir s dacrosses: diwiwitd o thass T, The
If some of the proreineids pussgssml catalytic functions sut__h as _ etion condition for successful synthesis of a substantial
E,, and E., then polymer synthesis would begin. Such a self-b el ) b mpu'du is a relative abundance of aspartic and

would also be self-maintaining: the primitive uroboros.
Figure 2-1, an elaboration of Figure 1-3, represents this inco
struct of protein synthesis.

Polynucleotide Syntbesis (Incomplete Construct) An energy-dn
sition from nucleotide monomers to polynucleotide polymers
arrractive features thar are not possible with proteins.® The st
oligonucleoride molecules supports the existence of base-pafring

e

* The reader should consult the glossary or 4 biochemistry extbook, such as
for definitions of rermis,

otherwise, heating amino acid mixiures yields
Compositional analyses of hundreds of proceins
show relative abundances of these rwvn amino

y it animals, glutamic acid is in grearest abundance.

{45

nucleotide monomers on an oligonucleotide template
tiins a sequence homologous to the sequence used as
er, the double-stranded form is literally replicated by
ism of polymerization. This mechanism reproduces
the sequence; For the single-stranded form, che firse
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acrivated nucleotides do not spontaneously pul}'merlizle
. wrent. But where could a remplate have come from ini-
e problem exists: Even in experiments with polynucleo-
ﬁ;—ed nucleonides, polymenzation is difficult o achieve
nomers tend to hydrolyze faster than they polymerize.
ns, the slow reaction rate of nucleotides is overcome
plymerases; and the hydrolysis of activared monomers is
reactions, also catalyzed by enzymes, rthar cantinuously
ers. In addition to these problems, the coupling of any

Eneriy Pop M ix to ~PB ~ P praduction, which is required for poly-
] ) npP=- . y i | !
::? ’\/C RS e Po : ¢ also requires proteins. How could an uroboros have been
Fimer ; , &l
2uF nHAY  Muonomers Ty |

ap

Canlyn fecdhuck effecrs

T TN

Fod ar sunlighe

prganisms use o regenerate the critical monomers h_ulp
Polymees Widisicitici ; roblems of poly_nuclentn:le 5}'|i[h~?5!5 as}d umburps ini-
y Monamers! db not generate purine mononucleotides simply by linking

nH,0 Slect sphate ion, and & purine base; they begin with ribase-
linkage that is not energyrich). Through a succession of
jeces of aspartic acid and gluramine (amino acids),
vl phosphate—organisms synchesize the purine in
sugar. These reacrions require energy. To synthesize

Monemers

Muonomers

Monomers Muonomers

tions imply that 2 protein-generating system must
re polynucleotides became abundant, They also em-
bond energy was plentiful, then an amine acid-to-
ve been driven in the direction of these later phos-
sses. It is my view that modern polynucleorides are 4
ontinuing stage of energy rransduction development in

Merabolam

FIGURE 2-1
Eneryy requirements for polymer synthesis in proteinoid microsphere. Large d
praweinnid’s catalytic feedlucks vn mewbolism unil on monomer activaton ind

base-pairing has a complementary sequence, and the complement
plement has the original sequence, as shown in the following equa natcer. This view is elaborated Jater with respect to met-
; opment mechanisms, and major changes in phylogeny.
-pairing mechanism of nucleoride polymerization has
‘the genetically conrrolled, sequential synthesis of spec-
wiously a coupling of these two critical types of polymeri-
proteins) has evolved. Thus, even chough it is not

N, + 2P ~P—N,~-P~P + 2P (Nucleoside acti

M, ~P—~P+ 2W —= N, + 2P + heat (Hydrolysis of activacng

= = - - e without preexist raoteins,” polynucleatides will play

N, ~P~P+ N ~P~ I“(—_-\N,—N, ~P~F + P ~BllE B itiasion Gfsmbmm“gp e WY ¢ e
N,—N, e Coupling

. 5.0 N nerization schemes just described will work withour a

where N; denotes a nucleoside monophosphate which alread ; e free Eﬁerg}r, P —~ P, Since polymerization must be energy-

phosphate not involved in activation, P ~— P a pyrophosphate, N,
activated nucleoside eriphosphate, W denotes warter, and N; th

complement ta N,. The last reaction shows the base-pairing tem
of N,_Nj. .

SSACY energy coupling must have taken place on the

A served as jts own syntherase (Cech, 1986) is not relevant here
e BNA a5 caralyse (300 co 400 bases).
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emical elements. Amino acids were easily made and were
J before, mononucleotides were nor so available. Thus
d-polymer hererotroph could have exsted. LHLE]’,_CIR_JLI—
eotide synthesis emerged. Much later, (a hall billion
 photosynthesis and the ability to synthesize all ne:.-nila_d
amino acids and mononucleondes; that is, polymert-
ly autotraphic. Autotrophic funcnion, pressured by de-
- monomers by heterotrophs, must have developed

hillion years as the metabolic pathways responsible for
ponents and monomers evolved,

primitive earth. The need here is o find a simple mechanism
difficulry thar polymerization presents is so great that it wo
mountah_lr: if the initial energy coupling were also difficult to achie

Therefore, | envisage the initiation of life in conditions of al::"
physically generated oxidarion-reducrion energy thar was crea'm:jl:q
iron catastrophe. How this oxidation-reduction energy was first cg {
phosphate-bond energy is nor known precisely, bur several hypath
Gmla possible mechanism uses iron-sulfur compounds. Phosphate ¢
sulfur in such a compound by a linkage thar becomes ENETEy-rig
oxidized by iron(111), Phospharolysis then transfers this activared pf
to free phosphate, vielding pyrophasphare. Since the iron is rep
physically (probably by a ferric iron compound during the iron ¢
the tron-sulfur compound can act cyclically.

Anorher possible mechanism involves the compound carbamy
which forms spontaneously in aqueous mixtures of phosphare
CNO ™. Cyanate has a posttive {ree energy of formation relati
ments carbon and nitrragen, bur it forms easily when energy (e
charges and UV light) flows through mixeures of LZases containi
microgen-rich molecules (such as €O, and MNH;). Carbamyl ph’bs
ergy-rich and could be a source of phosphate bond energy (Lipm

for the synthesis of the much more versatile phosphate carrier, py:
as follows: ]

ERGY METABOLISM AND POLYMER
§ IN CONTEMPORARY ORGANISMS

aisms used by contemporary organisms to generate phos-
v and to manufacture polymers provides clues abour the
e to life and suggests the detailed components and mech-
aitive uroboros must have o be recognized s living.
rateins in many ways, and most of the types of proteins that
for caralyzing many reactions, including those in energy
synthesis of monomers, protens, and polynucleondes.
es primarily for governing protein synthesis, The base-
lettdes tightly conrrols the amino acid sequences of
tees sequence fidelicy during polynucleotide repli-
sroduction.

1

O
HN=C=0 + HD—#—U_ = H:N—C—0—P—0-

D =
. gy Metabolism
{Carbamyl phospha
m pathway is a series of reactions thar makes energy
incipal pathways used by organisms are glycalysin, the
way (or hexose monophosphate shunt), and the electran
AB5L otcurs in two forms, one for photosynthetic cells and
z ;5» In aerobic cells, carbohvdrare oxidation and elecrron
by the tricarboxylic acid eycle (Kreb's evele) which ex-
lycolysis and places them in intermediare molecules,
to the electron transport chain.
5 2-2, 2.3 and 2-4 serve to emphasize the central
+ HaN—C—0O~ {P:.rmphbsg_l!ﬂf_i‘» : ._ : oY E;ﬂf:Hiﬂg-' These pathways are complex, have many
: ek nzymes,

11
HzN—é—D—iL—O' + HO—P—0~ — H(}—Ll’—(}*—

O = =

(Carbumaee)

Chain In each of the preceding sequences, formation
A3 taprures some carbohydrate bond energy that the elec-
eventually uses to make ATP. The electron transport
treactions that involve iron-sulfur proteins, quinone, and
the electrons and rwo protons reduce molecular oxygen

Transition from Heterotrophic to Autotrophic Polyme

In the most primitive stages of the development of polymer; ,r_;
omers, polymerization required ready-made molecules and thus
truphic. The monomers were available as by-produces of geoplty




Glucose THE PRIMITIVE UROBOROS /51

1
ADP

L]
Glucase b-phasphire -
{23
Frucoge-O-phosphate
e o
H ol
(3 HE=LTHE
ADP .
Fructose-1 G diphasphare
(41 1 —= Glyceraldehwle-5-p
| P e
Dnhydrogvacerone. P 5 L“""‘H
MNADH + H* I
L= Diphosphoglveerane R
o L NADH+ H”
- P ~5H FAD
3-Prosphoglycerate
o
8 3 I w

2-Phusphoglyeerite

) y b A growp of coupled reactivns axidizes and decarboxylaces the

| 1 reactions simultaneously involve severnl coenzymes and -
re FAD, LS5, NAD, TP, and Cod (see Table 1-4), The praduct of
f_—._(hﬁ-, an energy-rich form of acetate thar s Imked to the

t dehydranon linkage called a chioester. The ol balance sheet

N HLO

Phuosphoenolpyruvare

ADP
{E

Pyruvasc

+:CoA—SH — acetyl—CoA + NADH + H' + OO,

2 direction of decreasing (ree energy.
FIGURE 2.2 _
Glycolysis: glucose to pyravare, During glycolysis, one gluzose molecule nvnumslll?.'ﬁf
malecules of pyruvare and two maleciles of water, In this Process, an inves:mcn't'qf' i
adenosine triphosphate (ATP), an energy-storing phosphare molecule wsed extensively in
necessary 1o activate che pathway, which eventually vields four ATPs [steps (6)~{10)
cycle] for 4 net gain of two. These high-energy phosphate molecules carry away s0m
of che carbohydrate, Glycolysis also praduces rwo malecules of the reduced coenzyme |
carty che electrans vielded by oxidarion 1o the elecrron transport chain. The N_ﬁ_l'-}t
axtdative photpharlasion, accomplished through the intermediare carrier of enery-rich
diphosphoglyserate. The roral energy balance sheet for glveolysis is |

eps of this chain are purely electron-transfer oxidation-
whereas others involve protons, Those steps thart include
€ protons across the cell membrane, creatng an elecrro-
Ergy across the membrane. In a recently elucidated pro-
mosis, this membrane potential drives ADFand P to ATP,
: the transduction of oxidation free energy into phosphate
Glucose (CHyNs + INADY + 2ADP + 2P = 2 pyruvate + 2H,0 + ZATP + 2 events are depicted in Figure 2-3.

i T e erall as un QrEADISE SCHANE proteins in the eleccron transport chain are thought to be
This process proceeds as written, in che direction of decreusing free energy overall as- 3 . tain iron that is covalently linked o sulfurs in a tetra-

lucose. Glycolysis is called premitive | it does ire 0. Steps (6) and (7) : ;
ELECOs0 ¥oodys:s 15 © Fﬂ'ﬂl’ e DECmase 1 COEE MOt require 2 [Cps ; B thﬂr fnund in cr?s':als thhE m!ueral chalcﬂp}.n[e

in Secripn 2-3. : ¥
H and FAD and begins the electron transport chain
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H.O FHLO

Lirrite _.__.L_ Ll Aconinge

Bl
Aveeyb—LnA Iﬁiltl'tra.tﬂ

Cod—5H I

Cxalissurconrg

MADH + H* Vi
ST

MAD

Malire Ol r’“'“-'t"ﬁ’:

H.0) N

2, a-lCetnag|up
Fumarare cpp By ; NADH + H™ nNap-

p
Succinite Survingl—LgA —
FADIH,

Fal FoA—SH CO CoA—SH

2

Clarsiche

FIGURE 2-4

Trucarbaxylic acd evele. One use af atetyl—CoA 5w be incarporated inro t
wcid cycle. In this pathwir, acervl—CoA reacts wich oxiloaccrate o form cie
rearcangements, oxidanons, and decarboxylations ensue, s well as i phﬁlphnr‘;"
guenine diphosphare (GOP) o guanine rriphosphare (GTP), o close relitive of |
the hase guanine rather than adenine, The averall balance sheet for chis ccle iy

CoA—5H + acervl—CoA + ANAD® + FAD + GDP + P =
2C0A—5H + 3NADH + 3H" + FADH; + 2H;0 + GTP

This process eventually frees the two cickans from the acerate, in their fully
2C0,. The vlecrans carried away by ANADH and FADH retain muzch of the
energy of the acene, anid wnother portion of the free energy s in the phosp
potential af GTP. Ckaloavetate feforms, and with che addition of more wceryl
LN TEnues

by exeracring elecrrons from NADH, transferring them to FAD
FADH,, which then transfers them to one of these iron-sulfur pr
cytochromes contain heme iron (iron complexed to nitrogen
phyrin ring) which is linked to the protein part of the molec
bridges (bonds). The several cyrochromes are disringuishahlﬁ.}b}'_
COMpPOnents,

The energy metabolism pathways just described depend on g
of enzymes whose synchesis is driven by the energy gené
pathways,*

erial membrane, Solid lines denote proton movements; dotted Tines,
hiqu_in_qnu'. cyr, cytochrome; Febs, iron-sulfer protemn, and Fy and
I the ATF synthesizing enxyme.

ons thar specify the amino acd sequences GIF all :he
ganism reside in its genes, The process of protein
mn hé-heginning of life appears in this section; the rﬂdu.r
on biochemistry or molecular biology for greater detail
980; Stryer, 1981; and Watson, 1975),

* Electron cransport, which depends on ox yEE, is more comples (and more {E :
In bacteria, i oceurs in the cell membrane, correlaed wich an inericate sl
membrane proteins, whereas glycolysis oceurs within the gel-like marnx of rh{!
vur oxvgen or special arrangement of enzymes. Most of the cell's tol carbg

ark & . : chromosomes.
harvested by electran transport (abour 91 percent) rachir than by Rh-:ﬂlfsﬂr' s ?ﬂbDl‘luClElC acid {DNJ“LL kl'lDWIl as
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Each strand consists of 1 sugar and phosphare b
the nucleic acid bases, Connecting the rwo spiraling strands of DIN 4
merous hydrogen bonds, which form between the pairs of bases: 2
and thymine (T), guanine (G and cytosine (C). When seyx cells
cnzymes replicate the strands of DNA in such a way that even
inherits a full complement of parental genes. Before replicatio

'JC]’{]‘.IDHE, o whifh ;

Aming Number af
4 G acid  codans

Ser ERLT Ty UGL Cys

Ser UAC Tyr UGC Cys o f%
ENZymes must separare the entwined strands and line Up energy-aeg) e . irﬁ 2
onuclentides along the separated strands according to base-pairi o Ser UAA End  UGA .E.nd A:h ]
T :1r[u| LT:;EJ, ]a:}d}phusphudiestcr t;om.is must form berween adjacent ang B CG Ser UAG End UGG Trp N DE 2
rucleoudes, If these evenes could oecur spontaneously, DNA would ' e | 2
gk’ ; ) : = . - ol A 3ln -
be self-replicating, provided the ACTIVANION energy were available, _ e cclu Pro CAU Hf5 E:},g Aii Glu 2
rrp![call:inp rFq,“ires the aid of numerous cnzymes. For instane ; BTN CCC Pro CAC His Gly 4
bacteria, initiation of DNA replication rL:quin:s: the so-called w Pro CAA Gln CGA Am His 3
aymes and R'\I A_po]yrnerase {a large protein). After synthests of a shorr st Fh L e Pre CAG Gln CGG Arg e 4
of ribonucleic acid (RNA), DNA polymerase 11 (another large pro Leu ﬁ}
the picture. Finally, DNA polymerase | and DNA ligase finish thles Thr AAU Asn  AGU Ser Lys =
has used 12 o 20) ENzymes, ' “Thr AAC Asn  AGC Ser Mex J
Conseructing a protein from the code In a gene is one of the. . Phe 2
processes in cell biology. After enzymes unwind and separate ch, Thr  AAA Lys  AGA ifg o 4
of DNA, the enzyme RNA polymerase eranscribes the gene in Thr AAG Lys  AGG Arg Ser f
N T comth asiat 2w ehai st ot oibey
NA [mIRI\.ﬁ.J. synthesizing 3_“?“’ chiin of nucleotides lsing Ali  GAU Asp GGU Gly Thr 4
template; so the mRNA sequence is always complementary to the ; T 1
. s Ala  GAC Asp GGC Gly i
Sequence. An earlier and separare transcription has made tf Tyt 2
RN Ay r_:;RN Al w.hjch u:-rg_nnize into a cellular body called a ribasg e A Ala GAA Gilu GGA Gly "_""—1 4
of protein synthesis. The ribosome binds the strand of mRNA. T Ala  GAG Gt GGG Gly End 2
(tRNA), also transcribed earlier from special genes, conrain - —

three bases called an anticodon, which by base-pairing, can “re

of three bases (coduns) on the mRNA. The kinds of bases on the ¢
their order constiture the code for one amino acid of the protein |
structed. At least one specific (RN A exists for each aminp acid. The i
torms a complex with mRNA and t(RNA to read the mRNA and caral
formation of a pepride bond berween the last amino acid on the gr
and each new amino acyl (RNA that is broughr to it i
The energy for prorein synthesis is derived from ATP; an en
tRNA syntherase, binds its t(RNA, its amino acid, and ATP. Firsty
bonds to the amino acid, activating it into an amino acyl adenylates
synthetase (which is specific to the tRNA) bonds this activared amin
the t(RNA. The resulting amino-acyl-tRNA js scill sufficiently ent
form a spontaneous pepride bond. In other words, as a ribosome
the m-RNA strand, everytime it reads a codon it “calls in” the ¢
tRNA, which posicions irs amino acid on the growing chain, Whﬂ#
bond anchors ir. \
With a eripler code and only four bases, there are ar most 64 d
amino acids. Thus the genetic code is redundant, as is shown

This redundancy is accommodared by 30 to 40 tRNAs and! at
synthetases.

antain about 50 proteins, but the ahility. of the nht_}sume_
nslation of m-RNA into protein requires the action of
called facrors. Some factors function only if they bind tw
of C TP, the energy-rich analogue of ATP. The E.m.*rg}"{_‘ri.
¢ the formation of the peptide bond berween amino acids
smooth funcdoning of the complex of ribosome, mRNA,

'gii;-ifl'l:h of protein synthesis emphasizes, the replication of
proteins, and the synthesis of proteins depends on genes,

' i vt ich 15
toteins, Boch processes require actvanon energy, which

nes. This is the uroboros puzzle. How could it have
0e, it must have been simpler. .

ary organism, both energy metabolism and _hmpnh'ml:r
lecular mechanisms, where energy requirements for
etby energy metabolism pathways thar nEi_zd NUIMEroLS
talysts are the products of polymer synthesis. 'l:'u ensure
and appropriate quantities of catalysts, the cell's genetic
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apparatus directs protein synthesis, which requires the
types of polyaucleotides (IDNA and RNAs) And paly
requires energy and prorein caralysts. Togerher, the
tabolism, gene-direcred protein synchesis
mnlie_:_':lx[nr uroboros, but one of considerahle complexity. The proh]

to nmate @ molecular urohoros can be solved only if the primiv. i
possesses a much simpler structure and also has the capaciry m.:{,.z]

contemporary complexity, The nexr section presents a model for
molecular uroboros, T

synchesig o
nuclectide g

» and gene replicarion con

2-3. INITIATION OF AN UROBOROS

Throughour the discussions thar follow and lead 1o
:hlf: primitive uroboros, the reader should CArEY a
Initiation of the relatively simple, primitive
J?apg:luen quickly, even after conditions on the primitive earth wer
Lmi* life: A lonk at_rhe history of hiological change on the gecrlugicn.l.ti'.
(; fs:r :;Er-:; azF_:gfcmtE the rime scale of the carliest stages of evolutie

Thuugh_f‘nssits of microorganisms are scarce, and fossils of macro
dre nonexistent, several clues to early life do exisr, Abour 3.5 billio
ag, b_ractena ETOWInE In extensive clumps lay down the substrates fo
marolite fossils (Ballard, 1983, p. 44), the oldest of which are in Al

the proposed mp
feeling for geolo
state of the uroborg

These bacteria were probably heterotrophs, which did not use Shocodin

TABLE 2.3
Geslogical Time Scale for Fvolution

. Begruniuy ,
o _Em - Perfad years B Sipnificant eventi
CENDZOIC Cruarternary EERLL Development of n‘f A
Tertiary 63 = 10" Mammals dominate;
= - plants spread an
MESOZ0IC Cretacenus TA0 = 1" Extincrion of dinos

mammals advane
flowering plan
Jurassic 200% 10°  Primitive mummals
reptiles; birds a
dinosaurs dominate:
conifers abundant
Triassic 240 105 Repriles dominare: :
appear; cycuds i

processes of epap,

\Geale for Evalution {voniinued)

Beginning
Pertod fpears B,p.)
Fermm a0 = 10°
Pennsylvanian 330« 10"
‘Mississippian 60 100
Devonian FHES TN
Silurian 30 10"
Oirdovician SO0 100
Cambrian 570 LO®
TOO = 10"
900 = 1"

Proterozoic 1600 = 10*

1800 = 10"

2100 10"

2500 10"

2700 = 10"

Archean 3500 % 10"

3800 10°

4500 = 10"

Signifrcant evenii

Reptiles advance; huge plants
dechne

Coal forms ffom undecayed
layers of vegeration

Insecrs abundant; amphibans
advance; first reprles; tree
ferns; conifers

First trees and foreses;
amphiboans appear;
Primitive insects,
scorpions, and spiders an
Jatnel

Fishes advance; ozone hlocks
U plants spread on land;
coral reefs extensive

Fishes (primicve vertebrares);
explogion i the variery of
sea hife Ginvertebrates:
depasits of limestone

Maosses; diversification of
mvertebeares such as
brachiopods, snails,
erilibites, sponges

First organisms visible to
uniided eve; sponpes

Sexual reproduction; lume-
secreting algac

First aerobes
Stromatolites widespread

Early red sandstones (O in
armuosphere)

Stromarolites increase

Pharasynthesis by blue-green
alpae

Bacterial stromatolie fossils

lron catastrophe; origin of
oceans; origin of life

Accrenon of the planer Earth
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or oxygen for energy: later | shall propose how such early organisms
been energized. At chis nme, the genenic apparatus for Protein 5]-’11.'
Fhr-_- rudiments of energy metabolism were evalving. Stromarolites v
m their ascendancy 2.5 billion years ago, even though photosynth
evolved (2.7 ta 3.0 hillions years ago). By 2.1 billion .}runrs agc.a i
sandstones formed—red because the O content of the aem osphete
creased enough (as a resulr of photosynchesis) o ruse the iron - . !
Huwevl.-er. only about 1.6 billion years ago did armospheric oxygen
Elentiful enough to support aerohic life. Sexual reproduction began 900
lion years ago, and the first merazoans large enouzh to he visible arose
T'IUE) miJJinn vears ago. All these events occurred in the first 3 billion
life, in the geological ¢ra known as the Pre-Cambrian, ¢t and dry. The oxidation state of iron in the crust and in other

All advanced forms of life have evolved during the lase half billion: : - binations was either Fe(1l) or Fe(lll) depending on the Srivie
Ew_-_r}' new fDSSIil find changes some detail of the picrure, such as which : S iron is one porential source of readily available oxidation-reduc-
ganism firse a__rrwer,l on dry land. Bur whichever one did, a sufficient huil Another is sulfur, which occurs in different oxidation states, such
of atmospherie Oz occurred firse, forming an ozone layer in the vl sulfare, each of which has a large negarive free energy of for-
mosphere. This ozone layer is essential because it filters our UV & ¢ 1-2), The transducrion of this oxidation-reduction energy into
from .th.t. sun, which would have been deadly to terrestrial life. The “and usable form for organic synthesis requires its conversion
layer inttially occurred during the Ordovician period, around 400 mil lﬁ hare bond energy. This conversion, in my hypothesis, could have
ag0, and saturared during the Silurian. 3 ir g‘edph}-sical. conditions that may have been especially strong
iron carastrophe.

£s in contemporary systems suggests two models of the origin
sduction: oxidative phosphorylation and chemiosmotic phos-
. The mechanism of substrate-level oxidative phasphorylation,
s in glycolysis, may have come earlier than chemiosmotic phos-
‘which occurs aerobically and photosyntherically. The only other
of substrate-level phosphorylarion occurs in Thishacillus bacreria,
dizing organism. Both of these oxidacve phosphorylarion mech-
ve sulfur. A closer examination might reveal early mechanistic

'mpljcﬂfml interactions of rihosomes, DN A, RN As, synthetases,
_and protein factors. The system must have been simple (and the
st have been simple) and must also have had the capabiliry for

into contemporary complexity.

| Energy Transduction

sling of oxidation-reduction cnergy 1o phosphate bond energy
‘heen the first event on the way o life” (Lipmann, 1971} Even
crh had cooled enough for liquid water to accumulate, much thermal
il present, causing some areas of the earth’s crust o he wet and

The Character of Primordial Life

The vnergy merabolism of the earliest life on earth was probably
photasynthetic nor asrobic, but was similar 1o glycolysis or to some se
or analogue of it. As already mennoned, the glycolitic pathway is inde
ﬂfphmusynthes[s and the electron transparr chain. Ie is the least snpl'i-'
of the energy pathways, seruccurally, in that its enzymes funcdon indiv
and are warer soluble, whereas the enzymes of the other two paths
highly organized within lipid membranes. Nevertheless, glycolysis
On enzymes, and enzymes require the mechanism of protein synthesis. A
of primitive energy merabolism do not exist, even in the least sophisticat
contemporary pathways., The links with primordial mechanisms are: 1”
tincr, and their macromolecular substructures were not fossilized. Th
though glycolysis is the most primitive contemporary cnergy pathway, it can
be called primordial because of its dependence on enzymes. Similar
contemporary gene-directed prorein biosynthesis machinery does not
primordial relics, And those links with the primordial also becam
during the first half-billion years of life.

There are no relics, but there may be clues, Some key enzymes in gk
and other pathways have sulfur-containing amino-acid side chains in
tive sites; acher enzymes use nonheme iron. Pyrophosphate d:}ﬂmff‘fﬂ
in some microorganisms (Kulaev and Vagabov, 1983). Perhaps a
for coupling oxidation-reduction energy o phosphate bond energy €@
been a system that used sulfur and iron and did nor require modern €1 Omplete proteinoid construct of Section 2-1 can now be completed.
The system had o promote polvmerizations of amino acids and nuclé BB some of this section is hypotherical, the experimental existence of

lysis, the steps of interest are those that merabolize glyceraldehyde-
3-bisphosphoglycerare, which in turn phosphorylates ADP o ATP
he phosphate in the 3-position is not involved in energy coupling.
€ enzyme works through a sulfur atom on a cysteine residue at
to form a thiohemiacetal enzyme intermediate. Step (2): NAD™
l-carbon, forming a thioester, that is, an aldehyde oxidizes o a
ep (3); Inorganic phosphate phosphorolyzes the thioester, form-
phoglyterate and recycling the free enzyme. Step (4 ADP is
1o form ATP. Reforming the oxidizing agent NAD ™ is the
: .@!.’_l_n_-reductiun energy thar | must outline here. My hypothesis
process could have been realized in a sulfur-proteinoid system.

| Microspheres
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it one micrometer (pmb in diamerer, called meivrarpheres (Figure
i

heres enclose chains of amine acids and other solutes n the
P

HeC h they form. Although the proteinoids contain no ]IiP'ldSrl the
| {'J ; drophobic amino acid residues causes the bD'-lf'ldilflﬁ'S ot 1’:1‘3
- L_”” ¥ - n!;: act as membranes (some are even double layered). The i:":";‘“ g
: 0 o keep amino acid chains inside rhe microspheres; but :ioriferlmes
o I.wf..‘lﬂ.i and protons can cross a boundary (though some of the more
ShrAie Y B3 e Syerl IMPervious [ protons),
e icros heres are ev . i . o
- HE— M 1-I~r csn act as hormones a5 has been shown expun{'rlulmlll‘rll'?:! a
| | formed from six amino acids—gluramic acid, glycine, hlﬁf!dl—_ﬂf‘-
HE—~OH henylalanine, and tryprophan. In « specific sequence, these “m'sf:’
2 ) S et T s this
HE—0—f—01 NAD Lrise the active portion of the melanocyte-stimulating th;mU“f-‘r;lso
L - A H i + S0LS
2 [ Fﬂéd 10 a frog's skin causes black spots ro appear. Black spats
- 2 NADH + H*
Sl e dime diee ke b .---' r :
[IRINT e e Liar . ‘It. .
E-—:lq il e®
C=0 I ») LU O
0 f | i B
—— HL —'UHﬂ
CH HO—P=0) [J.
HEC—0— P =
=0 i1 i
| #]
?lj H(r'—{}J-I - =0 H
J[(J—T-—U—f_’-—H ( ‘-1 Hé'—{]H” o
H : | -
OH ATE DR b ool on
Eyephoghcene acsl (=
{1
H E—&H

L dmal s pholei eraie

Silis-enayme
FIGLIRE 25
Glycernldehyde-5-p — | JAhas

phosphuglycerate + ATP, in contemporary omganismss O
phosphorylation invelves nme

rmediarion of a sulfur atom on 1 cysteine residue of th

the proteinaids is nor: Diry heating cerrain combinations of the 20 big
amino acids auromatically results in amino acid chains called thermal pro
or prateinoids. The lengths and compositions of these proteinoids d
the compuosition of the amino acid mixture, the temperature, and o
ditians of the experiment. The construct went only this far: splashi
solunions of amino acids onto hot igneous rock and then washing the rest
proteinoids back into the warer.

. i s i ity in size {—2 micromesers
tomicrograph. Mote the cemarkable muf-:lrlr_nw in size
' Frmanof'd rFl:icruspheres, Fach microsphere is sell-assembled from

Ik = A i i L] k.
Proternaids in the Laboratory Biochemists have discovered that w 1 Iy 10" molecules of proteinoid. One gram of proteinoid yields 10% m 10

reinoids dissolve in water, they spontaneously assemble (self~assembly)
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appeared when the experimenters applicd the proteinoid w a frog's 1
cause the proteinoid contained an abnormally large amount of the
specific sequence.

Microspberes on the Prebiotic Earth On the prebiotic carth, p
microspheres could have formed a merastable environment in which
processes could occur relatively protecred from harsh geophysical F
A proteinowd micresphere containing sulfur-proteinoids would provide
vironment for the oxilation-to-phosphorylation process described
this section. (If the sulfur atom s the key to the enzyme activiry in this p
then the contemporary enzyme is simply a more efficient caralyst
sulfur-proteinoid.} NAD™ is a mixed oligomer (a dehydration conde
that would have been available on a marginal basis in the primordial
ment: It could have been present in some microspheres. If it acted cycli
tha is, if it was reoxidized—rthen small amounts would have been suff
initially. The oxidation of NADH could have occurred by the acrion
of the previously mentioned sources of oxidation-reduction ENETEy; mi
the membranelike activiry of the proteinoid microsphere could have
this coupling, A clue to how o accomplish rhis reoxidarion comes fre
[EMPOrary Organisms, '
The electron transport chains in contemporary cells, which are re
for most of the energy harvested afrer glycolysis, use a quinone deri
carry out a key step in the oxidadon-reduction sequence (see Figure
guinone simply moves between elecrron donor and electron acce
protein appears to be required for its function. Figure 2-8 depicts
idation of NADH, mediated by a quinonelike substance (Q), wh
oxidized by the oxidation potental of ferric iron, Fe(II), which | _
to have been abundant in the primitive environment and, therefore, nea ! p. TN 21
microspheres. (The iron could be a residual of the iron catastrop o o
result from UV irradiation of arganic iron compounds, which produc
stances such as ferricvanide.) This mechanism also suggests that pr
from inside to outside the microspheres, thercby generating 2 m
electrachemical potential. Protons could parrially neurralize inc
phate on the outside, thereby allowing it to penetrate the proteinoid
more easily (see Figure 2-9). The final step is the producrion of pyropht
my hvpothesized source of primordial phosphate bond energy. ]
The Thichacillus mechanism for oxidizing SO~ o SO3~ is per
simpler. The mechanism used by this organism is, of course, cat
enzymes (Figure 2-10); however, the accepror of électrons from
S03 [step (1) in the figure], could have been iron(111) in the h
scenario. In a primordial scheme based on this mechanism, 1 shall nee
the formarion of pyrophosphate P ~ P, instead of ATP, as in step
requirement yields the simple model in Figure 2-11. -
Once some mechanism, perhaps not unlike the one just propo
environmentally generated oxidation-reducrion energy to the pro

PR T B o o T s w1 i s e s gy ] el | e e S b Ve G ) e e R

2Fe
2HT

2FeCI

ApH=n

3

Microsphen:

DH by quinane and Feillll, in proteinead microspheres. The quinanchke
by 0, is one of the products of small malecule abiogeness, ioacts here as

2Fe {1

2Fe {11

13-diP G

G-5-p

l}

3-PG

ﬁ'lﬂ-nﬂiutric_m. in proteincid microspheres. G denotes glyceraldehyde (or
hate; and the large dor, the sulfur proteinoid catalyst for che
yeeraldehyde- 3-phosphare. Doteed ling shows electron movements.
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ATP ctions The net result of =;'I‘|E'TH!r"fU'-1P!Il'J£ mechanisms dﬂpml;lﬁ
ﬁ of the various competing processes. For example, thus far the

[ —I\. . I os readily available pyrophosphate hond energy that cither could
Phrspihiaze : I

AMP : o hear through h}_'dml'_-’s'ts or could acovate amilrfn acids h&’“lﬂ‘kmlﬂ

PADDP o form energy-rich carboxyl phu_»s_phgtes. _"C-:-’hmh autcome ?n::

[ i1y L‘ ends on rate, not equilibrivm. Equilibrium favors hydrolysis of the

A PS - S07- “hates. Or, hydrolysis of the carboxyl phosphates could follow tht_‘

‘1 02 Sl ivation of amino acids, which would Prgclu:e the same net resulr

503 i hate hydrolysis. Rates are che determining factor. The hydrolysis
Sullire

ion bond in the absence of an enzyme may be as slu.w as, 1;{}!‘ :
£ second. Even if pyrophosphates hydrolyee as ui:enlas 10  per
warion and polymerization could Llﬂl:ﬂi.ﬂﬂtl’.’ far 107" o 1O per
ithour approaching the rates rypical of ]'_nghly evalved mmlern_nu.—
10 10'Y per second ). Activated amino acids could have polym_fr:lzed

hydrolyzed, even though hydrolysis was the ulr1rln-.1te quu]:hrn_.Lm
Fundamentally, which rate dominares is an easpenmcnm! queston
mitny important details, such as 1on concentrations and pH are crit-
wer. the fact thar life exists in its present form suggests th:lxr on t_h|:
h phosphate energy drove the polymerization of amino acids
‘degrading into hear.”

FIGURE 2-10
Sultur cxidarion i Tarsbectfs, APS 15 adenosine-3 '

rhosphasulfare, alsa cnlled actve
dors denote eniymes -

been favarable for the activation and polymerization of MONOMEers int
gomers and palymers. Perhaps one of the earliest consequences of ab i
pyrophosphate would have been the generation of mixed oligomers 1
the catalyuc functions of coenzymes

When considering energy metabolism, especially such sequences
tions as those in Figure 2-3, in which five coenzymes participate, [ have inf
thar a stage of metabolism thar was coenzyme dependent but virtually
free {excepr for the proteinoids) evolved before anything like con
polymer synthesis arose. Although réaction rares in such systems
much slower than in contemporary, enzyme-catulyzed organisms, they
easily be greater than the hydrolysis rates for small mixed oligomers con
with the discussion of peprde hydrolysis in Section 2-1), With P = P
driving this relarively simple system of reactions, a ser of coenzy
have evolved that would possess enough functional diversity to proi
connected system of reactions that also could regenerate the coenzyn

would be uroboroslike behavior: bur withour generics it could
evolutionary,

nal

enetics in the Microsphere

“of proteinoid can yield 100 million o a billion microspheres:
t on with the preliotic environment were myriads of nacural ex-
“am proposing that in some of these experiments rhe_ pmdurnun
e bond energy was sufficient to polymerize amlnu_amds,l pE!’hFL]:IS
proteinoid invalved was catalyric for peptide bond formation { ht':‘.fﬁ
. I some proteinoid could promote nucleonde polymenzation w;th
phosphodiester linkage, then small oligoribonucleotides (short chains
suld have formed. Speculative detail about these steps is precluded

g, but now the stage 15 set for the development of molecular ge-
a primordial level: Pyrophosphate-energized microspheres could
vited amino acids and produced shore oligomers of RNA.®

=

“"'*II_I'-"*“’ mm;‘hm next four subsections, | present speculations on how these micro-
d have developed a primitive genetics having the capability of
(1 Ly (0} (2

i : 0 a more complex system. Moreover, my scheme will suggest rh.r:
( . {}—lb—l_‘}—ll'*—ﬂ]-l AL - hich many fearures of the contemporary mechanism could have their
/ \ tlJ & | 9514 this primaordial one. 1 present these speculations partly because T feel

S0 FelNIY 2Fe(ll) H pP=p sible and interesting, bur principally to demonstrate thar the
Bunlfne Avtive sulinrg Pyrophosphane

FIGURE 211 ..
Coupled sulfite oxidation and formation of high-enecgy P~ P, in protelneid micros
Step (1} oxidanve phosphiorylation of sulfire o form active sulfare. Step (2), phosp
of phosphare o form P~ P, with the release of sulfare. Standurd oxidarion-reduc

porcniials for these reactions ar either acid or basic pH confirm thar sufficient end
availahle o generiate P~ P,

t0 explination of this circumstance has the same sort of impace thar che 7.07

Excited stare of the "*C nuglews had for stellee noclensynthesis (see Section 1-11

ermical law is in guestion, The connection of universal laws with the pariculars
chemistry juse described is remore.

el (see Section 2-11 does nor apply at this level because ic requires a special, very
catalysr,
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genetic apparatus, though complex, is not so complex that Plausible,
for it cannor even be conceived. A current view exists that this P
origin is insurmountable and that therefore life must have
where else where conditions were different (Crick, 1
as defeatist and unimaginative.

originated
Y81). 1 reject such,

Frimitive Polypeptide Formation Once again, rhe next step in.
this model derives from the contemporary mechanism: In all known ¢
gene-directed protein hiosynthesis today, after ATP activares auﬁﬁ&
tRNA syntherase immediately places them on their cognare (RN,
2—OH carboxyl-ribose ester linkage so formed s depicted in Figy
This ester bond is energy-rich to the same degree thar the precur
acyl adenylate (the activated amino acid) was encrgy-rich. Thus the sul;
formation of a peptide bond berween two acrivated amino acids i
dynamically favored, '
In this model of primordial gene-direcred protein biosynchesis, [
that KNA served bath ar a primordial gene and as a Drimordial mersenge
No DNA was involved, nor were ribosomes, tRNAs, or tRNA syn
which evolved later. First, pyrophosphate would activare the aming.
proteinoid microsphere to become amino acyl carboxyl phosphates
would reace with the 2—OH groups of the RNA, forming amino acyl
esters (carboxyl-ribose esters), as in Figure 2-13, step (1). Unlike the
case, in which these esters form only at the 3’ end, in chis maodel the
form on any of the 2'—OH groups in the RNA. A modern RN,
usually has cations (positively charged ions), such as M2, bound 10|
phate groups, which are negatively charged; in this model, when an aming
ester formed, the positively charged amino groups moved close to the

Aminag el
FIGURE 2-12
Carboxyl-ribose ester of (RNA, con
Hibase The 3" end of o -RMNA is shown,
2'—0H amina acyl ester at the rop. |
Addenine

MNA 3" end

Amnin acyl

Carbaxy] phosphat

B

o
o oro
(e Yclle
=
{1
- T
—= ? oz,
= I/.-a-ﬂsn.—Dj
I
A0 s

Flelicad BXA conlafriangs
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FIGLIRE 2-13

: _. ‘_,.
RMNA estors. Step {11 Actvared amine adid monomer rr:nc_ts-u-:th F.[?M. Slftp 12
e im BNA lines up amino acid-BRNA esters {or pepride bond furmation.

Aming acyl—
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phosphares, and displaced the meral carions. When enough esters formed. o : vith its third-base redundancy, called wobble). l]ﬁ 1}15;[ u;{lrhe i,r;[rmt?:]{:
conformation change occurred, as instep (23 The esterified RNA would Fu., codons of mu_dern RN A codes for mf:-a.rly I-:.t of t ,E . .'-1[1'11 ;;j u:-: ’
a right-handed helix of three nucleotides per turn, with the phosphates an ¢ jology appears i T“h]?.l'd' wh“’, rrbearcl e ::.n_ |:'lbt P i
mside and the bases and amino acids on the ourside, When amino acids. hYsIEGEhEﬂ'lIEEJ conditions for this model in the laboratory, the

i il ek ' e i e iein of che i ific code in Figure
terified to every third ribose of RNA, they would be adjacent to each atl Cothesis of the origin of the code, particularly the specific I
i this helical conformation. Moreover, they would be adjacent in the se : n be tested experimentally. : TR “
: : j 3 I ; {ratam B . - R iy - 1001
thar the amine group of one amino acid was adjacent to the ester fﬂ:bmﬁ'a - -,h?_'pﬂrhﬂﬁllfid coding mechanism offers some spectficcy of interac

the next amino acid located three riboses away in the 3 direction, In th jeen activared amino ﬂ'_:ids and the base Sequenf?“# RNhf:h . SF';“ECI:E
uncoiled conformation of RNA, amino acids that are three riboses apart | nor possess the ﬁd“]"i'. of the contemporary coding mec 3“15”_‘1 E;'_a“'
roaghly 20 angseroms (A) apart, and even amino acids on adjacent riboses finong the myriad microspheses, which self-aﬁsemblu __50 ULS;:; e
about 7 A apart; these distances are too great for any chemical bonds to fo the biological sense. 1t need nq]y Fa'lmr nne amino acid s]:dg :11;‘ mUIEE
But in the model, the amino and carboxy) groups of some amino acids w y than anather. For Uxm.]jt'f’ _lysme rm;_:_:ht bond berween A .ml L;.I:‘Y
be touching in che helical conformation and could then farm the energer mercent more often I:ha.n 1'_115Lu{lt1ﬂ. Ellﬂd visd versa he'_f“'ﬂ'-'“ Cand A. This
favorable pepride bonds berween them. This process would continue until all ld produce a mechanism Wl.t:!l Ia_relanvciy high mutation ra.lrf: :n-u.u:n:mr'lf is
amino acids, three riboses apart, were bonded into a polypepride, albeit ashoi and would create the possibility among the billions of microspheres tor
one. To rest the plausibility of these steps, | have buile CPK and skeloral ution.
molecular models that accurarely reflect the distances involved. ) ; . : P
When the polypeptide was complete and lefr the RNA, the RNA woulil T ition from No-Life to Life. Once n_a:crusphe_res existed r]m:_“elm
revert to its nonhelical conformation and could serve as a template for furthe ‘making RNA and then small proreins on this RNA, a particular
protein synthesis—or for its own complementary copying (1o be d::s,::r'i
below), The separation of the growing pelypepude from the RN A mighe |
involved nothing more complex than spontaneous hydrolysis of the connec
carboxy| ester linkage * _
The base spacing in the model (like-ribose spacing) would be three b
per amino acid, idenrical to the contemporary coding syseem, except that
the model it would be a consequence of the special helical conformarion

TABLE 2-4
Trwa-Base Code

Drowbler codon Awrine acrd

5t AA G Lysine

AC Threanine
ihle i Q7 - ot gt
maost pluusible argument ( gxgen, 197 1) given for the three-base code in AG Serine or areinine
contemporary mechanism is that two bases are nor enough w code for .
amino acids (4 ¥ 4 = 16 codons), and a two-base hydrogen bonding of tRN AU lsoleucine
to mENA is not strong enough to funcrion smoothly or maintain specificity CA Histidine
On the other hand, a four-base code, although more than rich enough : cc Proline
account for the 20 amino acid alphaber (4 % 4 % 4 % 4 = 256 codons), leae :
to o strong a bond between tRNA and mRNA and thus to too slow a n CG Argiming
anism. This lc-:_wes the r]slrce-ba.w codeas the bhest fmfm. ' cu LEERE
But where is the coding in the primordial model? How could a s .

amino acid bond (by esterificarion) 1o a specific base sequence on the GA Aispartace oF glacmate
| hypathesize thar the esterification of an amino acid berween two GC Alanine
hases (for example, B, and B: in Figure 2-13) is selective, clepﬂndil_'i__g' GG Glycine
aftintries of the two bases and the amino acid residue R, This would constitu _
atwo-base code with three-base spacing (also reminiscent of the contemporar GU Valine

UA End ("puncruation™)
* Severd features of this madel are of interest because of their similarity o the contempe uc St
systesn. For example, the polarity of the protein produced in the model js such thar the
e from the 5 end o the 3 end while the prorein 8 made from aming end o iz UG Cysteine
This is idenrical to the polacity alignment in the contemporiry mechanism, (1 D-!'lbﬂ-“? .
then t-aming acids fir berrer stecicilly than o-aming acids, which perhaps indicares th uy Phenylalanine

between the rwo handed nesses even if ic says nothing shour absolute handedness.)
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that is clearly related to the initaton of the uroboros. 1f new ca-
are to evolve, they must accumulate one ar a tme, not in large
For example, the 20 tRNA syntheses required by a contemporary
,l._ not have been evolved all at once.

ausible hypothesis regarding the emergent properties of t(RNA syn-
exhibits this idea of one-by-one additions. It also provides an evo-
planatiuu for the observed diversity of mechanism and srrucrure

mporary synthetases.

RINA copying (thart is, would cause nucleotide palvmerizition on an
RNA molecule). The second copy of this RNA sequence would rep
the original RNA. In chis way, the model RNA could also ACL 45 & repr
gene. This development could result in a system thar is self-generarin
initiation of uroboros. This model thus provides a plausible sch&m&"ﬁb '
transition from no-life o life. Figure 2-14 extends the ideas in Figur
and 2-1 to chis scheme. ol

ENA sequence could, by chance, code for a short protein that would caralh

e Evolution, One at a Time  Assume thar the primordial uroboros
. ;.m.}'_unction and therefore that energy not only is abundancly available
eing converted into pyrophosphare ar a high rate and is being used for
amino acids and their polymerization ar a rate char is fasrer than
rolysis. One product of this energy-abundant state would be the
of RNAs, some of which would serve as genes and messengers
rotein synchesis. The rest of the RNA would accumulare and
into shorter fragments, including three-nucleotide fragments.
ents mighr find a stable conformarion in a hairpin shape. These
¢ the primitive tRINAs,

Evolution to Greater Complexity

_wa could such a system have evolved into the contemporary complexi
of rlilznusnmes, tRMNAs, and synrherases? This question is difficule, and aoe
perimental evidence exises wo aid or discipline speculation, (MNevertheless:
searchers have proposed models for the origin of t(RNAs and even (RN
syathetases; see Kuhn, 1983), The evolutionary capacity of this primitis
model is the essential ingredient: Imperfect gene replication or translatia
would have conferred mutability, which would have led to the selection |
systems that coupled and used energy more efficaciously. Evolution pe

o Caralyric Teedback

ple, the locations of two arginine residues could be such that they
phosphates of the nucleotide criplets by elecrrostaric honds. Note
ding would not be specific ta the triplet sequence bue only to the

e

Fonl o sunlighr

s : : 5
o L Figure 2-13). As a consequence of the formation of just one
ﬂ 0, 4 set of rriplet-binding protwin-nuclenode complexes could arise,
2P nH.:O
wP P I e Amuno acyl phospliates —lﬁ Procein wHLO
A acids P L h'Y id
mino acids - |
and peprides
- B B,
Coding feedback ; - EU H
o h A O O Mucleoride FIGLIRE 2-15
EM nNTP s RNA #HL0 4 |z || e Brimitive syntherase, in
«_\ i . provemoid mucrasphieres,
, 4% L . L ! 3 The postulated srginine
aNMP 2ub I : I P residues might be lyaines
; Monomers NMPs and short RNAs: /7 [ H'l" N instead. These residues bind
Manomoers HNTH HN"H the negutively charged
i E'gi'l{?p;hut::s af nocleotide
Manomirs Monomers Pt i ey
T
Negs ot Bifine resnlues

FIGURE 2-14
Feedback sirucrure for polymer synchesis, in proteinoid microsphere, Dors dendie pra
catalyses; squares denote RINA “caralyses” (that is, primitive genes and messengers,
simultaneously).

Trapder binding protein
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an of the RNA over its direct reading would be rate and fidehey.
many other derails of these mechanisms require explication, but
portant point is that it all wesld dertve from a single protein. Sub-
ther proteins could arise (one at a ame) thar would perform the
t; “and binding functions bewer than the simple, mipler nucleoride-
mplexes; new proteins would improve on old ones and finally re-

imirive syncherases (agam, one ata ome, and often with redundant
plng'ﬁlnctionsl. Ulrimately, the new proteing would funcnon with-
wcleatide triplers, and the svstem would then have pure protein

cach composed of the same protein pare but wich differing nuclentide tpiiiff
These protein-nucleotide complexes will serve in rhis model as primj
tRNA syntherases, i
A primitive tRNA synthetase would have to recognize and bind o both
activated amine acid and a primitive tRIN A thar conmined che complemen,
three bases {cognare tRNA) The primitive (RN As were the hairpin sh
fragments mentioned above. At the loop end of the hairpin, three bases wou
serve as the anticodon, which would be recagnized by and bound o the p
tive synthetase by base-pairing to its bound ripler ¢ Figure 2-16), Ami
recogainion is another postulated funcoon of the bound nuclearide eriple
the primitive synthetase. Recogmtion would take place by the preferen
bonding (estenfication) of the carboxyl group of rhe activated aming i
the 2'—0H of the rbose sugar of the synthetase rriplet, berween the
bases at its 3" end. This procedure is idenrical to thar posrulated earlie
the direct reading of an RNA messenger. “
Mext, the tRINA synthetase would acrach the amino acid o the 3! end),
the priminve tRNA. | postulate thar the primitve t(RNA would Chﬂ.ﬂéé’
formarion so that {ts 3" end would contact and bond o the amino acid
(rransesterificanon), Then this amino acylared primicive tRNA would
the synrhetase with the cognare amino acid attached. Such charged R
could then read the RNAs that were previously read directly, provided
primitive ribosome (perhaps a portion of the microsphere's inner mem
hias evolved to coordinate this reading. The advantage of an indirect mechs

otherical scheme would lead o the accumulation of o farge number
having svatherase funcron. As they accumulared, cthe mechanism

ive on Urohoros Initiation

ironments provided by the proceinoid microspheres were far more
s for the transition from no-life o life than was thar provided by
ilibrium, Geophysical energy sources enriched the carth’s envi-
srmously, The difference berween the dynamic states of rhe en-
microspheres and thermal equilibrium for the primordial dozen
DF.'-}S.EhE significant difference. Tn the context of microsphere—with
teinoid chains, membranelike boundaries, and dissolved phosphates
micials—the emergence of short RNA molecules does not seem
as it does in the contexr of events in an unprorecred geophysical
s the sense of Lipmann's answer to Delbruck's quest {see Intro-
the rransition from no-life 1o life: The coupling of oxidarion-
En I'EY tor phosphate bond energy “might have been che first event
tolife."”
- sense, energy-driven microspheres seem already alive, ther be.
d grear number imparting the aspecr of a living seate to the carth's
& viewpoint thar invokes the flavor of James Lovelock’s Gaia hy-
nstead, this book views this firse lifelike form as a stage of organic
nt, in which existed a primitive molecular generics based an the
'rl’:hl.:': primitive uroboros.
definition of life specifies @ mechanism that depends on phosphare
- Any experimental paradigm designed to study the origin of such
ms must also study ongoing, energy-driven polymerizations. The ef-
the polymerization mechanism ieself of the emergent properties of
ers produced will be the focus of such studies. The bicengineering
‘nieeded for such studies is already available.

FIGURE 2-16
Primitive tRNA, in
proteinaid microsphe
The 2*—OH group
bases By and Byls
for aming acid st
The cognate tRINA hiir
lpog i5 in the hinding
posinon, Once an
acid esterifies o thi ..
2'—0H group, the 3%
Baun of the hairpin can
down for transestenii
o the tRNA,

Terintidave
el A Ratrpin

Promurrve spnshogase peoidedls
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2-4. THERMODYNAMIC ANALYSIS OF THE
UROBOROS

ions of Thermodynamic Dichotomy {or Biopolymers

cting the primitive uroharos, as deseribed in Section 2-3, 1 have
nes of polymers: proteins, which are catalysts and structural com-
polynueleotides, which are companents {h:at contrial and d.:f-u't
is of proteins. In protein synchesis, the genetic appararus Frowdes_
nism by which the sequence of amino acids 10 a protein is L.lEIE.r-
due by residue. To conclude cthar the sequences ol amine acids in
d be random if it were not for the careful cf:nrmi mposed by
ural, seductively so; but it leads to r!_n:: notion of order out of chaos
_F}r from higher entropy), whici‘F 15 :mrall_d F_::lr energy-driven ther-
'_ systems. In such systems an increase in free energy oceurs. For
rmation, the change is mosely an increase in internal encrgy rather
-ase in entropy. (Indeed, dipepeide formation somerimes shows an
eﬁtmp].r {over free monomers) when quantiacive calorimetry s
ause polynucleotide formation resules largely from increases inl ins
energy, driving the transition from monomers to polymers requires
on free energy. Phosphate bond energy has its source in this increase
nergy and internal energy, not in a decrease of entropy.

odynamic issue of the amino acid sequence in proteins 15 not
sue of entropy. The amino acids in a protein cannot be thoughe
beads on a sering, nor can the order of the sequence be assessed
the number of arrangements of colored beads that are marhe-
ble. Experiments on the thermal polymenzation of amino acids
s the proteinoids 1 used in constructing the pnimitive ureboros)

A flux of energy was the imperus behind the initation and maintenanee
the dynamic state of marter thar we recognize as living, However, evg
implies that life is more than a merely self-begetting dynamic state; o
recognized as living, a self-begetting stare muse slowly alter jrs chara
through accumulanon of many small changes. Thus it cannor be a perfec
sclf-replicating uroboros. Afeer all, a perfect uroboras ar the earliest hete
troph level could never have become autorrephic, which is what PTiiﬂJﬁl
living marter has done. X

Equilibrium: Thermally Isolated versus Thermally Buffered System

A fundamental dichotomy exists berween an equilibrium state of the
mordial elements and the state of an energy-driven living system. Th
librium state of the primordial elements occurs ac che temperature of
crustal environment in which they exist. Some small differences in temper
exist berween different local environments, and small temperature var
occur with ume in any lecaton; bur basically the equilibrium stare is
acterized as thermal equilibrium, and che planet's crust acts as the therm
reservoir, with warer serving as a thermal buffer. The equilibrium of a to
isolated syseem, not in contact with a thermal reservoir, is different.
ewo cases require some discussion about the distincrion berween free
and ertrafiy.

The second law of thermodynamici governs the equilibrium seate of
For an fislated system, this law says that the cquilibrium state is the one
the meaxivum entropy for a fixed iotal energy; for a system in contact twith
thermal reservaiy the second law says thar the equilibrium state is the on
minimun free energy. These rwo Statements are not in conflict; they are
ttestations of the same luw in two different situations. r

From a statistical mechanical point of view, entropy is a measure of a systel
arder or disorder; increased entropy corresponds o decreases of order
increases of disorder. Energy flowing into an isolated system drives the sys en
away from its equilibrium scate; and since irs equilibrium state in this case he
maximum entropy, the effect of the energy flow i5 to decvease the entrofpy, thi
to-increase the system's order. This phenomenon is called energy-flowe ord
or, sometimes, “creating order out of chaos.” These ideas are valid for a sys
that is isolated except for the energy input :

Bur the setting for the emergence of life was nor an isolared system; i€
a thermally buffered. Energy flowing into a thermally buffered system.
the system away from irs equilibrium state, which means that its free
ncreaser. Iree energy has two companents; the so-called internal energy
the entropy. Thus a free energy increase may be due to a change in Inter
energy, not in entropy, making it wrong o think in terms of order |
chaos when dealing with a thermally buffered system.

*mical reasons since the various amino acids have different residues
ifferent chemistries. Thus polymerization &5 a chemscal ordering, not
al one. To think ortherwise is ro ignore a vast quantty of exper-

e of this intrinsic rendency o form specific segucnces is the
escribed in Section 2-3, in which six amino acids, in a specific
mprise the active sequence of melanocyressumulating hormone

process were purely random. Instead, che vield of this product
10,000 in 50,000}, or ten thousand times the amount predicted
¢ thermally produced amino acid sequence has a similar activiry
rmone fragment. Not only is this sequence dominant in & non-genc-
mical reaction, but it is even a biologically active sequence,

oboros model, the proteinoids possessed caralytic funcdons such
¥ coupling, activation of monomers, and polymerization. If the amino
Hences produced were mathemartically random, and if the caralytic
“Orresponded to specific sequences, then the odds would be very
st the formation of funcrional proteinoids. If, instead, some se-
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quences are chemically much more likely to accur than others, and i

Exploring our Living Blaner, The Natonal Geographie Society, Wash-
are the caralytic ones, then the model primordial urchoros has g chancat !

G, 1983

Life [rself, Simon and Shuster, New Yark, 1981

w8elf-organization and the Evalunon of Biological Macromulecules,” Na-
enschaften 38 (1971): 465,

"ipfﬁ.g;mf Energy Transduction: The Urgbores, Jobin Wiley, New York, 1982,
nt o reference in Sccrion 2-20 This cime Parc T is relevant, -
Waser, “Self-orzanizacon of Matter and the Early Evolunon of Life,”
_'r'.rm. edired by Hoppe, Lohmann, Mackl, and Ziegler, Springer-Verlag,
-.:Izﬂ}l ‘- 1 % "
d V. M. Vagabov, “Polyphosphate Metabolism in Micro-Organisms,
cer i Micrsbial Phyirology, ¥Volb. 24, Academic Presy, London, 1985,

Evolutionary Capability M.,

As evolution proceeded, slowly esrablishing an increasingly faithful g
apparatus, the primordial uroboros would develop the ability to pmdm;q"
acid sequences that performeid catalytic funcrions, which were needed fo
veloping and refining merabolism and polymerization. The genetic appa
seems to have made possible the diversification of requences for diverse
tions, it has not selected 4 limited number of sequences ourt of an astronon
number of combinatoric possibilines,

Whar sets evalurion, us a process, apart from other energy-driven pro
is the very special propernes of polymers, not juse the energy input
teedback effects of catalysis and regulation by proteins and of genet
by polynuclentides enable the energy Aows o evolve complexity.
withourt these emergent properties of biopolymers, even if it is energy.
will niot have evolutionary capaciry. '

i C.-T. Wang, Science 160 (1968 547,
Order out of Chaor, Bantum Books, New York, 1984,
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During the billion or so vears after the
€ E,FEEEI 3.8 billion years ago, mewmbolism developed, along
ation of genes, now part of a sophisticated genetic apparatus
i thesis with contemporary complexity. Caralytic ability di-
 increasing numbers of distinct genes, and eventually modern

sarose, This chapter does not chronicle this development in
focuses on a few emergent properties of proteins and
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oaded Complexes

cular structures discussed in Chaprer 2 were held rogerher pri-
ng covalent bonds (thermally stable at temperatures around 300
jide the “backbone” structure of macromolecules. Weak, thermally
“such as hydrogen bonds, hydrophobic bonds, and van der Waals
de specificity of interaction and conformational stability. The same
that endow proteins and polynuclenndes with ther abality to make
reractions also stabilize aggregations or complexes of macromole-
y bonded assemblies of proteins, and of proteins with polynu-
sound in cells. The cell irself is such an assembly, composed of
Blies and surrounded by a sell-assembled membrane.
“assembly uses weak bonds, it possesses remarkable propermes.
%ﬂhﬂ specific and sufficiently swable, bue not so stable that ther-
ons cannot break rhe subunits apart, 11 the energy of a bond is
yries per mole, then the expecration tme for bond breaking (the
rougly half the complexes will break apart) is given by Boltz-
ula (Schridinger, 1944),

polynucleotides, specifically the regulative mechanisms for prorein
and funcrion,

In Sections 3-1 and 3-2, an account of how self-assembly creates com
of molecules with emergent properues stresses the effecr of water a
thermodynamics of sell-assembly; both could have been aperative in the e
tive uroboros. Section 3-3 surveys contemporary examples of funerig
ularion in self-assembled macromelecular complexes and demﬂngﬁ;&q
prevatent occurrence of phosphorylarion and dephosphorylation as regila
mechanisms; it concludes with speculation about the role of phusph_am_'
development of primirive control mechanisms. Section 3-4 discovers 4 ;
role for phosphare as an energy storage molecule for rapid processes
that could have made major evolutionary developments passible in
cellular organisms.

3-1. SELF-ASSEMBLY

Warer 15 a major molecular component of cells, serving as the solvien
essentially all cellular chemical reactions. It also serves as a thermal

ﬁE)
and, to a lesser extent, as a pH buffer.

t =T r_'xp(ﬁ_

I

is the reciprocal of the collision frequency, around 10 ' s for the

Bl of Self-Aseubly vent water at T = 300 K. F.Ur i weak bond wi::h AE —~ 10RT spu, the
: ¥ : e for bond breaking 15 + — 2 ® 10" s. Howoever, for three
weak bonds of equal serength, this exponential formula vields
n time for breaking all three bonds of ¢+ — 1 5, a long nme on
cal time scale, This explains the stability of conformations with
bonds,
hiree simultaneous weak bonds, complementary groups on the
i '“lyl;ne_f subunits must be locared in close proximity so thar bonding
[ ontaneously. This obligatory complementarity confers specific-
vecific interactions do occur berween subunits, bue they involve
bond and are neither stable nor specific.

Afrer their synthesis, many polymers self-assemble into aggregate stru
such as enzyme complexes and membranes. The enzyme complexes h
tiple subunirs, typically two or four, bur some have prodigious numk
subunits. The complex thar catalyzes the conversion of pyruvate int
ty—CoA in E. coli {see Figure 2-3) contains a total of 72 subunits
different types and has a molecular weighe of 4,440,000, After exper
completely disassemble this complex in the laboratory, it can self-usse
full activiey, i

The organized arrays of proteins in the electron transpore chains in b
{see Figures 2-3) also self-assemble. The enzymes of the tricarboxylic
cvele in eukarvores selfoassemble within the membranes of mirochonds e uf Water
the complicaced ribosonie self-ussembles. | : o :

Membranes self-assemble from l[pid and P[‘-Dtg_lin Precursors. Lip]d l: L i : €5 _.tﬂ-kf-‘ parc in all hiﬂlﬂgical 5::1f-:155r_=mhiy Processes, The
phosphaolipid) vesicles can self-assemble from lipid-warer mixtures in (e e 4 i cell, whether proteins or polynucleotides, are sur-
Srikory, wwhiets Tt i sow forsible 1 Alf arskmble bestain. Aot zed warer structures because warer hydrogen-bonds readily
funcrion in self-assembled lipid vesicles. For example, ATPase comple hll@algfﬂups B Etlaswih mher warermolecules, The R groups
havid self-asienblead i arifiial inid vesicles can: make WeTDETIa . :'“m“hm.du not have specific weak bonds to complementary
P when appropriately energized. Reseaschers have also functionally ﬁjﬂt ler suhtfmt will bond to water molecules, which will be dis-
ruted transport mechanisms (such as for jons and simple molecules} i Hurther specific weak bonding between subunits takes place, Con-

systems. Most of these assemblies requite nio-added free ercrny aif tl_;;erg:es of formation for self-assembly from dispersed subunits
need no special catalytic agents. Eltects of warer molecules ar the molecular level.
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Recall thar even though subunit polymers are subject to hFdEGlysi,g: - B s during self-assembly 15 real, bur the disordering of warer
of hydralysis is slow (in the absence of enzymesy; therefore, in 'th'éié. : s greater. The use of notation such as AG and AS 1s misleading if
actions with warter molecules in the context of self-assembly they %;gﬂ that AG < U for the assembly process and A8 << () for the
thought of as metastable subunits. Afrer self-assembly, many subunirs 0 reality, the AG = 0 statement implicicly includes coneributions
less likely to hydrolyze because much of their surface is sequestered - molecules, whereas the A8 < 0 statement explicicly excludes such
plexes away from warer molecules. ns. Investigators should include water contribunons explicitly in

Both the self-assembled structures and their functions are emergent . To do so requires enhancing the notarion sa rthac AG = AG,
erties; that is, they are unpredictable from the nature of energy flow 5= A%, + A8, where the subseripes s and w denote subunits
the primordial dozen elements, . pectively.
ysis of the assembly process shows that AS, < 0 is true, primarily
ss of rranslarional entropy of the subunits 1o going from the
into the ageregated state, [n other words, dispersed subunits
to move in space, independently of each other, whereas aggregated

I e, or translate, together. This shows up as a decrease in trans-
opy, the size of which dwarfs entropy contributions from rotational
rational motion, and so on. Because visual impressions are dom-
anslanional motion, the observer considers the aggregated state w
dered and the entropy o be decreased, The observer, however,
e warer molecules (unless very special technical tricks are used)
ot consider AS,..
energy term A L also must be separated ino AL and AU,
s account for the energy in weak bonds, Looking onlv at A U7, vields
¢ weak actractive bonds hind the subunits rogether. However,
: neary residues in the complex were initially bonded to water by
ractive forces that aggregation eliminated. Thus the water contriburion
oreover, since borh the water-to-subunic bonds and the com-
tbunit-to-subunit bonds are of comparable strengeh, AU = AL,

Free Energy and Entropy Considerations for Self-Assembly

Let the initial state for self-assembly be dispersed subunits, and ler the
state be the aggregated complex. The free energy change AG is define
i i
&G = Grina — Gl :

:h:_u 15, AG b amemily = @ apgrenned — O lspersed. Thermodynamics tells
this free energy change (Gibbs free energy) is relaed o changes i
energy AL, entropy AS, and volume AV by the identity

AG =AU + PAV - T AS

in which P is the pressure and T the ahsolute remperature. Take
atmosphetic pressure and ignore the P AV term since AV here is
small,

The second law of thermodynamics (see Section 2-4) for an isnla’xﬁﬁ'
states thar for a spontancous process AS = (), whereas for a thermally bu ) e
{and constant £} system the second law states that AG << (. Bic:rlugic-!_]':_ it €case; instead, AU + PAV ~ 0.
are thermally buffered. Experimentally, AG < () is always true fo e self ! -_'P _ﬁv ~ Dand AS, < Q504G = Al + P AV — T AS
assembly of a complex from its dispersed subunits. Nevertheless, obs t will be greater than zero (—AS, = 0 if AS, < (), But this
often feel that self-assembly must be paradoxical because the transitio e yetinclude AS. in A8, which is the key rerm because during
dispersed subunirs (initial state) to ageregation (final state) appears (G displaced water molecules gain translational eneropy, making
the direction of greater organizarion, or increased order. As noted at L € several water molecules are usually bound to every subunir,
of Chaprer 2, increased order means an apparent decrease in entropy (€ ol il ,-"?l |. The overall effect is that AS > 0; so AG < 0 because of
AS =)< buie this is not Recessarily i ‘conflice with the secondse he - i ; WI!Slﬂl:iGﬂﬂl encropy of displaced warer molecules, Thus che
biolagical systems are not isolated. Moreover, AG < 0 and AS < 0 VLSS 15 “entropy driven,” that is, driven by the entropy increase
patible provided thar

|AU + PAV|>TAS el
OLECULAR MORPHOGENESIS AND CONTROL
and MECHANISMS

¥ does not require added energy. Once the subunits are synche-
flermal marions bring them together, whereupon they sponta-
¥ means of multiple specific weak bonds. The scructures they

AU 4+ PAV < ()

But the rationalization just advanced is not necessary. The appeafd
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form and the unexpected properties of those strucrures are exampleg e

gent properties, which are observed to acend all transitions in a g P T‘ N
hierarchy. A key emergent properey is the capaciry for control, on pap { Glucose-1-Plhosphare) %
This section presents four different regulatory mechanisms: allosge ",

and ADP case), phosphorylanon-dephosphorylazion (glycogen case) %,

and cyclic AMP cascade (glycogen case), and end-product inhibitign s

..'I-

! { - : ol Glucose-6-F £
acid case). Biochemistry textbooks provide many others. Some read 1[ cnac i._ -’f E
prefer to skip these examples and move to cthe end of the next section, whi L :

discusses primitive mechanisms and general principles. Frugsose-G-F

-
[
-
brassgppetannnnniannn

Regulation of ATP and ADP Frucrose-1 o-dil? £ i, i
The catalytic acuvity of many enzymes in metabolic pathways is reg : \".L
For example, when a cell has plenty of ATP, a feedback control mech 7 Triose-F ! iy
inhibits the ATP-generating pathways. The use of ATP leads to a buil I"-.
ADP, which acts as an actvaror of the same pathways (Figure 3-1), The .'; 1'1,
EnEyme u_suallj.f CONMAINS two sites, one :Ihax Is 5pcuﬁf:' for the substrace E Picinhosnolpgravie ] : ‘;1
pathway it catalyzes and one that is specific for the effector (regulato 2 i
in this case ATP or ADP. In many enzymes, these two sites are *’"" : "\
separate subunits of the complex: The effector binds to one subun 2 pyruvate
a conformarional change that is communicated to che caralytic subun | i Al
their mutual weak bonding. This is called aflosteric (other shape) 2 'C'j""*u P R G '—j +
{Figure 3-2), S : #
Glycogen Metabolism S Citgare ; Ty
A remarkably prevalent way of causing conformartional changes 2 Teacittipe: .o
unies is to add and remove phosphare groups, Since the initiation . | 2 Malate 5 _,F"'r'#
ment, and evolution of life are based on phosphare bond energy ' il i ¥ 3 & Ketagiutarate /
surprising to find that conrral mechanisms are dominated by phosp 2C0, _,‘i 10, | Flerrron cranspart
fers, The metbolism of glycogen, a polysaccharide used by man 2 Fymumrete } S

animal cells {or the storage of energy-vielding carbohydrate, is a 50
exumple of cellular energy storage and vse and of regulation of such pro
by phosphares,

2 Succinate and ugnlarive
plwnsphorylation
\T (FADH.) H.O

s .E:_Ilf-'rnl.'iﬁn. Dored lines denore inhibirory feedbacks, and dashed bnes,
ACKS.

Gilyveagen Synthesis Glycogen synthesis is a response o excess glu.J
unused ATP inhibits glycolysis (Figure 3-3). The polymerization of
mto glycogen requires the activation of glucose monomers by uridi
phosphate (UTP) to form UDP—glucose, which adds chem ta the
polymer. [UTP is generared from irs precursors (UMP and UDP)
phorylations that are driven by ATP. In protein synthesis a paralle
played by guanine-3 -triphosphate (GTP), which is also generated from &8
In phospholipid synthesis an identical role is served by cyridine-3'=t8
phate (CTP). All of these nucleatide-triphosphates are required for R
thesis. In every case, the ultimate source of energy is ATP.] Thi
of glucose monomers by UTP is analogous to the activation of @

their polymerization into proteins. Both the glycosidic linkages
nd the peptide bonds in proteins are dehydration linkages and
uire energy in an aqueous milieu.

torm of the enzyme glycogen synthase, or synthase |, caralyzes
ion of glucose monomers into glycogen, Another enzyme, syn-
» can phosphorylate synthase 1, using ATP, to produce synthase
that is a much less active form of synthase 1. Still another enzyme,
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2R

v adenyl cyclase, an enzyme thar is regulated by such hormones
and glucagon. Note the variety of ways that phosphate is in-
is control mechanism!

bdown  Although the process of glycogen synchesis is com-
: '\rl‘—‘S.- only one kinase and one phospharase. The degradation (ca-
ycogen to glucose-1-phosphare is more elaborate (see Figure 3-
o kinases and two phosphatases. The sequence begins as a
is, in which the enzyme phasphorylase a splits one glucose mon-
glycogen polymer, forming glucose-1-phosphate. Phosphoryl-
er; each of its four subunits contains a phosphorylared serine
= enzyme phosphorylase phosphatase removes these phosphates,
terrameric enzyme complex into two dimene molecules af

3 Fifecor molecyla:
Suky i
{_:} D Albunit
) O Conformuation ¢
\V [DW Lattalytic subunip
FIGURE 3-2

Allosteri cegulanon, The effecrar molecule (20 hands one subume (L), causing o
contormational change (00, which is then communicared o the catalyric subunic ¢ ()

svnrhase phosphatase, removes the phosphate on synthase D, thersh
crating synthase 1. i

An overabundance ol glycogen inhibits synchase phosphatase, Th
that most of the synthase | will end up as synthase D, which onl
caralyzes glycogen svothesis. The synchase [ kinase is, in rurn, alloste
regulared by cyclic AMP: It has its active form when cyclic AMP is
and its inactive form when cyclic AMP is absenr. Cyclic AMP, in turn, is.

sphorylase b kinase resulrs from phosphorylation of irs inacrive
TP as phosphate donor in a reaction caralyzed by phosphorylase

LD P-Glucrse
SIK. (D pp ﬁi

UTP

Glucose-1-F Grlucose

Al

ADP -
ATP -
F -
Cyclic AMP ©
PP -
Haormone 0

FIGURE 3-3 J
Glyecogen synthesis contral. 81 denores synchase | 813, synthase Dy SIK l-ljd SIKH'
and active forms of synthase | kinase, respeceively; AC and AC,, the inactive @

of adenyl cyclase, respectively; 8P, syathase phosphatase; and GP, UDP-glucose
preophosphorylase, Dotted lines desote the inhibitory effece of glycogen on 8P an
ATP on glycolysis,

=ton. PP denores phosphorylase a; PPy, phosphorylase b; PPP, phosphorylase
CR phigsphorylase b kinase in active form; PPLK, phosphorylese b kinase in
KF phorylase kinase phosphatse; PPEK,. phosphorylase kinase kinase
phosphorylase kinase kinase in inactive form; AC, adenyl cyclase in
AC,, theactive form of adenvl cvelase.
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' i i ; : e J are kinase, which has chree sozvimes—AK .y, AK, and
kinase kinase, This enzyme also has active and inactive forms. The ACE)y ' aﬁp;ft::s are rexlre“t*d by methionine, lysine, and threonine,
; synthese 5 . lysine,

results when cyclic AMP binds to the inactive form. Cycli ' - ;
; ¥* ’ : I e {’LMP‘ 150 Further along the pathway, aspartare semialdehyde 15 converred
befare, from ATP by the caralytic action of adenyl cyclase, which chang & . : - . SOH
s : ielihay B R B ine by two isozymes of homoserine dehydropenase, HS Iy
its inaceive form ro its actove form after binding hormones, such as epine = : R
and gl In the synthase syse h f these b - whose syntheses are repressed, respectively, by methionine an
ucagon. In the sy dse system the presence of che ’ 1 - J - o * i :
A : : : L Two levels of regularion are therefore indicated: the synthesis of
mately causcs decreased glycogen synchesis, whereas in the phosph i ! bl % Iread b
; : 'SP ad the allosteric swicching on and off of an already synthesizec
system the presence of hormones ultimately activares the cataholism . : ated by simil
2 ; 5 . & syntheses of other amino actd groups are regulaed by similar
cogen; both tendencies lead tw an increase in the amount of glucose, The, HE 5
of rhis cascade of activarions is that a small amoune of hormone : 15ITI5, : _ :
C _ b _ one |i:ifds emphasis is that key steps in these reactions involve phosphate.
amount of glycogen catabolism, as if the system amplified the initial b ! : . LTI U T
any Contemporary control mechanisms o highly evolved organ-

signal, ;
: ' i i ephate, it must have plaved a role as a regulatory substance in
Hormones usually bind 1o the outsides of cells, and the cyelic A phite, have
' ecies, even the primitive uroboros,

duced by the activation of adeny| cyclase) is on the inside. Adenyl
(depicted as AT, in Figures 3-3 and 3-4) is a complex chat usually has
subunit that binds specific hormones and an inner subunit on which the
activity resides. This allosteric activation of adenyl cyclase constitites
ond-messenger mechanism of hormone regulation, '

HOSPHATE MECHANISMS IN ORGANISMS

jes phosphate play the central rolein molecular energy cransactions,
olays a key role in many kinds of cellular control processes. Plf:lt‘}.'i-
gi.md dephosphorylation) 1s a widespread mechanism of regulaton.
lation steps are catalyzed by kinases, which are often conrtrolled
,'ﬂnother phosphare derivacive, L the assumpnion thar phosphate
ell suited for such processes is correct, then we would expect
nechanisms exhibited in higher (multicellular) forms of life.

Amino Acid Synthesis

Allosteric feedback also controls amino-acid synchesis. A sufficient ec
tration of an amino acid inhibits an engyme thar aces near the beginning ¢
rhe synthesis pathway, Some parhways have steps thae are che same fw;i
amino acids; these steps are caralyzed by enzymes thar occur as a set
tions called isozymes. For example, a rransaminase enzyme that uses p
phosphare as a coenzyme and glutamic acid as a source for an ‘amfﬂ'i'«
converts the intermediare of the tricarboxylic acid cycle, oxaloacetic aci
rectly tnto aspartic acid. Aspartic acid, in turn, is converted into f}'S'_.
thionine, and threonine (Figure 3-51. The initial step is a phosphur}"lattﬂ

‘of Contemporary Control Mechanisms

epresentative examples of control mechanisms in contempo-
follow. Many more examples are possible and can be found in

Orealoace e

9,

sEmmEw

ave had some success in gerting the system to spontaneously

Ptisariot @rtificial phospholipid vesicles. Sulfur, in the form of an —SH

la et . * i i 3 s i
! Mﬁ . Arole in the G-C interaction, and Mg”* is also required, Some
| P 515 thar the amino acid sequence of the G protein is related ro
Gon¢h seprilsle By FIGURE 3-5 ble GTP-binding-protein sequence of the protein biosynthesis

Amino aciid reguiatiqn: [
denote allosteric inhibimry
and broken arrows, SUucCessiy

— ; 2 2 intermediate steps nﬂ“!}?'{
(Wb Gioa Homerine =2 e

These fearures may be clues o the evolution of this mechanism.
Be-transmission mechanism just described is capable of a great
funcrions, partly as a result of the many hormones or hor-

HEDH,

R s e "y




3 AS
9 f CHAPTER 3 SELF

-gystem 1s involved (Figure 3-7
s i

® Coicaw

@ Hosmone

FIGURE 3-i

A hormane H (or neurotransmires) binds 1o a recepror protem 1o the oursidy
cell. This induces w conformurional change 1 B which is communicared to the
theough weak bands: Tnicially, guanine-diphosphare (GDP) wes bound 1o G but the
conformarional change in R induces the release of GOE and cthe binding of GTP. M
release the hormone H, which enzymes may degrade, and reoarn to its iniial 5
GTP bs nue hydealyzed o GDF and P, protem G induces s conformarional cha
€. the ¢nzyme thar makes cyclic- AMP from ATP. This aceurs inside the cell Cyelic-

-
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lape target proteins. All these processes of activation and inacova-
. horylation and dephosphorylation, provide a conerolled balance

. H 4 Agw . . ‘..
us and processes in the cell. Although their urlity is obvious, their

fon and C gufrod  The two major components ufmusch: ;m?tejn
. actin, which form a complex with several other proteins. Cross
rween actin and mivosin filaments (de Duve, 19845 Harul.d.
larion of smoath muscle contraction by Ca™ amF cvclic-AMP
ion of myosin phosphorylation. Adenyl 1_.'3.-'&35: 5 present, as
- kinases and two phospharases. Calcium binds Thf_: proeein e'.m"—
oh in turn stimulates or inhibits a kinase, depending on which

X

e o a neuromuscoiar juncrion depolarizes the muscle mem-

binds to wactive protein kinase K. making it acrive K,, which in turn caralyzes p
of & target enzyme system. When the GTF hydrolyzes, the mechanism muse be
hormane, In general, the weger syseem hecomes cicher excited or inhibered upon
phosphorylation by the kinase, depending on the tpecific case,

il - Phaosphatase
monelike molecules, such as neurotransmitters, thar funcrion as fFrot _ k
including dopamine, seroronin, norepinephring, acetylcholine, mnsulin 1
feron, opiates, steroids, and nerve growrh faceor. Variations of the abo
anism that use something other than cyelic-AMP as second messe 1 Ca®*

a5 oy clic-GMP or calcium, alse add funcrional diversity. Furthermore, it
always a kinase thar is activated by the second messenger, but somet
phosphartase. Perhaps these variations evolved from the less diverse phio:
mechanism of the primitive urobaros. :

Sume of these systems are located throughout the brain, whereas
partically or highly localized. Some are as complex as the glycogen di
system, and some involve interactions with related systems. Re
these systems can occur at almost any step. For example, the mf-‘d!
action of the cyclic-AMP-dependent kinase is the phosphorylation 0
protein using ATP as donor,

The message-transmission mechanism is reversible because th [ ity i
cleotides are metabolized by phosphodiester isozymes, and phosphatases s niraction,

=My

Phosphatuse

] - r@\, (]

car 07 M G

I 1 Tt I o

ATFP

ADF

PP

P

B-Receptor protem
; Regulatary subun

Protwin kinase {C-ﬂ‘:;.ii}'t'ic subunic

Adenyl cycluse

Myosin kinase

Calmodulin

Inncrive protein

Active protein

-1
FH
PC

O] = >
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brane, leading to an iicrease in ion permeability. Calcium activares my
hydrolysis of ATP, the energy source for muscle acton. This ATPase
of myosin breaks the cross links between actin and myosin. When the
links subsequently reform, che relative positions of actin and myosin
which is manifested as muscle contraction. Myosin-hased regulation ogey,
mollusca muscle, in vertebrate smaooth muscle, and even in nonmuscle:
tonraining myasin, However, in verrebrate skeleral muscles and in
muscle, the control mechanism s actin-based.

Neote that both phosphates and calcium play significant roles

ulﬂf organism, Nutrient deprivation trigger:s the transi:ir_m frum_ un-
“mulricellular existence: All cells release into the medium a diffu-
sance that atcracts other cells. The cells move together and aggregate
icellular groups containing 10" individuals, Th::selalggregnnnns then
uﬁ s eventually producing spores that give rise to unicellular amoebae,
eeractor substance is cyclic-AMP, made from ATP by adenyl cyclase.
MP is also involved. Cyclic-AMP 15 buugd [0 FECepLors o Fhe ouc-
the cells. Ca”™ appears to be necessary for the cyclase activity, The
¢ of the cells that cyclic-:AMP induces appears to L’F m-:.-dllawd by
i .ﬁﬁrﬁsin- Ar least 13 prorein kinas_cs have been H‘.I'.Ip]!lfi:lfllﬂi‘l in these
we Histone H2A is aone targer of kinase, and myosin is another. In-
s are soll studying the sequence of this :1|:ti1.rir§r.and the consequences,
X eady clear that kinases play the major role in cell MOVEMELS. Tg
actin and myvosin, and cyclic- AMP involved in cell moton o this
B -sts how true multicellular organisms may have evolved muscle.

Calmodulin  The calcium-binding protein, cilmodulin, is prevalent
ganisms. The Ca” " -calmodulin complex can acr directly in Ca®*
processes, as in the ATPase system, or indirectly on a regulatory sy
through a protein kinase, as described above, Calmodulin is nor tiss
species specific, and its amine acid sequence has been extremely well
served during evolution. In these respects, calcium plays a role paralleli
role of cyclicc AMP in regulation.
Calmedulin is a prowein with a molecular weighe of abour 17,000, I e
no tryprophan or cysrein but has an abundance (about 50 percent by
of glutamic and aspartic acid residues, which 1s reminiscent of pmteinniﬁ::
Table 2-1). It has been found in many invertebrates, promzoa, and in v ) i o = :
brates, These facts suggesr thar calmnjulin 1s'a primitive protein like the ire juencing, which permit the establishment of lingages-and k[nbhll:' Ths
sulfur proteins discussed in Chapter 2. In vertebrates, it is most hig ‘been fruitful in a number of cases already, such as cytochromes,
centrated in brain and testes. It hasa role in myosin kinase regulation, It nd calmodulin, . o )
cells, including unicellular organisms, it helps to disassemble microrubu y clear that phosphate is a principal companent, i one form or
which are part of the cytoskeleton of cells and are involved in cell motil
chromosome motion during mitosis, and axonal transport. The full
calmodulin functions and their mechanisms is noe adequarely known.

in

systems: have clearly used protemn phosphorylaton as a regulatory
e lopmental device throughout evolution. Evolutionary insight into

W=

osphorylation mechanisms and is usually directly imvolved in the
Barlier, | proposed that pyrophosphate may have been its evolu-
ursor in energy metabolism. Because research shows that pyro-
can substitute for ATP in some reactions, including kinease aceviey,
ave served as a donor of phosphate in regulatory processes even at
i protenoid system, such as the primitive uroboros.

Histone Regulation  Phosphorylation and kinases also regulate histone
ing to DNA in eukaryote chromosomes, Histones are the major clas
clear proreins, thar is, DNA hinding proteins. Phosphorylation aleers:
binding to DNA and has heen demonserated to be necessary, altho
sufficient, for gene acrivity (transcription or replication). In a few
searchers have demonstrared that the phosphorylation is triggered by €3
AMP and that histone phosphorylation appears o be the rarger for
induced tumor kinase activity, Similar mechanisms appear to be invols
E. cofi inlectuons by bacteriophage T7, indicating thar such gene exp
processes (cyclic-AMP triggered phosphorylations) occur in prokaryores:

bate in Primordial Regrifation | have developed a view in which
hosphorylation or chemiosmosis converred environmentally abun-
m-reducton energy into abundant phosphate bond energy in py-

- This: energy, instead of simply being hydrolyzed directly into
: polymerization and then, through phosphorylation, engaged in the
of metabolic functions thar rook place in self-assembled aggregates
SPolymers, 1 have rationalized this direction of energy flow by saving
Stime Motd Development  This example of phosphate-dependent €a
describes the differentiation and development of the slime mold, Dictyorte
diteordenm. which is @ model system for differentiation and developme
higher systems. The life cycle of the slime mold has two distnct & _
vegerative stage as independent amoeboid cells and a generative 5'-?5.#

eme for how this sequence could occur based upon pyrophosphate-
Proteinoid microspheres, but another guestion remains: 1s the ob-
fﬁﬂmé. that is, the existence of living matcer, the result of emergent
Ordoes it reflect some underlying principle, hitherto unenunciated?

R
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Variational Principles that advances in enery metabolirm, vegulation, and storage have been the
',F;&Ifﬂgengn'r metaporphosis. As a corollary, rransitions in energy me-

Physicises are fond of reducing the hasic laws of physics to extrerm: i | '
: iy ulation, and storage predicate ontological metamorphosis as well.

variational, principles. For es e, Harm ' iéinla
sumes Nr._'wim'ﬁ Ilgw.rq of :nLﬁT:iE:qlédlE]::;: g:::i:ﬁ]i:. z:- ]]Eﬂm Timp amine this hypothesss trom the long-term perspective of phylo-
z E ! E ay Mk s east i 4 . i i o flivw Cehat is
iof Joule heating i P £ : ; T ee parricularly the emergence of multcellular morlity (thae s,
Joule he iting in rgs:slmncl_hs]_suhsumes Ku_n_!_thnff’s clectrical circyie |; i ges, par F asrvius syvstenis. The focus is on-excitabletissues
and an analog of Rayleigh's principle of least dissipation can succine : e mdm;: Sern bt Faue lecul ble
even Onsager's. o s of nearsequilibei by : nerve, and their requirement lor énergy storage molecoles capable
£ heory of near-equilibrium, nonequilibrium thermody ind NELYE Lot e discusiion will show: thai otk phy-

ning rapid energy unlization. The discus P

Is there an analogous underlying principle at work in the molecular & : : h hesi
of phosphare bond energy use? ' d embryological consideranions strongly support the hypothesis,

In the context of electrical circuns, Rayleigh's icast-dissipation princ
that given two circuir pathways, an elecrrical current will flow primari
the pathway that produces the lesser Joule heating, char is, the path of |
{elecerical) resistance. Perhaps an analogous principle direces phosphare
cnergy use away from heat-producing hydrolysis and toward mong
varion, synthesis, and regulation. More likely, a principle of least-di
uf Gibbs free energy is closer o the rruth.

ns are energy storage molecules thar occur throughout animal
protists. They differ from energy storage molecules such as gly-
t they provide immediate energy when it is needed. Phosphagens
major types: polyphosphates, arginine phosphate (Arg—P), and

Wity Phosbhorus: Frnction ATP/ADP ratios regulare many metabolic pathways
-1). Recall that ATP abundance tends to inhibic energy-vielding
whereas ADP abundance tends ro activate them, However, when
as an abundant supply of convertible energy in a food source,
ohydrate, it is not advantageous for the organism to ransform
ood energy into ATP and rhen shut down the process because
els of unused ATP. It is better for the organism to convert ATP
form of phosphate, so as to maintain reasonable ATP/ADP ratos,
‘process all the available food source, This, presumably, is whar
hate synchesis and storage accomplishes in the prokarvore eneriy

Why does the story of biological energy use revolve around ph
rather than, say, mitrogen or sulfur? Why is calcium used as a second me
in parallel with cyclic-AMP? Why not magnesium instead? Why are or
molecules based on carbon instead of silicon? Researchers have as
such questions; in some cases, they even have answers. The tetravalen
relative stability of carbon bonds are responsible for the vast array o
compounds. And the eléctronic strucrures of the elements determine
of their properties, including the suitability of phosphorus for energy m
olism. However, given the primordial dozen elements, many of the ohs
characteristics of the living state cannor be predicted from first princip
current description of the living srate is largely ex post facto and is h
by cmergent properties.

ellular eukaryores, the purpose of the phosphagens is clear
Cr—FP are energy storage molecules thar are quickly available for
osphorolyzing ADP into ATP.

) L ‘_'Jﬁ.f Distribution of Phosphagens Researchers have found large
3-4. THE EVOLUTION OF ENERGY METABOLISM '  0f polyphosphates in protozoa in the form of granules thar are com-
AND STORAGE iated with DINA fibrils and cellular zones rich in ribosomes. In
ar eukaryores, such as yeast and fungi, polyphosphates may constitute
2 F-"Hf'.th't' dry weight. In bath prokaryores and onicellular eukarvores,
: s serve several functions, bur evidence exisrs in both cases for
CHOn a5 ready sources of high-energy phosphate—that is, as phos-
Oily micoorganisms use polyphosphates as phosphagens, whereas
“animals use Arg—P and Cr—P. The difference berween Arg—P
0d Cr—P users is tlluminaring. Superficially it appears that inverrebres
1d vertebrates use Cr—P, but closer inspection of the evidence
arper distinction: Prechordata use Arg—P, and Chordara use Cr—P.
idata include all vertebrates and the so-called Protochordata. Pro-

Major rransions in form and behavior have occurred in the cours
evolunion of life on earch: transitions from unicellular to muldcellar li i)
primitve heterorroph to autoeroph to modern hererorroph, [rom anaerol
photsautorroph o aerobe, from sessile organism to morile, and from

organism to terrestrial, (See the geological time scale, Table 2-3.) These
sitions are 50 well delineared that this section will consider them in teff
metamorphosis ar the phylogenetic level, rather than in the usual biols
context of ontogeny. In every instance, the meramorphosis is directly cot
to a significant change in energy metabolism, regulation, and storage
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Chordate line

tachardata comprise three classes: Tunicara (sea-squirts), Eﬂlfrﬂpneugﬁ"
worms), and Cephalochorda (lancelers or amphioxus), Acorn worms, th
primitive invertebrate chordates, have a nervous system thar is the m:a ;
tive of any group of animals having an organ-system level of COnStruey

Three anaromical structures distinguish Cr—P users: (1) a notochore
tilagenous rod extending the lengrh of the body and supporting the soff
(21 a dorsal tubular nerve cord; and (3) pharyngeal gill slis. Embry
Protochordara and Chordara posses these three strucrures, The Prechog
which do nor possess these structures, include all other multicellular
tebrates, such as Coelenterata, Plaryhelminthes, Nemertea, Maolluse
thropoda, and Echinedermara,

Biochemical analyses of many phyla and species seem 1o ind
Arg—P, as a source of quick energy, supports muscle actvity and rudim
nervous actvity, whereas Cr—P, which also supports muscle act
sential for higher level nervous rissue activity. The notion thgt';ﬁﬁg il Ao
phagens are prevegaesiter to muscle and nerve aceiviey follows from : : ilr::ii[;djﬂq chordate mesodern cells,
tons: The energy demand of muscle is so grear that glycolysis and
transpart cannot regenerate ATP fast enough o supply ic. Mammalian
can work ar a rate that demands 10~ moles of ATP per gram of my cl
minute. The ATP available per gram of resting muscle is § % 10~ mol.
15 sutficient for only 0.3 s of activity. The phosphagen stores, however,
a rapidly regenerated source of ATP that can last for several minutes,

The evolutionury perspective is that early multicellular species, p
worms, were able to use phosphagens (originally srored merely o n
ATP/ADP rarios while accumulating abundant energy from food so
enetgize muscle nssue for rapid morility. An evolutionary relationship apy
to exist among the muscle proteins (actin and myosin) and related pi
thar confer a cyroskeleton and motility on unicellular forms. Musc
natural development in multicellular forms, but its use is possible onls
phagens are available. The sequence hypothesized here is that abundant
in the enviconment leads to energy storage in phosphagens, which th
to cvroskeletons and simple, cell movement and to rhe appearance O
tissue, both of which conterring evolutionary advantages. '

I'eimitree
mesolermecefl

Blasrog=ane

inodermata, which are inverrebrates, might appear o be n the
ze, bur evolutionists view them as the link between other in-
d the Chordata. Embryologically, they are so similar to acorn
v early specialist on echinoderms described the larva of an acorn
schinoderm larva, However, the acorn worm develops inte a true
ra, whereas the echinoderm larva ends up as a starfish or sea ur-
t & sophisticated nervous system. Biochemically, echinoderms use
-P and Cr—P as phasphagens; thus they are transitional organisms
hosphagen viewpoint as well.
:;nnn from Arg—P to Cr—F correlates with dramate differences
ryogenesis of the various gastrular cell rypes: mesoderm cells, which
wiscles and vascular system; ectoderm cells, which give rise 1o
s system; and endoderm cells, which give rise to alimencary
‘digestive glands. Thus their fates determine almost the entire scruc-
organism. Bones derive mostly from neural crest cells, which begin
3p after the neural plare has formed from ectoderm cells.
i€ developmental events require cell morility within the developing gas-
I this requires phosphagen. Why Cr—FP leads o one ourcome and
nother is unknown, Nevertheless, with Cr—F, sophisncated ner-
4 protected by bone, evolved.

Embryological Considerations Embryology strengthens the pre
views. Morility, which began in unicellular forms, plays a crucial re
development of @ multicellular organism, especially during the eatly
embryogenesis when blastula and gastrula form, Only two lines of il
ogical development exist in evolution: the arthropod line and the ch
line, These twa lines differ in the way thar mesoderm cells form in th
stage (Figure 3-8). In the arthropod line (including flarworms, nem
mollusks, annelids, and arthropods), the primitive mesoderm cells bu
primitive endoderm cells of the blastula. In the chordare line (ingl
Chordata and the Echinodermara), the mesoderm cells bud off as o
sacs from the endoderm.

) Refinements and Chemistry of Phosphagens  Abour the ume
ordare and the arthropod lines separated from a common ancestor,
litke orpanisms made up the arthropod line: rrue arthropods and
08¢ later from ancestral worms. The trigger for this separation into
HEs miy have been the emergence in chordates of Cr—FP in place
At this time, evolution may have tried other phosphagens as well.
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FIGLURE 3-9
Phosphigens using the enetgy-rich —MN—F bond,
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¢, researchers have found several other phosphagens in the annelid
pglychews. Even the ocropus, a mollusk, has 1ts own unique
~ Chemically, all rhese phosphagens are similar 1o Arg—P and
3-9), and cach involves the energy rich —N~P bond. Such
effective donors of energy-rich phosphate for conversion of

tructure Correlates

<keleton of cells is based on proteins that are relared, or in some
t«}m[, o the muscle prowins actin and myosin, Their energy comes
nd eyclic-AMP and calcium rrigger the kinases that regulace their
early multicellular life forms were worms (flar worms), which
ntageous motility with their muscles because they stored energy
cium is a component of the worm's muscle regulatory processes.
opod lineage, the earliest mollusks that evolved were little more:
with protecrive shells ot calcium carbonate, true mollusks evaolved
sk shells have formed deposics of limestone nearly everywhere on
caleium carbonare appears to be a natural product of a calcium-
d energetic process coupled o a metabolism that produces the waste
};_I_i:'é'mu'se these orgamisms are acrobes which produce €Oy as an
ot of energy metabolism.

¢ lineage uses Cr—P, which may have provided an enhanced
utilizarion. Mot only did a more sophisticared nervous system

il Tissues

Mimeral crystalline

Tirsue Surin Crigetnte wmatrix
Cell walls Calcite (CaCOy) Cellulose,
PECTING,
lignins
Exoskeleton Salica {Si02,] Pectins
Exoskeleton Calcite, aragonite Prawcin
(CaCOh) (conchioling
Exoskeleton Calcite (CaCO;) Chitin,
PrOCEINS
Endoskeleton, Hydrosyapate Collagen
bone, (Caig{PO(OH k)
cirtilage,

tooch
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47 and Y, Robin, "Distriburtion af Phosphagens in Errant and Sedentary
v in Stwdier in Comparative Brochemtry. edited by KoA Munday, Per-

;i 55, New York, 1903 -
?rlgnﬂdlfr. and E. L. Smich, Proncipdes of Brocheneritry, 3nd edition, McGraw-

vark, 1964, pp. 749-751

cium and phosphate, both as control substances (Ca” ™ and phosphate
acrive ion fluxes {Ca” " . Muscle contains substrate-level amounes gf'hu
and phosphate because the protein filaments of acun and myosin b
and phosphate sites about every 400 A along their lengths. Thus the de
of calcium phosphate as bone seems o be a natural consequence of
metabolism. Calcium phosphate is a scronger marerial than calcinm
Table 3-1 summarnizes the occurrences of skeletal scrucrures in o .
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The mathematical character of driven,
: ive systems is the main topic of this chapter. The important
ear dynamics for this discussion is thar the equartions used o
systems do not usually possess closed-form solutions and must
um_ndeled. Computer simulation demonstrates that even very sim-
S of this type can show extremely complex and sometimes chaotic
haviors of such systems are reminiscent of the behaviors of
us studies of such systems provide insight into life’s evoludon.
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d that the phenomenon is explained by a system of reaction-dif-
sons, which describe the space and time variations of chemical
s they move through space by Lli.ﬁl]ﬁiﬂﬂ and engage in chemical re-
So'e idea was that reaction-diffusion equations govern the space
vement of marphagens, chemical species in a growing embryo that
fic developmental events and thereby conreal irs morphology.

The chaprer begins with an example: Turing’s marhemarical appra
:{I-:.ﬁ:ripri{m of the embryological formation and ifferentiation n? ti
fion 4-2). This 15 followed by discussions of mathematical u:|irne:1g;£;;.mIs
4-_’:_,!. nun_nurital solutions for a simple Turing model (Sectian 4-4) 2
erues of chaotic attracrors (Secrion 4-3), Harmonic oscillatar ar.:;n"
pendulum syseems demonstrate how the behavior of differential e d
change with dissipative perrurbations (Section 4-6), Section 4-‘,?“}:
ﬂll'l'lp]r.‘:ﬁ of emergent behavior and dynamic chaos, and Sections 4.;
d:lscuss madels that demonstrate nonlinear dynamics, especially in 1-,
u.! predictability, Chapter 4-10 describes the usefulness 10 Organis L
.Iumu]arinn and concludes that the evalutionary sigaificance of the 11115
it has become g rapid simulator of nonlinear processes, "3

I:J!'»iatl'ua-m:*.t::|:a.l rerminology and muchani_sm.s abound in Secrions 4-2.
4'J'. Rear.lierh who feel uncomformable with the marhematics can use
sections for later reference and go on to Secrion 4-10), However, anya
has a rudimentary programming ability (or a friend who does; could
work through Seccion 4-9, ]

Difficulties with the Mathemarics

reaction-diffusion equations are coupled partial differential equa-
concentrations of the substances mvalved, each concentration
ng a funcrion of three spatal coordinares and one temporal co-
gh the diffusion terms are lingar in chese varables, the re-
e generally, at least bilinearly, nonlinear. Therefore, the task
losed-form solutions of such systems of coupled partial difter-
yns is formidable ar best and usually is impossible. Marhemarticians
pmputer simulations for such problems, but these simulations

tly limited by the size of problems that computers can accommaodare.
er simulation musr use discrete coordinares o represent the four
e and time coordinates, and as few as one hundred discrete
of the four coordinates results in 10% discrete coordimnate sites,
ites. Every concentration must be known for every one of the
h of these sites is dynamically coupled to the others by a svstem
equations that approximares the syscem of continuous partial
nuns Even the most sophusticated modern compurters cannot
many variables conveniently. Nevertheless, progress in this ap-
coming in improved parallel processing and new computer

4-1. THE PHYSICS AND MATHEMATICS OF
ENERGY-DRIVEN SYSTEMS

Energy flow is a necessary bur not a sufficient condition for the li

of marter since a living state also evolves. The conditions of energy f
Capacity ta evolve are both sarisfied by phosphate energy rransdue
acting wich pru_n:ins and polynucleondes: thus the living state. is a
CONsequence nl_ special substances and cheir emergent pmperﬂf&g A
consequence of energy flow, The preceding chaprers have emp
subsmm:els and rheir emergent properties; this chapter emphasizes
eral principles thar have biological significance. From the viewpaoint
and mathemarics, che study of energy flow is an active research
general ideas sell evolving. Much of the work on energy-driven §
volves dynamic descriptions given by nonlinear differential equatiﬁl}!-‘;
not be solved i closed form in rerms of standard funcrions. Serio

such equations became possible only with the advent of powerful,
puting machines. However, any reader who has access to a microgon
can :a-xplure_snmu of the behavior of driven nonlinear systems using
programs given later in this chapeer,

the difficulty of analyzing coupled partial differential equa-

g & cellular view; thac is, he replaced the continuum by a tssue

laced partial differential equations in &, ¥, 7, and ¢ by ordinary

uations in ¢ alone. His motive was the cellular structure of ris-

ﬂﬂi_i:;ﬁitfﬂ of computers alehough his approach anticipates such
iy

ogen concentrations X and Y, the partial differential equations

4-2. REACTION-DIFFUSION EQUATIONS FOR
MORPHOGENESIS

| o e, 8) = f(X(r, NY(e, £) + D V* X, 1)
A rn_arhem-.mr;] approach to understanding embryological morphoge '
mation and differentiation of tissue) was attempred in 1951 by Alan

in his classic paper “The Chemical Basis of Morphogenesis™ (Turi

i
Y t) = g(X(r, )Y(x, £)) + D' V¥ Yir, 1)
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where 12 and D' are diffusion constanes, and £ and g are ﬂrhi[raw =
P z . t i '

even nonlinear, funcrions of the morphogen concentrations. Fora ring-s

assembly of cells, using Turing's cell index r = |, 2, ... | N, the sy

imaginal disk of Droapfiila melanegarter using suc.h a rrllechnnism. In
thf: investigators oheained the closed-form _5:Jiu|:1un iaf L‘U:.lp_ﬂll_‘*l.l par-
il equations. With appropriate choices for the values of the dif-
gants and reaction rates, the homogeneous sparial state 15 unstable
Perturbﬂticns of appropriare wavelengrh, As a result, spontancous

ordinary differential equations cquivalenr ro Equarion (1) is

d ., i B . f spatially patterned states occurs. This mechanisim predices the
— N = HNA T 4+ UK — 2R, + 3,20 : : v o - he disk |
dt {* " ern of development found for the wing disk when the disk is
i - D' ; gﬂr"-’iﬂH_e“iP“ c:rm[ammg rwi .mnrphugens X .'1|:_1d b ..Ihr: af_'t'l..:lai
Jr Y, = gX,, Y+ 7 st — ZX ¥ 0 dentiries of X and ¥ are not required (or known) for this analysis.
i : &gﬂs led to the concepr of self-organization in a spatial system. If

; . v re right and instabilities of the type just discussed accur, thermal

where r = 1, 2, .., N, and [is the center-to-center distance berween ag Srg

El$ favor spatially patcerned states over homogeneity, Tha is, par-
mstances can produce a general resule. He fully appreciated that
f instability occurred in driven systems and that one of the mor-
y, X) had to be aurocatalytic and one {say, Y') had to inhibic the
he gutocatalyric morphogen X reacted by convernng chemical input
ore X. Chemical inpurs for this mechanism are crucial,

re amazing resules might be possible if the collection of cells were
d ina fluid. Would an elliprical sheer of cells ever develop a swimming
at is, @ pacrern in space and time thae resembles the swimming
msi? lr seems likely, although the marhemarical diffwulty s very
=t than in che problem of the stationary ellipses describing Dro-
disks, The model of the {latworm might be an elastc elliptical
cle cells containing Turing's two morphogens, X and Y, which
itching of contracting muscle cells. The sheer would be immersed
d would behave according o hydrodynamic equations and to the
ion eguations of the morphogens, Morphogen X rriggers con-
it muscle cells when X s sufficiently concentrated, The input con-
uld be a food substance distributed in the medivm outside the
could conditions be such thar thermal flucrtuations would rgger
ation in which the elliptical sheet “swims” through its food? This
e of problem Turing's approach addresses, and the nexr generation
o Processing in digital computers may make numencal simuolation

cells.
Turing’s primary goal was to study the onset of instabilities in the equa
an approach characreristic of many studies char followed. He invest
ple geometric assemblies of cells such as rings, sheers, and spherical sh
He was able ro identify six ways for instability to arise in rings. The
instability was a rtransiion from homogeneity and symmetry o w
broken symmetry. (The term furtadiliy is perhaps too serong, boch in
work and in later work by others.) Whar happens is that when the iny
alters a paramcter in a cerrain way, a state of spatial uniformicy
independence is rransformed into 8 ame-dependent oscillation of
pattern of some sort. The old state becomes unstable, whereas the
can be very stable unless the parameter is altered again. Furthe
can lead to new transitions and hence o instability of the prior seare and
stability of a new behavior in space and time. Sequences of such
generally occur as a paramerer changes, Turing claimed to understand
lation by using a spherical shell of cells to represene a blastula, which p
spherical symmetry. A breakdown of this symmetry occurred under
priate operatng conditions and led o a gaserula stage which has broke
metry. Turing concluded his analysis by sugeesting thar digieal
would be wselul, .
Turing realized rhar che wave patterns he saw were the result of "2
supply of free energy,” Calling A the substance with greatest free ene
B the substance with least, he wrote that “Energy for the whale P
obtained by the degradation of A into B." Substances € are cataly:
schemes and govern the rates at which the morphogens X and ¥
chemacally.
Turing's models involved a single mechanism. For appropriate
diffusion conseants, reaction rates, and initial substance concen ( ;
stable homogeneous spacal state can be a solution to the equatiﬂ‘
situations, For example, perturbations of wavelengths outside 'EP.me
range around a characteristic wavelengeh /y decay away, returnin; “:'-f‘
tially homogencous state; or perturbation of wmrelengths_'wll'—lﬂ *
range around fy grow, yielding a spatially patterned final seate. St__um -
man and others (1978} achieved a derailed account of the emb

deas extend the consequences of energy flow from the macromo-
el described in Chapters 2 and 3 to the tssue level of muldcellular

DIMENSIONALITY AND INSTABILITY

atical description of molecular evolution must take into account a
 humber of variables (thar is, it has many dimensions); but in some
youmics is governed by only a few (1, 2, or 3) dominant variables
s few dimensions). These cases of small dimension are the best
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understood mathematically, Although the dimension of a simple: me

) begin with three dimensions:
that of a realistic model are vastly different, some features appear to

For example, self-orgamzanen of a morphogen parrern 1s conceptually: X=MfXY.2)

ta the self-assembly of protemns. Both exhibie a tendency away fl'ﬂm = WX Y. 2 (5)
geneity toward asymmetnic pateerns, and both require an energy input. | = &AL

assembly, rhe energy inpur results in procein synehesis; in self- organi Z=hX Y, Z)

chemical inpur resules inan autocatalyoce reacrion step.

The consequences of changes in dimension dlustrate some of the
on general themes rhat dynamic systems exhibir. Turing used two mo
because the generic reacton-diffusion behavior of a single morpho,
centration is stable uniformity (that is, the homogeneous, symmerric
seate (equilibrium) is asympronically stable). To produce an instabilicy.
at least two morphogen concentrations. This difference in behavior
of dimension (number of morphogen concentranions) s a provahl
marical theorem,

Diynamic systems of ordinary differenoal equarions exhibic the e
dimension explicitly, The one-dimensional case is

e of behavior have biological imporrance that is discussed in Chaprer

ity of trajectory orbits 1s characterized by numbers called Lra-
_ Given an initial phase-space poine (X., ¥, £, the rate at
i Imrmg phase-space point (X, Y, Z 1) separates from the inicial
ir two trajectories evolve in nme, yields the Liapunov Expunu: rs
h dimension. The separanon along the sth axis grows like €7

ne . rx,trwzemj If o, < 0, then nearby points approach each other
in time; if o, > 0, then nearby points separate exponentially.

terized as the occurrence of at least one Liapunov exponent
ro. Section 4-7 gives derailed examples of chaos.

onents also provide a measure of the rate of change of 2 volume
ppmrs as the volume moves through ph.m_ space according (o
f equarions. The rate of volume change 1s denoted by Aq- IF
pace volume grows and becomes asymptotically unbounded.
the evolution is a “contraction,” which is typical of dissipative
volume grows like ¢,

e states of inrerest are those occurring n dJSSlparl‘-’E SYSLCTNS.
least ane f, o; = 0, and Ay = 0. The conventional numbering
- Li APUNCY exponents is to start with the largese, thar is,

X = fX)

where X means o X/dt. This equaton construres an inital value
M= Njiart = 00 All bounded solutons w Equation (3) are mon
15, theyv asvmptotically approach a fived limic withour oscillations (the
derivarive with respect to time never changes sign).
The proof of the preceding claim follows as a special case of a gen:
in # dimensions. In » dimensions, a phase-space point has # coordin
pled first-order (having only first derivarives with respect to i
differential equations vield trajectories that never self-intersect. |
tory did intersect itself, then two different trajecrories could use
section point as the inital value, which contradicts the existence of
solution. |n one dimension, this implies monotonicity; that is, th
cannot reverse its motion in one dimension for a first-order equati
dition, many second-order systems (having second derivatives with
time) can be recast as higher-dimensional first-order systems.
In ewo dimensions the equartions are

Oy & My 2> Fy = 0 “E"J

otic dissipative systems require o, = 0 and Ay < U
es are connected by the identity

X1
el X, Y)

Ay = E oy (N
|

}'.1-

I

| =BT g g e L gt Using this identity to see an

These equations permit oscillations, a behavior that reflects the £€ quence for dimension requires introducing one more tech-
nificance of two variables in Turing's theory. ¥
Seill other types of dynamic behavior are possible in higher dim'?

o of # coupled, first-order ordinary differential equations can
example, trajectory bifurcation and the transition-to-chaos phen

‘a5 am — 1 dimensional Poincaré map. Bounded mortions in
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4 TEMPORAL DEPENDENCE IN A DRIVEN
'SYSTEM: A TURING MODEL IN TIME

w dimensions are ol inrerest. A dissipative system, wichour inp
decavs ra equilibrium. Wich inputs, i may have swable steady states, o
have stable time-dependent states instead of stable homogeneous st

motions are o remain bounded, then some variables muse be oscillagy
erally nonharmonically) abour some fixed value. The needed ang]

nique is as follows: Observe the system, choose an oscillating varja
choose a reference value for that varable in the range of 165 oscillations
every time the value of the oscillating variable passes through the re
value, record the values of all the other variables. For example, ler the
be Xqo, XNi, ..., XNo Choose N for observation, and choose th
value X7, Whenever X (1) = XV, record Xalr), Xale), .00 X
0, X ((0)et was either posinve or negative. The record above co
for which both signs of &X )/ occur, Restricting che sign o thar
¢ = 0 resules inoa mapping of (X, ..., X0 that is the Poincaré

an of simple two-dimensional dynamics for 4 system that remains
pgeneous focuses attention on the nme dependence. The system

=
|

=+ x5 — ¥ (")
y=ay— by

|udes an autocatalyric step, the 17 rerm, and a deiving term . Both
positive. Serting x = y = 0 and solving for x and 3 gives the

The prohibition on crajectory crossing discussed earlier dncg__'ﬁh att il (=
4 common asymptonc equilibrium seate. In fact, dissiparive syst&n;ﬁ‘ iy &
not driven do end up ar a single-point equilibrium. All trajectorie ¥ =g

except at their final, asymptotic limit, the common equilibrium point.,
volume ol s-dimensional phase space vanishes when all of it reac
librium state. In the driven case, che final state may be time dept
may retan i finite “volume™ (of lower dimension than #), a ze
dimension » {more abour this poinr later).

The Poincaré map also can be characterized by Liapunov exponen
a volume (2n — 1 dimensional) contraction factor Ay, For the n-din
differential equation system, the » — 1 dimensional Poincaré map
# — 1 Liapunov exponents, again denoted by oy = 02 = = =051
these are distince from the o's for the w-dimensional differential flo

i ¥l B i - aqla - -
E" linearized dynamics ar (x™, 3™) gives the stability matrix for
um state. The matrix is

b—alb —b
(:m:: + b :}) bt

B . o 40
—i(é &)i&( 3 ﬁ“&,) (1)

‘& pair of complex conjugate values.

& perturbation near the equilibrium state will return to the
t_'_br spiraling into it (Figure 4-1). The spiral motion is a com-
: 'nﬁgfﬁ"-’f-‘ teal parts of A . and the imaginary parts, which give
d oscillations that look like spirals. For b = alb, the real pars
ive, and the equilibrium is nor stable. Instead, the dynamics
Aympronc time-dependent state, Although, in chis case, the li-
10s grow exponentially without limit, the true solutions ro the
ns do not. When a/é = &, the spirals are counterclockwise
e and end up ar the equilibrium point. When § = a/b, the
tals away from (4, (@ + $2)$) in a counterclockwise sense,
never settles down on a single point; it continues its coun-
E'ﬂdl‘.‘d circuir forever.

{Iﬂmir,s approaches an equilibrium point in a stable way, the
mbl:fﬁ'ﬂpﬂim‘ for the dynamics. When, instead, the dynamics

w—1

Ay = E L

i= |

A dissipative, chaoric Poincaré map must have Ay < 0 and oy
step of the argument is thar for a three-dimensional differential eq
tem, the rwo-dimensional Poincard map must yield o > {} an: 3
0, which 15 a possibility; whereas for a two-dimensional differentt
system, the one-dimensional Poincaré map cannot yield both @y =
=< (. i

Therefore, a system that is characterized by only two degrees
can exhibit patterned temporal behavior without the porenti
whereas «f/ higher-dimensional cases have the potential for ¢
states. Biological control mechanisms may have evolved to o
mathemarical differences in dimension: Reseriction o two dﬂ _
grees of freedom would produce control withour risk of chaotic be
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Fixed poine and limar cycle,
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forever produces an asymptoric rime-dependent, closed rajectory
jectory is called & frmdt oyele. Figure 4-1 shows these cases for the
example. The imir cycle can be approached from inside or outsi
upon the imeal values for » and 4. ]

Much can be learned about this type of dynamic system even thou
are no closed-form solutions.® The lack of closed-form solutions is no
ot insufficient cleverness bur of their nonexistence, Only numeri
are possible, exceprin very special cases. In the preceding example

IGURE 4-2

good gualirarive understanding can be achieved with graphical m
whereas quanrtitarive understanding is aided by compurers. For
particular system given in Equation (3) can be understood qu
plotting the vecror field (%, §) on the x-3 plane, Inspection of
shows that the x-y plane can be divided into four regions in
each mainrain the same sign (see Figure 4-2). The bﬂul'ldﬂffl-l‘
and x = y are deduced from Equarion (3). The figure shows that |
arcund the fixed poine (& (@ + &7 ¥4 is counterclockwise,
Another important feature of an unsrable equilibrium state i
tem is its behavior under thermal perturbations. Assume thart the 5%
in the state (b, (¢ + #7)b) with b > alb, then any chermal fluc
changes (x, ¥) from (&, (@ + 5%)/b) will cause the state of the syster
away from (&, (¢ + b*)/b) and roward the limit cycle. The limit cyel
with respecrt to thermal flucrnations although it is somewhat sme:
thermal noise,
Simulating the solution to Equation (3) on a microcomputer is
(¢} and (1) against ¢ produces spiking for sufficiently large values @

* This is an analogue of the nongxistence of closed-form expressions for the Iﬁﬂ“
of degree 5 or higher, whereas such expressions do exise for degrees 2, 3, and 1

Jualirarive graphical aealysss. Vertical arrows indicare the sign of ¥
d horizontal arrows the sign of & up is + and down is —|
= and lefris —.

Time

FIGURE 4-3
Spiking signals.
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4-3). The nime-dependent spiking pattern is a self-generated, emprag
erey of the nonlinear dynamics, even when all inpurs are CDnStan't;;
Biological spiking patterns, such as in neurons; could also arise
fundamental mathemarical mechanisms,

4-5. ATTRACTORS IN PHASE-SPACE PICTU

The geometric (graphical) approach o the theory of differential g
fespectally. ordinary differentdal eguations) has led o the concepe
tracior: When a dynamic system has @ stable fixed point, the artracro,
fixed point; and when the system has a stable limic cycle, the are
fimit eycle. For one- and rwo-dimensional systems of ordinary ﬂmt_'
ferential equations, this exhausts the possibilities; bur for higher dir
richer arcracrors exist,

In three dimensions, the so-called strange, or chaotc, attractor ap
simple example of its behavior arses in the Rossler model (whicl
physical or biological significance bue is marhemarically minimal),

¥ = =y =g
¥ o= X+id
2 =b+zlx =)

in which «. &, and r are positive constants, This extensively st
shows interesting behavior for @ = 4 = 0.2 and ¢ variable. Becaus
three-dimensional system, it 15 easiest o visualize its heha\*iﬂf__'-_{i].f_ll.'iJ
mensional plane; the x-y plane is a natural choice, Whene = 2.5,_!5&'?;"
projected onto the x-y plane is a simple limit cycle. However, when
the projection is a double limir cycle. This doubling is called bifwr
¢ = 4.1, the projected trajectory has doubled again. The trajectonies
m Figure 4-4, which also shows the asymprotic limit-cycle behaviol
the transient approach to it for different initial conditions, which wot
the figure). The self-crossing of the trajectory forc = 3.6and ¢ =
in conflict with the non-self-crossing requirement of firsc-order, ord
ferential equartions because chese are projected trajectories that do,
in three-dimensional space, e
While these trajectories are doubling in the x-y plane, the behaw
third variahle z is also changing. These changes are nicely descr
pateer ipecirwm of 2041, which is found by taking the temporal Fourier!
of the correlacion funchon for =i ¢). The correlation function 15 {ﬂl-i'_.i
this means ro mulaply z(¢4) by z(¢ + ) and then to average over
af r for a given s, after transients (rapid initial changes) die out &
jectory is on the limit cycle. The Fourier transform is then perfarn
respect to . IF 2(4) simply oscillates, then its power spectium sh 3
peak ar the frequency of the oscilladion. I, in addition, the equato!
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FIGURE 4-4
Bifurcarions in the Rassler model

"‘g:_u,this nomlinearity can appear in the spectrum as the presence
rmonics of the base frequency. In the Rossler maodel, z depends
term zx, whereas x s lincarly dependent on z. Therefore, if
frequency w, then so does x( 1), whereas the product xz contribures
f 2w. This follows from simple rrigonometric idenrinies such as
tllll!t-} = Hcos(2ws) + 1) Because z(¢) contains the harmonic 2w,
l xz contains 3w and 4w also. These higher-order harmaonics are
!',_ECGmparEd with the base lrequency in the power spectrum. All
forc = 2.6 and is shown in the figure.
s new happens when ¢ = 3.6 or ¢ = 4.1: Subharmonic frequencies
power spectrum for z(¢). These correspond to the hifurcared
i ':='_t_1"l"-‘! x=y plane. When ¢ = 2,6, the trajectories are simple, and
tracing one cycle is 17" = 2m/w, where w is the base frequency.
the trajectory has bifurcated, and the time for rracing the entire
T This corresponds to a subharmonic frequency of w/2. For ¢
2 the entire doubly bifurcated trajectory, takes 4T, which implies
f w/d, However, nonlinearity, the zx term, will generare super-
these subharmonics, just as before, for ¢ = 2.6 These super-
OW up as frequencies such as 3w/d, 3w/2, and so an. The cor-
OWer spectra for z(¢) are shown in Figure 4-4, along with the

1;._I*tl'_ﬂ sequence continues as ¢ increases beyond 4.1, In fact, bi-
o imﬁﬂre and more frequently for smaller and smaller increases
9y 50 many bifurcations have occurred thar the x-1 plot looks
1t two-dimensional region of the x-y plane, The corresponding
I ':_i_‘{_:-r z(1) shows noisy conrributions from an apparent contin-
ficies (Figure 4-5).
¥eles in figure 4-4 look like one-dimensional curves in a two-
S In figure 4-5, the artractor seems almost two dimensional,
s iitrease in atrractor dimensionality is characreristic of arcractors
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o= 460 10t only provides the caralysts for the dynamics but also physically

mDSEﬂFURM SOLUTIONS AND STRUCTURAL
STABILITY

lig Foser spevtnum

d_j,namp: systems exhibit umversaliry and special emergent prop-
aneously in their behaviors. For low dimensionality, these systems
el ) dependence on dimension. On the ather hand, given a particular
AR S VM S .. 5e 1, all systems behave in classifiable ways, obeying known universality
is eliminates the need to study every possible a-dimensional
making it possible o use an extremely efficacious, ropelogical cri-
themarics, this idea was originally promulgared by Henrni Poincare
on of algebraic topology to the study of coupled firse-order,
ential equations,
ing ideas give substance to the mathematical concept of strucrural
which refers to the stability property of a differencial equation under
irhations. For example, a damped oscillator 15 deseribed by a pair
irst-order ordinary differential equations in which there 15 a damp-
er A, as well as a mass m, a position x, ‘a momentum p, and a

; | | 1 i
il Wy X 3 4§D

Frecpuienoy £ Hz )

FIGURE 4-5

Chaos in rhe Rossler mosdel

that are the limit of an infinite sequence of bifurcared Lrd]ectories;
arrractor is called strange or chaotic, Its dimension lies somewhere be
| and 2; that is, it is a fractal dimension. Benoir Mandelbror has d
these fractal dimensions (Mandelbror, 19821, i

The chaotic atrractor has still another curious Property. Aithough
trajectories simply move toward the ateractor, either from outside
inside, once they are on the atrracror, they behave chaorically. This

trajectories on the areractor thar start very close 1o each other rapid i 2
alchough they remain bounded on the attractor. This separation " (13)
nearby rrajectories is exponentially rapid during its initial phase S
ponential rate determines a positive Liapunov exponent. ' i ,
The dimension of an atcracro 1hysic e
tor is a mathematical concepr, A rﬂlﬁ : ' detailed behavior of this system for each value of A or w 15 not

system, for which che equarions are @ model dvnamics, always unde
mal fluctuations. Even when these fluctuations are small, they sm
jectories. Consequently, for ¢ = 2.6, a small amount of thermal ne ise
the atcracting limit cycle o have some width as well as length; th di
on average, appears to be 2 on the x-y plot, not just 1. On the oth
the smearing of the trajectories may be grear enough so that th
= 4.23 looks like the x-y plot for ¢ = 4.30 in figure 4-5, and the
= 4.1 looks like the plot for - = 4.23. For a real physical or biologi
structures related to nowsy attractors should appear, rather chan ¢
ta the purely mathemancal arcractor. However, the intrinsic noisy ap
ot a chaoric accractor can be difficult to distinguish from the effect of
thermal noise. The intrinsic notse is solely a consequence of a driven o
sysrem,

A chaotic actractor is self-generating in the uroboros sense.
diverge into other ateractor regions because of chaos, while other
in the local region, regenerating it. The energy-driven state of _ =
envisaged in Chapter 2 was the attractor for the dynamics. In this SR < 20 ind A = Zu,

use all values of & = ) and w # 0 fall into two classes wirh
opological behavior.® The so-called homoropy that exises between
£ values of A = 0 and w = 0 in a class guarantees qualitatively
ior. This is one basic property of universality,

nsion, every firsc-order ordinary differennal equarion can be

= fis i14)

5 a single-valued smooth and continuous function of x, When x
3 ﬂ{ﬂm solution to Equation (14) constitutes the solution to rthe

problem in mathematics. The funcrion fix), as given in Figure 4-
cal maxima and minima. (It may have none or many.) These
' J(x) into monotone segments. Over each such segment, a sim-
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Pendulum phise-space porerie,
ple integral vields the solution l H
al energy, or hamiltonian, H:
f.x-,_l iy =i - = 1Gp? — F cos ¢ (173
. FES | 2
= flta

ity remains constant in nme. Using this identity o eliminate either

Thus, in one dimension, the problem completely reduces to the sol {5 35 an equivalent one-dimensional problem, which is always

integrals. This is the essence of unmiversality, a single expression for @

In twi dimensions, unrversal reduction to the solution by integra
Many systems in two dimensions simply are not integrable or 1
closed form. Numerical solution is still possible, but only wichin
of compurational accuracy. For example, rhe pendulum is an inte,
dimensional, hamiltonian dynamical system. Its momentum p and
able b satisfy che Newronian CquiLrions,

ped pendulum, on the other hand, does not conserve ol energy;
ive dynamic system described by the equations

JE-'= —Fandr — Afp (18
b = Gp

hich is the reason for excluding A = 0 in the earlier discussion
_'harmnnic nscillater. However, in thar case, the simple harmonic
he m’x term in Equation (13) rendered the solutions reducible
m for both A > 0 and A = 0. In the damped pendulum, che two
qualitatively different. For A = 0, the closed form is lost. Because
rmula for the outcome in terms of the ininal conditons and
ons does not exist, numerical integrations are necessary, Never-
stems’ for which A > 0 have idenrical topological hehavior. In
lack of a closed-form solution, the qualitadve behavior of the
em can be described; in this case, all initial states ultimately
45 damped oscillations around the origin.
ace, the difference between the integrable, hamiltwnian case and
e is the difference berween a cyclic orbit and a single point.
any volume in the two-dimensional phase space, but the orbit is
Jarger than a point

p= ~Fsind
b= Gp

These equations admit closed-form solutions given by elliptic integ
ellipric integrals generalize, 1o the nonlinear regime, the behavio
onometric funcrions that deseribe a simple harmonic oscillator: Eg
approximated by sin ¢ — &, Generalization results in an emerge
in the separatrix region of the phase-space picture of the pendul
iFigure 4-7). In this picture, simple harmonic oscillations occur
region surrounding the origing the closed ellipses show the trajec
such motion. As the ellipses ger larger, just inside the separatrix
the frequency of motion decreases greatly. Ar the separarrix, the per
to infinity, Ourside of rthe separatrix, the moton becomes i connnt
tation. The integrability implies the existence of a conserved quantity
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condition, then (p2, é2) is uniquely determined at time £2. This
Seans that the rime evolution possesses the group property. {The
'~"]i* means that nme evolution over long nmes can be composed
e of time evolutions over short time segments.)

when A # 0, the initial condition (pg, dy) ar time £, uniquely
s {0 ) actme 1 butif (g, dy)is an mirial (G_IHL'I.EHIUH:, thF: value
{pz, th2) 15 not obrainable withour first carefully adjusang the
| cosiw! ). Simply applying Equation (19} at time £ will not work,
special case in which v, — ¢y = #{2mw) and » is an integer.
¢ that the group property of the rime evolution, which was contin-
E 0, is discrete for A = 0. This circumstance immedisrely suggests
ection idea.

p1, b)) at dme 1 fram (po, o) at time £ tor £ = fg = 2n/
¢l of the driving rerm, gives the output (py, ), which can be
itial datum for time evolution o time ¢, providing thae ¢, —

Strucrural stabilicy for a dynamic system; as a system of coupled 4
differential equations, means that the qualitative behavior of thé. i
rypical for an entire class of differential equations. The hamiltonian g
sensitive to dissiparive perturbanions and therefore is not structural]
whereas the dissipative dynamics is structurally stable under such ne
tons, This is most easily seen if the dissipative system is energy driven,
tural seability (s importane in cthe contexr of this book because rEal
systems are alwayvs subject o thermal perturbations, which makes |
sipative systems. The behavior expected in an encrgy-driven, the ma
ered physical system (thar is, o driven dissiparive system) is the héh-
hibited by the attractors of stochastc coupled differential equations,”
noise does not gualitatively modify the behavior of scructurally seable
of equations—just because they are serucrurally stable, The arrractor o
however, becomes smeared, A fixed point smears inmo a spot and a
mensional limit-cycle orbir smears into an annulus. With boch, a
mensionality increases, o some sense, thermal noise affeces the ‘well. Thus the sequence of phase-space points ( pe, bi), where
tractars of scructurally stable dynamic systems by increasing the dimep corresponds to the values of (, db) ar time £ = b(27lw) with £ an
thetr fractal seructure. They have a more noticeable volume in the full ph I mstitutes the Poincaré mapping for this periodically driven system.
Space. N v, Poincaré mapping was introduced for & dynamic system ino#

Strucrural stabilicy of the equarions for dissipative systems implies

.in such a way that the Poincaré section was # — 1 dimensional;
; 2 b : = y : s . S TS -
nonexistence of cosed-form soluoons for a special case is no ac T sis, the dynamic system and the Pomncaré map are both mavo
m be expecred generally.

L This difference exists because Equanon (19} 15 nonautonomous,
he dimension of the larter dynamics to give a three-dimensional,
stem with two-dimensional Poincard sections recovers the pre-
n. Using the simple artifice of introducing owo new variables,
wves this increase in dimension and gives the new dynamic system

4-7, THE TRANSITION TO CHAOS: EXPERIME
CASES

The method of Poincaré sections makes possible the detailed ansrﬂ! p=—Fsind + P
hehavier of periodically drvien syscems char are not integrable. Th b = Gp (20}
for such sysrems is the periodically driven pendulum, which is P= —wQ
the coupled nonhinear equations
0 = wP
p= —Fsind + A cos wr
d = Gp _E dimensional, auronomous system of coupled equanions. By

e of the inidal condition for P and O, the last two equartions in
= A cos we, and the equivalence of Equations (20) and (191
jﬂ..ﬂnr_. In addition, P* + Q7 is a conserved quantity, This new
try implies thac che system of equarions is really chree di-
‘all, as desired. Recording the p-d values everytime that P oand
selves gives the Poincaré map for time intervals of 27/w,

15 useful for any dynamic system of » dimensions that is period-
| . Even for this minimal system, the driven pendulum, the increase
#’_I"S'Enough to allow chaotic trajectories for appropriately chosen
v G, A, and w. The transition to chaotic behavior begins with the

in which A is the amplitude of the periodic driving term of frequer
system, though nor integrable, can be fully analyzed by Poincaré
the p-di plane. [

Lerting A = 0 gives the pendulum dynamics, which is an autonoma 5
in two variables, # and ¢, Values for poand & ac ¢ = 0 I.Lr:qu%m_l]f 1
their values ar any later time ¢ = (), in this case by closed-form i
(elliptic functions). If the values of p and ¢ at times fq, ¢, and £2
(1, dy), and (pa, bzl respectively, then (pp, dy) 15 uniqtlf-‘l?'dﬂ :
time ¢, by the initial condition (g, da) at nme 7. Moreover, Wit
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lic refers to nme-dependent behavior with a Fourier spectrum made
ncies whose ratios are nort rational aumbers, and lock in refers to
ag behavior (defined n Scetion 4-9). He also observed other tran-
e same system. Inoall, he reported four distnee types of behavior
-‘cu_lar system.

heless, the list of transition rypes does nor increase with each new
died. Instead, only a few, perhaps as many as six, distince types of
| behavior exist. Someumes a single system exhibits several types
paramerer regimes. Mecessary and sufficient criteria for each type
- are not ver known, but the empincal approach has greacly narrowed
and a small number of distinct behaviors recur over and over in
SLerms.

he excursion into fraceal dimension (see Secuon 4-3) 15 not purely
Real physical systems also exhibit those behaviors and strue-
they exhibicall the curious behaviors mentioned here, including
‘phase locking, bifurcations, and chaotic fractal arrractors. This
ludes with examples of several physical systems. including a dis-
1ational principle approach.

generation of subharmonics, thar is, with orbit bifurcations, as in
model discussed earlicr,

L]

Emergent Behavior

Driven systems exhibit emergene behavior. A nonlinear system
stant nputs can exhibir nonconstant asymptonc behavior, and 4 pe
driven system can exhibir time-dependent behavior that shows m
frequencies than the single driving frequency. Neither of thesexﬁzﬁ
pears o linear systems,

However, nonlinearity alone does not produce emergent behavior.
fide inpur rerm—that 15, an energy-driving term—is required. Afrer
the situarion in a number of model systems such as the Lorenz mode

x = —ox + oy

¥ = —xE borx—y

By

=y — bz

Conette-Tavior Hydrodyuamdc System A {luid is comained
on entric cylinders that rotate independently (Figure 4-8). [n most
riments, the inner cylinder rotated while the ourer cylinder re-
d; that is, {}; = 0 and {1, = 0. Hydrodynamic flow between the
escribed by the Navier-Stokes nonlinear partial differential equa-
table houndary conditions. One houndary condirion is thar a thin

in which o, v, and % are constanes, Vladimir 1. Arnold reported the
C s

[t seems that all models in which hyperbolic attracting sers have so
found contain terms of the type of a pump or negative viscosity,
absent in the Navier-Stokes equarions. (Arnold, 1983, p, 275)

In this senrence, hyperbolic ateracring sets are the strange attractors
chaotic orbits exist, pump and negative viscosity are the energy i
Mavier-Stokes equations are the hydrodynamic equations in th
energy inpurs. In face, the Lorenz model, Equation (21), is the tesulea
at the Navier-Stokes equations, with an energy input, and using onl
est three modes of behavior.®

Definirive, necessary, and sufficient conditions for the rransitio
wrbits are nor known, however, Energy inputs appear to be nece
as nonlineariey, The transition, however, need not always follow p
bling (orbir bifurcation). In fact, several other transitions to chaos
For example, in an experimental study of hydromagnetic behavio
reodically driven syseem, Alberr Libehaber observed a different

FIGURE 4-8

Couerre-Taylor sysrem. {1, and 13,
are the inper and outer angular
velocieies, respecrively, and A and

. # are the inner and outer ruli,
Let us note again thar for large Rayleigh numbers the states are al

!1"'__,‘ respectvely.
periodic, and rthat lock-in and period-doubling behavior is typt
nonlinearities. (Libchaber er al., 1983, p. 82) ! L.

In this sentence, Rayleigh numbers measure the magnitude of enefk e _ v \

= A so-called Galerkin truncation.
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layer of fluid “sticks” to the surface of each cvlinder and has the ST
as the cylinder. The lack of slip between che fluid layer and the cylinde
a momentum shear in the fluid, which produces viscous heating (thatis aat ' K
dissipation). Thus work has to be done to keep a cylinder rotating, T
chinery used includes servos to keep the rotation rate constant, Inthe oo —t
of the system, dimensionless quanticies, the Reynolds numbers {Ri i

this example) indicare when the flow will become unstable. These R
numbers are i L
'Frlnﬁla_r vornices in Couerte flow

{1
£, = Ath — Ay—
v

R.= B85 - .*L:I&

(A

(/@O/ \

in which A 1s the radius of the inner eylinder and €1 its velocity, B is
of the cuter cylinder and €1, us velocity, and v is the kinemaric visc
the fluid 10 sguare centimeters per second (em”/s). In early experi
= 0 was often used, but ncher behavior exists when B # 0 and
Moreover, there is no rotatonal relativicy; charis, 8, = 0 and R,
equivalent o B, + AR and B, = AR, y

_ . [ ropagaring waves for sutbicienely large K. These waves wrap
Mevertheless, this example focuses oo the K, = () case, in whil e

inner cylinder axis an integral number (m) of nmes. Coles found
tézinteresting behavior in (N, s space at fixed B
winney and others, using light-scattering equipment, have recorded
“these flows. In studies of correlations o the V.0r) projection of
eld, no signal occurs in the laminar flow case (K < K.). Onlya
ncy i5 present in the Taylor vortex case (R > R} unless the
avy, which means thar a second frequency is present and that
ties have created integer mixtures of these two frequencies, such
and 2wa — wy (Figure 4-10).
ﬂ-ft_i‘_iquenc}r case is periodic. The w, w, case is quasiperiadic, Lev
Landau proposed thar the roure to turhulence in strongly driven
-'S}"S'tems occurred through the accumulared nonlinear mixing of
uencies. This view is called the Landau route 1o chaos and,
W, Wy, W, Wy, ..., chaos. For Couere-Taylor flow, if K

stable, unique solution exists to the Navier-5tokes equarion
boundary conditions. In cylindrical coordinates (p, 0, z) che solur

Ve =1

¥

u

ll.ﬁlﬁ'"_l Al p
B — At r  B? - A7

Ilr'rn:

in which r is the radius and lies berween A and B. This flow is calle
lamminar flow. As Reynolds number increases, and more work is
system, an instability occurs, precipitatng a rransiton o Taylor
the flow. These vortices resemble a stack of toroidal (doughnut-s he wavy-vortex regime sets in, chaos is usually sudden and full
vective flows around the inner cylinder (see Figure 4-9). Alternate ; Wy, Wz, chaos) Just where wy would enrer, the specirum goes
in opposite directions. If the cylinders were infinitely tall, ther Ouette-Taylor flow, Gollub and Swinney (1979} were the first 1o
infinitely many counterrotating stacked ton wich identical radit i iy tze this rransition sequence, called the Ruelle-Takens roure, The
frequencies. These fearures are determined by R;, A, B, and v,
value of B for which this transition to vortices occurs is called
Reynolds number and is denoted by R..

In experimental work in 1965, Donald Coles (see Swinney, |
this hydrodynamic system in great derail. He found that for fixed B !
stable states occurred and thar he could vary and control the numes
viortices {finite for a finite cylinder), Furthermore, the vortices became

2y Wy, wy, chaos or higher-order analogues. Researchers have
these cases, occasionally,

Rayleigh-Benard Convection Consider a horizontal layer of
from the underside. Hear conduction to the upper surface creares
dient, The lower and warmer part of the fluid becomes buovant
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Benard rolls

‘the accelerarion of graviey, o the volume expansivity, B the
gradient (B = | dT/dz | ), % the thermal diffusivity, v the viscous
nd d the laver rthickness. Another dimensionless number, the
ber # = wix plays a role. A variery of behavior is found for
ces of P. For P > P* where P* is a critical Prandtl number,
mnvecrion arises, usually through constant counterrotating rolls
‘For P < P*, however, time-dependent rolls thar have waves
win chelr axes can occur,
fRayleigh-Benard convection have included work with spermaceti,
nd liquid crystals. In the last two cases, magneric and eleceric fields
el; have been applied. Subrahmanyan Chandrasekhar ( 19611 heau-
ented his theory for the hydromagnetic behavior of mercury, Sul-
Eih_&rt Libchaber er al. (1983 made another analysis thar incor-
I’JPI;IIE recently developed ideas about transitions to chaos; they
érind doubling, inverse bifurcations, Fergenbaum universality (Sec-
ind mode softening (an addittonal route to chaos). Thewr analysis
ther dimensionless number, the Chandrasekhar number O, given

Relarve fregquency, adl

FIGURE 4-10
Taylar-Coverre Fower Spectra. Power specera far varous dymamic regimes in the

Taylor spseems. ta) I8, = 0, periodic; the specerum consists of o single fendami
frequency wy, (b) BAR. = 11.0, quasiperiodic; che spectrum consises af two fu
lrequencies, wy and e, amd integer combinutions {¢) RIF, = 8.9, chaanc; th
cantains beoadband nose in addezion o the sharp components wy and wy, The
by is instrumental, whereas in (o) the Auid nose s well above the inserumental n
Thl:il: specera illusrrate the trnsition sequence from penodic behavior theough g
wh chiieir,

relative to the upper and colder part. For weak thermal grﬂdientﬁ:_
temperature changes vary lictle with distance, only hear conductio
the viscasity of the fluid prevents convection from taking place. Forsu
strong thermal gradients, a convective instability develops, causing a
inte convective flow. An example of practical importance is the atm
Consider the atmosphere to be a spinning, spherical layer that is peri
heated from below by radiation from the sun-warmed earth. Then
mode Lorenz model is the lowest-order approximation to che full

Henri Benard performed the first experiments with Rayleigh-B 3t
vection in 1900 and Lord Rayleigh provided the correct interpretatiof
the Navier-Stokes equarions for this heat-driven system. In this G
mensionless number that predices srability 15 the Rayleigh !I#ﬁ&*’.?r.i_l_'
given by

P
Q = LTHr;.n'Jr I_.fr}l:l
v

P is the mass density, By, the mpgnetic field amplicude, and o the
Irli:lu'tfivit}r. Low () values resule in generation of subharmonics by
Tipﬁibd-douhﬁng} and in mode-locking intervals. Higher values af
“a8iperiodic behavior without mode locking. Figure 4-12 shows this

i d'if'-_‘ Ruelle-Takens route, in the form wy, wa, wa, chaos. At low
e softening occurs, whereas at high 0 values quasiperiodic
Wy, Wo to Wy, wy, ws, chaos.

R=ﬁﬂhl

K
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101,001 - QnVECTive SEALEs, & marter ﬂnlw pattern t__‘xists in which the buuy:ﬁ::lc}'

d qiding more energy than is dissipated viscously, How the transition
== R0 _wiescent to the convective state takes place poses an uroboros-type
cause the quiescent state cannot release the excess encrgy of buoy-
imentally, increasing the thermal gradient produces the convective
n the thermal gradient reaches the crirical value B, any thermal
- will kick the system from quiescent to convective, Chandrasekhar
d the following principle from his variational approach:

l

instability as stationary convection will set in at the minimum (ad-
mperature gradient which 1s necessary o maintain 2 balance berween

‘dissiparion of encrgy by viscosicy and the rate of liberation of the
mgqjﬁcally ayailable energy by the buovancy foree acting on the fhad.
easekhar, 1961, p. 134)

TN o el :

ample, assume that an experiment begins with no remperaoure
wnd with the layer in the quiescent state, which has no viscous damp-
he researcher increases the temperarure gradient, which eventually
rough B.. How will the fluid “know” when B, is reached, since .
he viscosity v? The answer is that the viscosity is continuously af-
e fuid at the microscopic level. Viscosity continuously damps mo-
tuations in microscopic volumes of flud, and thermal diffusivity
sly damps heat Aluctuations in microscopic valumes of fluid, Thar

¢ fluctuations ar the crirical thermal gradient cause the onser of

- o magnitude dB

=TO.000

) em of initiating convecrion resembles the problem of ininatng

tic process. In both, the energy released pays for the energy

It is uroboros-like because the first cycle of the stationary con-
uasiperiodic specera for Rayleigh-Benard Syseem: Fourier specrra corresponding : must be inidated if the sysrem is ininally quiescent,
Ruelle-Takens scenario, R, = 891 wields a quasiperiodic state with frequencies ) H : i bl Y i b e TR
tvertical lime indicates position of future oscillacor v BIR, = B.98, with oscill : EIE Eﬂm[—‘tﬂ-r“ BNRTIMIG EEHECLON [AT SIRSCLIE N A :
vields cxponencial neise (shown by the constant shapein the recarding). LES thar arise in a dcvtlopmg sequence would be desirable from
int of this book. Chandrasekhar has already made a few extensions
ach, with some emphasis on energy-driven dissipative systems.
Eword certainly has not been written,

FIGURE 4-12

Chandrasckhar also investigated the existence of a variational pri
characrerizing the initul cransition from conducdon o convection
Rayleigh-Benard systems. Consider a layer that has a weak thermal
across it, The layer is gquicscent and conducts heat from the warm s
the cooler surface. No net motion of matter occurs. The cunve_cﬁ
however, exhibits marter flow in counterrotating rolls. This matte!
viscous (that is, dissipative) and damps out if the temperature gradi
zero. Heating from below drives the system by means of the buoyan
by gravity. The nonlinearity in the Navier-Stokes equations gives
multiple stable solutions (stable states of convecton), These cany 2

release free energy provided by the buoyancy force, which is larg
viscous damping.

Belusov-Zhabotinski Reaction The Belusov-Zhabotnski re-
tusing, aurocaralyric oxidaton of malonie acid by sodivm bromate
s solution, with as many as 25 chemical intermediates forming
¥ by means of at least 25 intermediate reactions. It requires-only
tants—ceric sulfate, sodium bromare, malonic acid, and sulfurnc
t an indicator dve, ferroin, and is well worth observing firsthand.

tirred layer of rthis solution in a perri dish exhibits propagacing
. eRacing red and blue. These changes in the color of the indicator
spond to changes in the oxidation state of the fluid, which is diffusing
B on human spatal and remporal scales, Wartching this reaction
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proceed 1s much more enlightening than stll photography or syste
grams. The studies of Arthur Winfree and associates (Winfree and S
1984) uncovered beauriful structures, including scroll rings and torgj
tices, in the propagating and reacring waves n three-dimensional med
topological consideration of knots, rwists, and links plays the centralip
the analysis of chese dynamic struccures. Similar mathematical conside
have arisen in the study of supercoiling in double-stranded DNA,

Surring the reactants to achieve spatial homogeneiry reduces the prol
e remporal evolution only, an approach used by Harry Swinney an:f ,'
sc{ciarts{Swinuuy, 1983). They used a flow-through reactor to control tf
ol reaceants through the seirced chamber and followed the state of the
in the chamber by measuring the bromide ion potential. In spite of the
number of intermediates and reactions involved, the bromide 1o
showed a regular behavior. At low flow rates, the potential oscilla
single frequency. At higher rates, bifurcations appeared, followed by
doubling to chacs. The experimenters alse ohserved mode locking (
4-9) and even the supercritical behavior of the Feigenbaum map (for
(Section 4-8), the so-called U-sequence of &-cycles. Finally, Swinne
ﬁ_ﬁciutcs studied the attructors in the chaoue regimes for fractal dimension
tor Lizpunov exponents. T

Example 4: Cardiac Oseilfator  The exciration of cardiac tissue is m
by a one-dimensional, two-parameter map, (!

Py = b, + FsiniZwd) + 7

which provides an analogue to the dynamic parrerns observed in elect
diograms of patients with dyschythmias, These patterns often display p
doubling and phase lacking. (Elecrrocardiograms show the electrical po
measured at the surface of the skin above a local region of heart tissue

The work of Leon Glass and associates (Glass er al., 1983) has shows
the map, Lquation (26), not only provides an analogue for the rich d
of dysrhythmias bur also serves as a generic (in the ropological sense) n
one-dimensional systems. As & mcreases, the righe-hand side of the equ
eventuglly becomes noninvertible, The noninverrible regime is th
]"EEFES[’IHE.

The similarities between Equations {19) and (26) are not encirely accid
Baris V, Chirikov (1979) has observed that the rigopnometric nonli
sin , is generic for "near-resonant” dynamics.

Energy-Flow Ordering and che Transition to Chaos

In a driven system, 4 small amount of energy input leads to the sponta
self~organizarion of space and space-time patterns. This is the meat
energy-flow ordering. The ordered patterns result from energy-driven !
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a dissipative subscrate. If the inputs increase, transitions to new
ceur; and with sufficientdy large inputs, chaos 15 possible.

form mathemartical solutions cannor describe even the nonlinear
ar precede chaos. Understanding such states and, in parocular, pre-
‘&:I_:eir hehaviors when no elosed-form selunions exist are the subjects
aext sections. These issues will lead back o the biological significance
v, especially of phosphagens.

4-8, FEIGENBALIM UNIVERSALITY

{scussion in Section 4-3 showed that an s-dimensional differential equa-

stem gives rise to a # — l-dimensional Poincaré map; in parocular, a
ional system produces @ one-dimensional Poincard map. Such a
not exhibit a transition to chiaos because the dimensionality is tmo low.
rall one-dimensional maps anse as Powncaré maps for two-dimen-
differential equation svstems. Many systems of much higher dimen-
W pOssess an approximare behavior in which a single, slow vanable
he empirical map given by the ditference equation,

woa g = JlE (27
%) 15 a noninvertible funcron wich a graph like thar in Figure 4

called the logistic map, arose many years ago in the seudy of
tion dynamics (May, 1976, The only requirements placed on

Jtx)

] X 1

FIGURE 4-13
The logistic map,
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= atx = 0andx = 1; fix) 15 normalized so that 1ts maximum |
by 1. In general, fix} 15 also a funcuon of a control paramerter )
take values in a specified domain. The simplest symmetric map.
is the Feigenbaum map,

saromes unstable: so the acrracror in Equation (30) 15 now stable.
always a solution to EquamJn ['”):I but 1s stable anly for (b = & = 1.
) is stable only for § < A < . The reader may figure out whj.r
' (if is quite easy) or may cnn.-su]t the orginal literanure,

i) = ghxi]l — &)

in which & ranges from () o 1. The maximum for this particular he context of species FUEUI“{G“ d}_fnamic:.;, i Fhu population, of &
at x =}, where fil) = Nand f"(4) = 8\ # 0 (unless A = 0, a tri : e and the food source hides in A. Therefore, b is the energy mpur
no INTrinsic neerese)., USlT!j‘,’ Equation (28] in Equarion (27) gives the ¢ Sienergy INpul INCreases, emergent bEh*_"‘_’mr '-l‘i'\'ej'l'-'IfS- ;

' h < (.783 somerhing remarkable happens. The fixed poine in Equa-
ymes unstable: so no fixed point exists: However, asymprotically,

Eaer= 40l — 20 2 3 ; * ]
.y leads to an alrernating pair of values x) and x5 such thar

Computer Simulation x5 = flal) (A1)

Remarkably, the preceding simple equation has no closed-form sol = fixl)
is valid for all choices of 0 < & = 1, even though for each X in t
and for any inirial x, berween 0 and 1, the sequence of values {:ru,

s uniquely derermined by the equation. This sequence can
I::1,.r hand, but a compurer does it much faster. The program in BASI
following; !

y is given by Equation (28). These are the fixed points of the
Fwith itself; thar i3, f(fix)) = 4hfdhz(l — o)1 — daxll — o).
h"g_.f has no fixed points bur bifurcates into a 2.cycle: (d, %3, %y,
e value of A for which the 2-cycle first accurs s A, Ar anocher
13&; =N, :hE 2-cycle bifurcates into a d-cycle. Both members af
al 1._;1:1 and x5, bifurcate at the same value of A This also is easily
J tontinues to increase, a sequence of K's resales (A, A, ks, 0,
e onset of successive bilurcations of each of the points of the
s preceding stage. These A's produce 2-cycles, d4-cvcles, H<cycles,
E]es The ke gee closer and closer rogether: thus inlinitely many

ons occur before & reaches [, In face, chis happens well below 1. at

1 PRINT "WHAT 15 L#
200 INPUT L

30 PRINT “WHAT 15 X&"
40 INPUT X2

30 XI = 4°L*XE2%1 —X&)
ol PRINT X1

70 X2 = X1
81 GOTO 50
9 END

This program prints the sequence (xy, xy, ¥z, . . .) a5 far as you lis
reader may want to ey i

}'-rr-l { Pl..‘. »
i i Kipwz = Kg4iy !
Fixed Points |
For h = (.75 = %, anv inital xy leads 1o a sequence that cnnvﬂ:_ge"-fr UL —+ = gxists and
point called x*, The mapping thus has a fixed-point attracrar. The vi
- 5 = lim 8, = 4.6692016 . . . (33)

Bp—=ir:

ered thar if a portion of a 2° 7! cycle is magnified and flipped
ed), it nearly fits on top of the points of the 2* cycle. As £ —

1 creasingly berter, and the rescaling paramerer o has the value
which is easily verified. Equarion (30) makes no sense for h < ir

becomes negative; in fact, for A < 4, the attractor is actually x* = 2502907875 . . . (34)
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sequence; 15 1o simulate the map on 4 computer. OF course, this
is much more rapid than real time; so for practical purposes pre-
be as accurate as desired. Thus raped iomalation it the ey to predeciing
.ﬂ','f‘ nonlinear and chavize dynamical erenti. Chaprer 3 poes into the
importance of this starement.

The amazing fearure 15 that the Feigenbavm numbers & and o are g
They do not depend on the precise form of [ given by Equation
cecur for any one-hump map with nonvamishing second derivative g
imum, such as in Figure 4-13, which Feigenbaum was able 1o pmv;;ﬁ
Whar happens if & increases beyvond the accumulation value y*2
chaotic behavior with no repedaring ovcles occurs, Scattered thruu;g'
zone are d-cycles for all integer values of & nor just for values such
example, d-cycles, F-cycles, and G-cycles); these constitute the spe
sequence. For example, A = 0.90 in rhe Feigenbaum map, Equatig
viclds a 3=cycle. These new cycles also ifurcare repearedly, although
point sequences are much closer together iminally than for sub-h* bl
Mevertheless, & has the same value for each of them. k

y

THE J. MAYNARD SMITH MODEL: INTEGER
VERSION

iplicity of the Feigenbaum map precludes cermain ypes of hehavior
-only for higher dimensions. The J. Maynard Smith variarion of the
map increases the dimension from ane o two and introduces
ehavior. In the Feigenbaum map,

Experimental Examples

All the fearures of universality have appeared in experiments wi pdy = dhnll —axy) (33}

circuirs, chemical reactions, and hvdrodynamic systems. Machemaric
such as the Larenz maodel, also exhibic this behavior. Experimenters
ohserved much of the bifurcation sequence because thermal fluery
out the A seguence, but they have obrained empirical measures of
for example, & = (Rs — K )R, — Rg) = 4.4 £ 0.1 for a hydrom
case in which & 15 replaced by K, 2 Rayleigh number (see Example 2
47, _
Feigenbaum universality emphasizes several points: (1) A simple m
for sequences of bifurcanons exists. (2) Feigenbaum universality
many diverse mathematical and physical systems. (3) 1t does not
precise mathemarical form, bur only a generic, broad class of forms
universal parameters charactenze the bifurcanon sequence. (3) B
form solutions exist in the chaotic regions. (6} Computer studies a
unlity, although graphical methods provide rich qualicative explanation
behavior. (7) Asympratically in time, the behavior approaches an atte
The artractor can be a fixed point, a #-cvcle, or even chaoric (the
cycles as & — =} Even so, still more rypes of behavior remain to b
as the next section shows. .
Feigenbaum universality is also scructurally stable (see Secrion 8¢
effeces of thermal noise can be incorporated as additive, inhomogenead
and as mulnplicative (in A) terms. Both cause smearing, and rthe
the A, as well.

— ., keeps the x) sequence bounded. | Maynard Smith’s variaton
sduce this inhibiton rerm in a delayed wav;

Xyrt = AN A1 — 1) (36)

Y =25

wirtues of these maps in the conrest of species population dy-
ot important to this discussion; however, the species population
1gUage is amusing. In the Feigenbaum case, the reproductive in-
ction of the population of parents x,, whereas in the ], Maynard
on, it is a funcrion of the grandparents, because v, = %, .

Equarion (36) with slightly altered variables is convenicnt and
estigating its behavior; Replace A by @ and replace (1 — y,) by
Join which N is a fixed integer. The second change renormalizes
of ¥ and 3 to a scale set by N rather chan by 1. Finally, Equarion

IQN_if_
SN

INT

g

[%7)
Yuay =Xy

) L . .1 means take the largest integer part of the argument, Equa-
Bs @ modified J. Maynard Smith model and maps the two-dimensional
‘onto itself, Discarding all real numbers excepr the inregers re-
hat rich behavior does not require the continuum, The logistic
IBAUm’s map) is also expressible in integer form:

Predictability

~

This example shows that even a simple mathemarical mechani
to apparently unpredictable behavior in the sense that no closed-for
exists for the A values leading to chaos. To predict the pupgh_i
structive species of insect year by year, when x 1s the pﬂpulatlﬂ_f_i'@

N o=,
Xnp| = INT|:u —_— x,,] (38
i spet i a piven vear. the only approach. when the hovalie

N
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The reader should run chis integer logistic map on a computer obis)
it bifurcates. Look, especially, at large N (10" or more) as wel| as

1,2, ..., 100, . ... The integer narure of the map and lattice jmpliacil :
an orbit has either a fixed point or a changing sequence of points, A ch W [NPUT X&

L PRINT "WHAT 15 A7
hi| UT A

sequence must repeat iself, eventually, because the phase spa % PRINT “WHAT 15 Yz~
bounded integer lattice has oaly a finite number of points, Cloged a [NPUT Y&

must result, and these £-cycles occur wich a spectra of rotation o 2y i

be described below, . = INTIA® ] = YEN"XE)

The Compurter Program

The BASIC program for Equation (37 is simply T W
Nl
[0 PRINT "WHAT [S A7 Yl
20 INPUT A J=1+1
30 PRINT “WHAT 18 N?" v 1 = INT( 10100 THEN HGR
40 INPUT N 3 = |99 THEN GOTO 130
50 PRINT*WHAT 15 X&i#* (i 'TO 90

6l INPUT X&

70 PRINT "WHAT 15 Y&

B INPUT Y&

g X1 = INTIAYT = YE/NXE]
N Y1 = X&

LI PRINT X1.Y1

120 X = X1

aphics mode, HGR, It uses ies finest line, HCOLOR =3, and
the abscissa with Y& as the ordinare, as is shown by line 110;
ts provide centering and magnilication, The new line 43 introduces
counting the number of rimes the program uses a computational

130 Y& = Y1 ex conerols the graphics so thar a clean, final, static image of the
40 GOTO 80 sults, from which the rransient points of the trajectory have heen
150 END This is achieved by lines 135, 136, and 138. The HGR command

“clears the screen after 100 iterations of the map. Because the
er and its graphics display are so fast, | have been foreed to
‘process with a nme delay. This is the purpose of lines 115 anl
expanded the final line tw make the program uscr-fricndly.

In place of the prine statement in line 110, use a plor statemen
on the abscissa and Y1 on the ordinate: On my Apple [1+ this
written

110 HPLOT 140 + X1, 120 — Y1 T ntative Behavior
'l".ii::ur.'nf this model depends upon every parameter; N, A, and the
dtions X1 and Y& Begin by fixing N, X, and Y& (with N =
d Y@ = 2} and vary A.
han 1, the initial poine decays into the (0,0) state, At A = 1.1,
91Nt is stable, and (2,2) is a fixed point. At A = 1.6, stability has
pﬁint (21,21}, The trajecrory starting ac (2,2} shoors up to the
d of (21,21) and approaches on a decaying spiral trajectory. Ina
reaches (21,21). Nearby initial potnts, for example, (2,3}, per-
1y the same way and also end ar (21,21); thatis, (2,3)— (21,21),
itial point (2,30) immediately decays to (1,1). Remember chat
¢ 15 the autocatalytic variable, whereas the y-coordinate is in-

augmented with appropriate scale factors for N values greater than
needed is a line such as

85 HGR: HCOLOR=3

to o with 110. This rourine can be as fancy as required, accordin,
taste. The program to use in conjunction with the following dis

5 HGR: HCOLOR=3
Ly PRINT “WHAT I5 N2
20 INFUT N
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hihitary, This is similar to the dynamic seructure of che Turing
must explare the ininal value space for those regions that exhibic bmhh
and nteresting behavior

for example, thar A = _This value lies between A = 2.0 and
 for which the rotanon num]_u rs are § and 1, respectively. For A =
system is tarn between O-cycles and "—c'_,'cles It superimposes a O-
7-cycle by slightly altering them, yielding a [3-cycle with rotation
With A = 2.08, the rrajectory would make two 6-cycles tor each
ich, when superimposed, would vield a 19-cycle with roration num-
L oher as is observed for A = 2.08. The precise values for A and the
of the A values for transitions 10 rotanon number can also be
.;l numerically from the map given by Equation (37) and diophantine
however, this discussion will not delve into this arcane subject,

Emergence of a 6-Cyele

Letus connnoe with the tmicial seare 12,20 At = 1.7a transition fy
oceurred, vielding a G-cyvcle. The asymprotic fixed-point state has he co
stable, producing a nonconstane G-cyvele, which cycles forever. Th
persists with increasing A, although the size of the limit cycle—now
discrete poines instead of continuous as in the Rossler model—iner
welll Ac A4 = 2.0 che G-cycle has grown quire large, and the length_
ithat is, the number of iterations required o eliminare the ransient
becomes long. This 1s the analogue of crical slowing down in i
thermodynamics ithe rate ar which flucruarions decay at a critcal poi i
phase transition becomes very slow), To averd arifacrs, be careful no
oo small & denominartar in line 136 (where Tam using 100). For:
the denominator 15 40 and 1F in line 134 the 199 s replaced by 79, i 1
apparently gers o ld-cycle, The transient is.not dead by the 40ch . Let two rational numbers, in lowest common factor form, be po/g,
it 15 by the 100ch iteration. | h where p and g are integers. Their Farey sum is

To make it possible to adjuse this paramecer rapidly when necess: e

ddition

rence of phase-locking intervals with rotanon numbers possessing
s larger than unity resules from superposition of G-cycles and 7-
cycles and HB-cyeles, or 8-cycles and 9-cycles, depending upan
the A domain the system is run, A simple anthmetic device exists

the program with Jf"_ f_"} Y L5 Tl (a1}
O - S AT i

3 PRINT "WHAT IS M

4 INPUT M
136 IF | = INTVM*M THEN HGR
L35 IFI = 2*M - | THEN GOTO 150

{ lists the hierarchy of adjacent Farey sums; checks denote those
Table 4-1. All can be found with sufficient efforr.

sum table also omirs other values for romacion numbers, At A =
rotation number is %, which is quite distnct from 4. The lacter 1s
d the former is an 18-cycle, which is a bifurcated 4 case. For N
(il ﬂ arefined picture of the phase locking-intervals resulrs; icis much
he Farey sum rable bur rakes much longer o go through the eval-

Choosing M = 100 gives the case being studied,

Rotation Mumbers

. . . e
Tuble 4-1 contains the resules recorded in terms of rotaton numi
15 defined as che ratio of the number of times the trajectory goes

focus ithe antecedent fixed point) to the toral number of iteration %.I-" g - é e 11L:I -
for one complete cycle. Thus the G-cycle has rotarion number 4, and ; —— :

fixed poines have rotation number . The interval from A = 2. 63 _2_'." 2 2 ]

roration number 4, and the interval from 2,23 ro 2.27 has roaton o 13 2 17 19
Rotation numbers § and 5 also occur. Each of these cases oceurs: ; e 3., 3 3 Tl 3 3
tinuous range of A values; so even though A changes, the rotaton 20 22 23 25 26 8 19

may seay the same. This is called phase locking, or mede locking. . poad 5 5 4 4 5.5 £ o4 5 o5 A
Some phase-locking rotation numbers have numerators greater ! B320 3327 29 37 3B 31 33 42 43 35 37 47 4B 39

The first of these in Table 4-1 oceurs for A = 2,04, where the f0 g
is #4; this corresponds to a 23-cycle that encircles its focus four t 3 36
this event on the screen is worthwhile, and many other examples FIGURE 4-14

table. A rationale exists for the occurrence and values of rot Farey summation of rotation numbers.
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nical literacure, the genere two-dimensional case (the rwo-di-
nalogue to Feigenbaum's map) is called the circle map. It 15 an
e sense thae it takes care of the two-dimensional cese in general,
cnbaum's map did for the one-dimensional case. lnvestigators have
ensively by computer simulation.

nistic Stochasticity

metic and number theory lurking in dynamic systems is amazing,
s is the behavior of driven, dissipative systems which have scruc-
d are classifiable by generic types at low dimension, Because
sohave maximal complexiey most of the time, their study requires
tion, Remarkably, the development of these ideas gocs back




42 | CHAPTER 4 MONLINEAR DYNAMICS & 143

o 1899 when Pomcaré observed the complexity of behavior in d ar Auromata
systems possessing a homoclinic point, Such a point exists on the
curve in the phase space picture of the driven pendulum, discussed
In 19635, Stephen Smale published his accoune of the significance of
ahservarion (Smale, 1965), In essence he proved the existence of ‘srh
behavior (indistinguishable from a Bernoulli shift—char s, a coin rose
tain deterministic systems. Such systems are now known to include ,
dissipative systems, Smale's discovery was thir ceroain dynamic sys s
a tendency to be torn berween multiple fixed poines by a stochastic
mechanism. This, in ctfect, creaces chaos in the solutions, i

,; sly, we discusscd_ the n:qilsiremfn[s of numerlim] incegration fur_ 50
]jar[_'iﬂ.l differential equations in space and fme, such as reacion-
| equations (sec Secrion 4-2). Orperationally, this class of problems is
p-dimensional generalization of the rwo-dimensional problem in
(42). Many kinds of lattice problems have the same form. Examples
dom walks 1n probability and stansocal mechanics, and discrere
e latrice-gauge theonies for elementary partcle physics. A number
_oriented scientists have already begun o catalog the types of
ad for classes of lartice models. These classes serve the role of
jPFi‘]I' classes in the ropological classificanon scheme for dilferential

: 4 S ! al ind fall under rhe heading of cellular auromara research.
410, CLMEPLEEI ¥, L ELLULAR AUTDM&TJ:} plést of these models is cssentially a one-dimensional Turing cellular
DARWINIAN EVOLUTION, AND THE BRAIN F i

i discrece sices in 2 line. At each site a finite number of variables
hich can take on a continuum of values or, perhaps, a finite discrete
ues. In most of the carly research, only one variable is present, and
.,_gw.u values, The investigaror specified some rules for the dynamics
o, which usually had the following form: (1) Specify each cellular
ue for the iniual stare; (2} derermine new values for cach variable
tem of coupled equations, such as in (42); andl (3) use ourpur values
| data for the next iteration.

esearcher chose the equations, and much of this work was done as
rather than as direct physical modeling. Often the studies were
ighbor interactions only, although some were of next-nearest-
nteractions or complex, multiply interconnected nerworks that were
t of the complex wiring nerwork of cthe brain. Recently, several
cmer et al., 1984) of this approach have appeared which provide
The richness of the nbserved behavior of these simply-stared
i inspiring a rapid increase in interest in automara studies.

tin, the richness can be classified and, surprisingly, rhe varicty is
OUs, any more than was the case for the half dozen or so roures
search is underway for universality and for necessary and suf-
1ons. My own studies of these systems and their behavior have
ijﬁ‘-‘ abserved evolutionary development of transient scates is richest
0, dissipative systems and that autocatalynic connections must be
;lvfgll as engendered inhibitory connections, This is a recapirulation
1g mechanism for reaction-diffusion syscems.

The ]. Maynard Smith model in the integer version is extraordinarily
It takes owo integers, combines them by a simple and explicie rule,

N = g,
Bl = ]NT(&%%)
1

¥re] = Xg

%q and vo, then knowing what 1o expect on, say, the 800ch iterati
calculating the encire trajectory: No general, universal (thar is,
solutions are known thar could yield the 800ch icerative values (for
from the mput particulars withour recourse o the preceding 799
situation mimics the nonexistence of closed-form solutions in cthe
tinuous, differential equanons. The next subsections show one w
advanrage of this feature,

Complexity and Simulation

LS

Complexity expresses the degree of difficuley in solving a problem, in
the question of the existence of closed-form formulas inte which
and the question of ease of using the formulas. Some explicit form
difficult to use in compurtation for a given degree of numerical 2
cause the J, Maynard Smith model has maximal cnmple:_uit}',_'f_dlﬁ
solutions—inpurring the dara and iterating—is the best approach
in this case, a large number of iterations requires a very large
COIMPUCLE,

The word simuadate is of key importance, since it implies contro
of the simulation, On a computer, the time per iterarion may be
the 800th iteracion s achieved in just a few seconds. Contemporary
provides extremely fast simulation for rwo dimensions. But for
mensions, this approach is limired.

bility for Nonlinear Dynamics

\Cept of predictability concerns knowing the sth iterate before it
Fmules provide instant predicrabilicy, whereas solutions by iteration
models suggested by physical and biological problems are max-
v 50 simulation is the only means available for predicting the
2¥ents, The only requirement is for rapid semulation—a simulation
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funcrion? To explore this question, consider rhe nuurumuscu]_ﬂr SErud-
he hydra, 4 simple coelenterate having a body made from just wo
cells (Figure 4-159). The ectoderm and endoderm are nor rlnuscle.
- se, but contain abundant, organized muscle fibers, the action _ul
ontrolled by a nerve ner (Figure 4-16). From the simulation point
is nerve ner looks like a lattice model for the muscular EOﬂEiﬂULEm.
srructure is remiiscent of the cellular approach of Turing (Secton
of cellular automara (Secrion 4-10) models. From the phosphagen
view, these organisms and the necve net are Arg-Pousers; :].na. need
. 'ﬁle animal for rapid function is not oo grear, A more sophisticated
“might need more speed, and a more evolved phosphagen could be

tially, a newly evolved phosphagen may h-.wc_ been imporant o
vous syseem; but if it could make muscles reacr faster, Et v:ruuld z}m
‘arganism survive. Thus both dssue systems could benefit from using
e like Cr-P. This is harmonious with the view thar the evolution of
sens shows a direce correlation with the speed with which organisms
cyse of them, In this instance, a direct connection may exist with the
Cr-P is the form in which phosphoryl groups are transported (rom
ra, the organelles of energy ransduction, to the ADT in excirable
nts of cells. This transport property of Cr-F deserves emphasis,

that runs fascer than the real-time syseem. Predicring the weather
this way. A computer can simulate model cquarions much faster
weather occurs, so predicton based on the model is possible, In
procedure is used for the national weather forecasts in the Unjred
although inadequacy of the models make long-term torecasting lmpg

Predictability in Biology

The biological significance of the nervous system is that it can p
ol whar necessity did ir evolve? A need for simularion is attraceiv
underlying cause, The muscular system aids an Organism in copin
environment and provides opporrunities for destruction of an indiy
nervous-nerwork mapping of each muscle, in conjunction with i
network representation of a modeled environment, provide the subs
simularion and concomitant muscular contral. The simulation by chie
system of muscle movements and their consequences in the envi
be faster than true muscle movements if effective control is to be
Evolution has produced nervous systems for which this holds true:
anisms, both biochemical and physiological, make it so.

Mervous System Coordination of Hydromedusae Movements

An evolutionarily early nervous system of relatively minimal st
the ring of statocysts in the hydromedusae jelly-fish, which the
used to orient themselves relative to an axis defined by gravity.
life they needed to know up from down and to make daily journe
surface waters and deep waters. Perhaps this cycle was coupled to
because some species also possessed a primitive light-sensing cell
ter the nervous ring. .

The gravity coupling of the statocysts is also remarkable. A holld
contains a slightly smaller, spherical ball (made from calcite, for:
which roles over nerve hairs fixed in the cavity, The hairs chat are
ball derecr the onientation of the organism. The nervous ring is
te coordinate a muscular response to environmental perrurbations:
ortentation. This simple nervous system coordinares motion wichout
g potencal curcomes,

The Nervous System and the Transition from Arg-P to Cr

CEstrorvascular sy

The nervous system of the worm is relatively complex compat
of the hydromedusa (see Figure 5-1), Its network of interconne
pologically richer than for a ring system. Recall (see Section 3
phosphagens show marked variations in the worm and thar ﬂlx
of life use creatine phosphate (Cr-P) as phosphagen, instead of
phate (Arg-P) which is adequate for muscle alone. Did the transit

congises of ewn Liyers of cells. Left, 2 hydra in [ongicudinal section] eight, in
lead to the ability of nervous tissue to simulate rapidly enough fo

erween the two layers is a jellylike marerml.
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cylar circumstances is run. Thus an uncertainty lies within this derer-
escription: That is, determinism shows itsell at each step of an it-
ut the eventual ourcome appears only after a number of iterations.
ity of the nervous tissue to simulate has provided the brain with
inian significance, In the strice Darwinian view, evolution proceeds
& selection trom stochastic variations in genotype. This mechanism
very well the evolution at the unicellular level: the evalurion of the
pathways found in-all organisms. Bur something new emerges in
m when nervous tissue evolves, The ability o simulate enables an
(o react to its environment in a fashion that transcends genetcs
of the quicker rime scale of simulation. Learning by an individual
 during its development clearly exemplifies this phenomenon in all
d species. For example, apparently all the behavior of a hydra is wired-
dcally, bue its ability to use the nerve net's simulation capacity to in-

the environment, although severely limited, does exhibit primitive
(that is, conditioning). In more advanced forms, behavior is passcd
on to generation, as is shown, for example, by the visits of clephant
o the Kirum cave salt licks in Africa, which have continued for thousands

FIGURE 4-16
The bydra perve ner, which lies beneath the e
1t 15 more concentrared around che mouch thani

plex Behavior from Simple, Driven, Nonlinear Dynamic

Darwin's Scruggle for Survival Reconsidered pter has explored the complex behavior of even very simple non-
nic systems; typically, there are no closed-form solutions w the
uations, even though 4 relatively resericred variery of behaviors
- most important finding abourt the behavior of such systems is that
bility requires rapid simulation. [ have proposed (1) that in biology
us system performs this funceon by simulating muscular acrivicy and
enices in the environment, (27 that this capahility evolved wich Cr-
E’E thar it provides a new evolutionary mechanism thar rranscends
ian selection.

Speed 15 not always the whole story in biology. Accuracy or fidelity:
important for survival. The eriterion of Darwinian evolution, or
the fittest, would say thar fitness requires both speed and accuracy
derously slow, high-level fideliy would be no berter or worse ¢
nonspecific funcrion as far as survival is concerned, Oprimezation
to these two requirements seems desirable but may not be as i
circumstantial evenrs that oceur in a diversified environment,
changes in the envirnnment over geological time have ofren resulted |
a specific type of orgamsm unfit whereas earlier it had been fit.

In Darwin's rrearment of evolution, the emphasis on the: struge
istence is perhaps too strong. ldeas about the complexity of driven
provide an alternative view, Energy-driven systems can evolve .
elaborate sequences of evenrs and diverse and variable scructures. S AL R M. Shymko, and K. Trahert, "Contral of Sequenrial Comparrment
sUrprising o see species come and go in a system as multidimensions ! on in Drosophila,” Science 199 (1978): 259
surface of the earth and all its living organisms. This rise and decline o8 D'Arcy, On Growth wnd Form, 2nd ed., Cambridge Universicy Press, Cam-
forms is natural behavior for a driven system, although working ot ¢, England, 1942,
terconnections among energy sources and the constraints may prove “The Chemical Basis of Morphogenesis,” Philuopbical Transacisons of

In modeling, cellular automara can exhibit structures that appear, aciety, Londen, Series B 237 (1952): 37,
and disappear as new structures appear. There is no struggle for e
Although a simple, explicit set of rules predetermines the sequence
the variety of initial conditions available and the complexity of th
dynamics are such that no prediction of outcome is possible until @
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Preceding chapters developed basic
and presented some of the evidence that supports the conclusion
Onnection may exist herween the mathemarics of driven, dissipative
and an understanding of biological evolution. This possible connection
=t again in cthis chapter.

dy of the origin of life, genetics, and protein syathesis led o con-
s of energy metabolism and placed it ar the heare of further con-
Pyt et UpeRl i e T L Py Mt ol S e B drote L wsn St AR, oy el St sl R A ool i gl
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tially random and the selection mechanism simply discards all those varia-
that do not work out as well as rhe original unvaried stock or as well as
- favorable variants. Consequencly, the variants and nonvariants thar re-
uce most successfully dominate population dynamics.
Modern genetics has elucidated the molecular mechanism of evolunon. Ex-
erimentors have artificially produced high rares of mumations in bacteria,
i and the fruir fly in laboratory environmenss designed to provide various
lective pressures. These experiments clearly show selecrion among variants
i though they have not run for long enough o derive new species through
mulated murarions. Nevertheless, the molecular biologist feels confident
the present derailed account of the molecular mechanism of evolution and
pue this knowledge to use in medicine and agriculture, Its highest level
ractical application is in genetic engincering.

siion and introduced ATP and ATP synthesis, which led ro an appreciag
of the evolved mechanisms of energy regulation and storage. These CONCERALE
imply the existence of an underlying physical imperus hehind biological
olution. The physical impetus is energy flow in the form of phosphate by
energy, which manifeses iself in a regulatory feedback nerwork, 3

After the evolution of mulncellular life, with its excitable tissues, the
phoryl energy flow manifested itself through Cr-P. Simulation of nonli
dynamuc events, rather than polymerization, becomes the dynamic pro
mterest because motile muldcellular organisms muse cope with cgmplé:
namic events. The mathematics of energy-driven, dissipative dynamic 5y
{Chapter 4) shows thar the ability to predict events in such sysrems req
rapid simulation: Survival strategies include predicting possible results
hypothetical muscular actions. Mathematically, the only general approa
rapid simulation. | hypothesize that evolution is constrained to use this meth

and rhar this explains the evolution of the brain. e Physical Impetus behind Evolution

he view of selection presented by Darwin was descriptive but not mech-
istic at the level of genes. The recognition of genes and the proof of their
mificance came seventy years later, after which a rapid succession of insights
ok place: lovestgators discovered the molecular structure of genes, ex-
ined their synthesis and funcrion, and found proteins o be the agents and
products of gene expression, This led to an understanding of the role of

5-1. WHAT IS EVOLUTION?

Eralution, as the word is used by mathemarticians and physicists is a process
of change with tme, but it has a more sharply defined meaning to the bi
chemically oriented biologist: It refers specifically to Darwinian select
genetc process whereby the off-spring of an organism show some variatic
of type thar causes them to be selected, by favorable inreraction with d

environment, o survive and reproduce and give rise to new varieties.

tion as its mechanism of evolution,

Environmental Evolurion om a mechanistic viewpoint, energy flow is the physical impetus behind

The environment also eviolves, in the physicises’ sense, over geulr::gf:ﬂ iy
scales. Natural selecrion is a resule of the interaction of organisms with
environments, and environmental evolution alters the nature of these in
actions, thereby creanng selection pressures thar change with time, F
ample, plate rectonics has caused great environmental changes, over tme st
of 10 — 100 muillion years, resulting in part from the major climatic €
thar artend the movements of plates through large differences in latitude.

ous, and cyclic AMP (and cyclic GMP) Bgure prominently in a grear
of regulatory mechanisms, which researches now think have evalved

as CAP protein function in operons.

¢ biologists recognize that energy flow is the key to the existence of
cal strucrures and their dvnamics, it will nor surprise them o see or-
ns evolving sophisticarions in their energy-processing technigues. Energy
is especially interesting because it reflects, first of all, the facr thar
¥ organisms live and have lived in environments in which energy 15 and
bundant enough for energy storage to be feasible, The evolution of phos-
2ns, first in prokaryores and then in eukaryotes, seems tw be a key event
e emergence of multicellular life forms, because muscle funcrion requires
sphagen to supply energy rapidly. Muscle, an excitable tissue, gives an
1sm the ability to move rapidly only if the tissue can be properly ener-

Genetcs: The Mechanism of Evolution

Untl the last half cenrury, no one had correctly hypothesized any m \
nism, but it has now become clear thar the mechanism for Darwinian sele
at the molecular level is to be found in molecular genetics. Genotype de
mines phenotype, variation in off-spring reflects variation in genorype;
the interaction of new variations with the environment determines the
vivability of the murants and thus the nature of larer genotypes. Mue

can arise from a variery of causes, including random gene duplication ert
e T L A sk T L e
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gegent properties are characteristic of nonlingar, driven, dissipative sys-
The great variety of macromolecular complexes and membranes and
self-assembly from their constitvent metastable polymers dramatically
e that such propernes exise i biology, Merastability is really very sh}‘lw
iliry, and though proteins do hedrolyze, phosphate energy can drive their
Lesis at rates much higher chan that of hydrolysis; The assembly of met-
g 'ﬁulymﬂl‘ﬁ obeys the second law of thermodynamics for closed systems
‘discussed in Chapter 3 in some dewsil.
h energy input, self-organization can occur in sell-assembled membranes
tissucs thar derived from progressively betcer methads of energy me ues. (Self-organization refers to processes of morphogenesis in a nssue
use, control, and storage. This is the reason why evolurtion has taken life }d_}rnamicai activity in a membrane.) Turing showed chemical morphogens
the particular parhways it has. 75 : '.h cause a self-assembled tssue o exhibit waves that change in space and
These waves self-organize within the self-assembled rissue, which would
smogeneously quiescent in the absence of the morphogen dynamics. The
morphogen dynamics is energy input, which resules in aurocaralysis
ool o feedback mhibiton. Section 4-4 showed how such mechanisms can
constant-in-time input to result in nonharmonic, tme-dependent dy-
¢ behavior—a consequence thar cannot happen in a linear system. Thus
gent properties of nonlinear, driven, dissiparive systems appear in ar
Physically, biological evolution is a nonlinear, encrgy-driven, dissipativ three distinct ways: sell-assembly, aurocatalysis, and self-organizanon,
tem. The dissipation in such systems is caused by thermal fluctuations: i y manifestation is o consequence of energy flow; however, encrgy Now
a central role in determining reaction rates in aqueous milieu and caus = is not sufficient because the particular energy type and the parricular
degradation of molecular structures (polymers), the existence of which ces involved determine the emergent properties,
tremely unlikely on thermodynamic grounds in molecular mixtures a therr serving the richly varied dynamic behavior of nonlinear, driven, dissi-
equilibrium. However, hiological systems are nor in thermal equiiib:_.:. r ‘systems helps to understand biological evolution. That rime-indepen-
cause they are energy driven. The structures and dynamic behavior of puts can cause nonharmonic, ome-dependent behavior in a nonlinear
linear, energy-driven, dissipative systems are urcerly different from thos em is one of the most basic features of energy-driven systems. 1t may play
ical of equilibrium systems made up from the same chemical elements le in morphogenesis (as proposed by Turing), in heart action, and in
ileas are embodied by the concepr of the uroboros, a special kind of | 0 rhythms.
nonlinear state. 1)
Drriven dissipative systems have properties that are determined by
simultaneous features: the constituent molecules (or chemical elemen
the system, the energy inpurt, and the boundary conditions (environ
factors), If energy inpur and boundary conditions are fixed, then the dy
system evolves in ume toward an attracror. In the biological conte e,
attractor is noisy because of thermal fluctuations and is of very high dim
because biological systems are very complex, The high dimension refl
great many degrees of freedom in a typical biological system, and the 8
that is approached may be a very complex state of matter. In reality,
input and the boundary conditions also evalve, at least on geo
scales if not faster. In addition, the behavior of nonlinear, driven, d
systems exhibits emergent properties not predicrable from the ¢
maolecules (or elements) by themselves in the absence of energy inpu
notable example is a system of biological polymers, which can onl:
precisely the right kind of energy flux (phosphate bonds) through m
is supplied by energy rransducrion.

gized, and this requires a phosphagen. Nervous dssue has a similar
requiremnent, My view is that emergy storage. frer je, war the antecedent
evolutsan of excetable teswes, and that Arg-P and Cr-P are the bioche
narures of this evoluton. In Chaprer 3, | deseribed how these phosp
are responsible for the emergence of excitable ussues, which in turn nan
led to calcium-phosphate structures, a consequence of the encegy rolelg
phate, and the important role of calcium as an effector in energy mee
in excitable tissucs, Thus the mechanism of Darwinian selection, applied
system thar exists only because of energy flow, has selected organisms.

I now argue that encrgy flow implies the existence of mechanisms
ological evolution char rranscend Darwinian selection and its molee
netics mechanism, ]

5-2. DRIVEN DISSIPATIVE SYSTEMS

3. THE EVOLUTIONARY IMPACT OF SIMULATION

mputer has greacly facilitated the study of nonlinear dynamic systems,
ects the fact that no closed-form solutions exist for most nonlinear
ic systems, which means thar cheir behavior can be predicred quant-
‘only if the dynamics is simulated. Simularion can use digital compuring
tional computers) or analogue models. In either case, the key o suc-
prediction of the behavior of nonlinear systems is rapid simulation—
=tiough thar the ourcome of simulation precedes in real time che cutcome
stem studied. In biology, the need for prediction appears o have
110 evolution only after simple multicellular organisms with muscle tissue
eveloped. Muscle rissue provides organisms with the motile ability to
0 environmental changes on a shore time seale, such as in food gath-
1 avoidance of being gathered for another organism’s food.

ity of muscle tissue to respond depends upon phosphagens. In the
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muscles of che simplest multicellular orezanising, where the phosph;
is played by Arg-P, rudimentary nervous systems control muscle tissy
Such nervous systems are also excitable dssues and also use Arg
tuncrion is, however, extremely rudimentary and can be cha:acreri"zei
two types of neurons: sensory and motor, Sensory neurons are seq,
gravity, light, touch; and chemicals, whereas motor neurons [CIEREr exe;
of muscle tissue. A simple organism such as a hydra or a jellyfish
respond in complex ways to situations; it is merely reflexive in its iﬁm
with its environment. A more sophisticated organism—a worm, ﬁm’j
primitive fish—will be confronted with a much grearer variety o
mental situations. Surely a more sophisticared nervous system would k
DCEANISIM Survive.

Chaprer 3 followed the evolurion of phosphagens wo a stage that co
strongly, both embyrologically and phylogenetically, with the adven
chordates. The biochemical signature of this transition is the phosph
P, ani the strucrural concomitant of the energy-related nature of this
opment is bone (and carilage) and a sophisticated nervous system,

SNy rojectivns

It ventrd
ganglion

Fyes

5-4. NERVOUS SYSTEMS
In this secrion, 1 present the case that the bralogical advantage of this e
nervans system 15 to vapidly simudate the prediciion of nonlinear events, "
mn the long history of biological evelunion has cricically aleered the
of evolution itself and transcends the genetic mechanism of D
seleccion.

The mathemartical studies of nonlinear, driven, dissipative sys
shown thar changes in the value of an inpur parameter can caus
chunges (transitions) in behavior: A sratic state can become tim_ﬁ:_-.rh
or a time-dependent state can become elaborare or even chaoric. In i
logical realm, changes in energy rransducrion cause analogous chang
havior, During evolution, the ability of organisms to transduce ener
biochemically useful energy (ATF) has improved so that the amount
energy per cell per second has increased and is manifested by dr
dynamic changes.

An outstanding example of this increase in energy-input capability 18
storage by phosphagens. As [ have argued (Secton 3-4), the acquisit
Arg-P as a functioning phosphagen may have been a key step in the i %
from unicellular ro multicellular life forms. It is essential for the functl
" gele tissue i.“ Tt o h.igh den__la“d am.i iy alsd found Pmmj,ﬂnﬂm Ve to a sophisticated neuromuscular system containing a central pro-
with nervous assue, even in the simplest invertebrates, mcludll_‘lg'hﬂ't £ COrtey
and jellyfish. The hydra’s nervous system was shown in Figure 4-13 E ]
possess simple, segmented nervous systems (Figure 5-1), and some | ;
posses only a ring of neurons. '

The polychaetes and the octopus, which employ unusual phosp
signs of a more sophisticated nervous system conraining segment

Seprncntl nerve

segment] gnglion

nervous systems. (@) Mervous system of o planarie. b Mervous syseem ol 4 nereis.

L ﬁﬂfnml‘f panglia. Here, oo, the tssues i which phosphagens are
y found are the excitable tissues, muscle and brain.

volution of central nervous systems corresponds with the rise of the
L, all of which use Cr-P. Increasing the rate of energy flow by chan:ging
2-P to Cr-P appears to have been the imperus for the transition from

"'.tﬂ.f'jﬂ‘medinte MNeural Network

rdate nervous system consists mostly of the intermediate neurons,
I (e e T L L L . e




158 { CHAPTER 3
¥Rty frct
Lierchnam

Olfrctiony bk Corehellum

CHIELSH \

T

example, have around 5 % 10° motor neurons and 10 intermediaren
ar abour 2000 intermediate neurons per moror neuron. The central p
system is structirally similar throughout the Chordata phyla, although
differences in che sizes of various parts exist, particularly in the cer
overall the design has been conserved throughout evolution (F
(Note that the six examples in the figure do nor constitute a sequence o
descendants; they are a collecuon of off-shoots from the main i
thercfore are only suggestive of an evolutionary sequence.)

The organization of the chordate nervous system is based on a sp
connecred o a central processor, the brain. The spinal cord, remin
the segmented nervous system of worms, connects o the limbs an
sensory and motor nerves, which interconnect ar che spinal column (
31. The spinal cord connects to the brain through the brain stem, which
to the limbic system (rhombencephalon), off of which extend the cerehel
the diencephelon, and the cerebral cortex. All these parts make up the |
which is composed almost totally of intermediate neurons (Figure 5-
cording to C. Judson Herrick (1922), the appearance of the “great interm.
net” marks a fundamental step in the evolunion of the nervous system
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and moad, also contains a small number of cell lavers. The cerebrum
tilavered; the layered structure underlies ies function as proces.
simulator, ]

i
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In clucidating the process of motor control, neurobiologists ident

3 : ! ; Y Marsuprials Cardbram
different types of intermediate neurons, their morphology, and th :
of their interconnecrions. The Purkinje cells play a central role i Cerehellum
coordinated motor behavior and in determining cangenirally fixed mo i

. - 4 : X LAT

Clear evidence shows thae this part of the nervous system has pi ' 'ﬁh
sensory afferent mapping of the organism's body in the brain anc )
efferent mapping from the brain back to the body (Figure 5-5). The 4 % Ofczan ik

and efferent fibers connecr ar the spinal cord, and from there connectiy
inro the brain (for instance, to the cerebellum). The cerebrum, as
limbic system, appears o provide several addirional kinds of mapp
functions onto itsell. The visual system, an extension of the brai |
an image of the organism’s environment and as such constirutes a ma
the environment into the brain. Motor control uses interactions with
system, the correx of which is multilayvered (Figure 5-6), much like
of the cerebral cortex, 1.
The coupling of the visual system and the motor system permits
to use its capacity for rapid simularion to anticipate the outcome of m
before they actually occur. Through cortical representations of orgs
vironmene collisions, difficulties can be anticipated and avoided
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nervous svscem. (o) The central nervous svsrem (black) comprises the brain and the
Sensory and motor nerves (white) connece limbs and tarso o the centeal nervions
The human brain. (¢) Afferent (ascending) and efferent idescending! pathways
the knee and the brain via the spieal cord.

ganisms and with the environment are usuvally nonlinear phenomena,
miulation is the only available approach to prediction and hence tn bebavior
CIe fo survival,

:.f"'-'fj!.mal Cortex

risual system is an ideal candidate for a nervous tissue simulator com-
‘and its architecture is an ideal model for higher cortical Functions
The capability of simulation by the visual system has becn explored
ned by work on visual cortex of the monkey, cat, and frog (Hubel
éﬁél 1974). The processing corfex contains as many as 20 layers of
'-'Is. each layer being a mapping of the nexe lower layer. Correlarions

Uisacrgiiion Enrr: firing patterns in one layer determine the firing partern of next
Michrmin 1 this way, the complex cells achieve the ability to distinguish edges,
Poins hapes, and so on. The ability to perceive velocity and even accel-
Madulla visualized motion resides ar a sufficiently high level in the layering,
Spinal cord . 0 called Ay percomplex cells individually recognize specific movements.
; |

sing is rapid enough o serve as a rapid simulator (see Section 4-
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FIGURE 5-4 )
Purkinje cells (e) and their [ocucion in the cormex (&),
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if the visual system is integrated with the cerebral cortex. The understand-
E_I*i_!_‘mw the layered scructure of the visual cortex works has advanced greadly

tyears (Marr, 19827 In addition, researchers now know enough abaour
al connections to build model networks thar exhibit simple behavior.
of the mast beautiful examples of such models is Valentino Braitenberg's
£ on synthedc psychology (Braitenberg, 1984). These models show a va-
sensory-motor behavior using relatively simple components (Dewd-

987).
pid Simulations
‘ith the ability to perform rapid simulations, the nervous system can pro-

otor control with three distinct capabilities. The firse, already present
rudimentary sensory-maotor reflexes of the Prechardara, is the so-called




Wi/ CHAPTER 3

BIOLOGICAL PREDICTABILITY [ 16%

ot compared with thar required for the evalution ol lite, roughly 100 million
vears compared with 4 billion. The fastest rares of brain evolution have oc-
“urred in the last million years in higher primates. Brain tissue assembles
during ontogeny from proteins that are coded and manufactured in a specific
quence by generic control mechanisms, However, culrural factors as well as
aric ones may determine the survival of a species population. For example,
ent groups of humans with vircually identical generic heritages have en-
in numerous bartes for selection which are determined by culrure, not
genertic murtation. Special weapons and organization skills have been de-
inant facrors in these strugeles for supremacy.

"Sbciai Evolution

he mechanism of evolution is evolving as a natural consequence of the
continuing evolution of energy coupling. Table 5-1 lists a number af steps in
volution of energy flow through organic matter, their associated mech-

[ ] tonimlateral eye

Ipsilateral eye 1s for evolution, and their biochemical signarures. _
“The last encry in Table 5-1 suggests sull another mechanism for evolution
i
2
5 i 5-1
g S rgy Flow Evolution -
h S Mechanism of Biuchemical
Nature of energetics evalution sfgnalre
y : upling and rransduction Pregeneuc proteinoid Rudiments of
/ microspheres glveolvss;
) pyrophosphate
il ke Molecular generics and ATP: electron
it Drarwinian selecoon rransport clain
L}

FIGURE 3-0
Visual cortex lavers of a monkey.

simple hehavior. In chordates, behavior need not be exclusively re
although pure reflexive homeostatic mechanisms are retained by

autonomic nervous system. The second capability is learning, in W
chordates have a rudimentary ability bur chordates excel. Learnin,
place over the ennre life-span of an individual and clearly oocurs
alteration of the genome, although gene activity may be involv
culture becomes a possibility for a sequence of generations of a specs
oceurs especially in humans but also in many lower forms mﬂh-ﬂ-ﬂl‘

energy utilization

_‘d simulation

indary ENErgy Use o

tuel social structures
Brain Evolution

The evolution of the brain significantly altered the population dyn
interacting species. The time required for cordical evolution has

Linicellular Trarwinian
selection

Transition to
MESOEOANE

Metazoan Darwinian
selecrion

Brain-based evolution
determined by
learning and culture

Cultural behavior of
populations;
civilization

Cyclic AMP, Ca' ",
phosphokinases

Phosphagens:
polyphosphates

Argluine-phosphare;
muscle, bone,
nervous Hssue

Creatine-phosphare;
central nervous
system

None; bur many orher
signatures such as
hear, electnoity,
coal, petrolewm,
fission
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beyond the nervous svstem. Wich brain, a new kind aof life has emerged: n"‘-: REFEREMNCES
iindividual organisms. Humans are among them, However, at ather sta
evolution organisms emerged rhar possess much less individual nerr.rnus.
for instance, the social insects, which use Arg-P as phosphagen, The diy
of collecrive behavior expressed by these species is astounding, In social ins
communities, the cohesive force appears to be chemical, The simple ne
system 1s devoted to processing numerous chemical signals, along with
and, wsually, vision. In humans, the cohesive force seems mose defini al
be embodied by rhe brain. Thoughts provide the bonding; they may
ified, replicated, translared, and murated, as are the genes and gene pr
In place of chiromosomes with muany genes, peaple have books thar | contain
heritable informarion. [
The emergent behavior of these metazoan collectives is predicared ¢
tvpes of energy that the collecuve processes. Far example, some ant calol
survive by cultivating fungi on green foliage harvested and shredded by w MNew York, [U83,
ants. Bees can make their hive homeothermic, using their wings ro evapos arr, 0., Virion, W_ H. Freeman, San Francisco, 1982,
warer thar they transport to the hive, whereas an individual bee is incs ‘Ricklefs, B. E., Erofoiy, Chiron Press, Newron, Mass., 1973,
of such a fear. In che final analysis, their lives revolve around I:rmldm
EMErZY reserve, haney,
The behavior of human collectives—such as clans, tribes, and nations:
also predicated on energy flux. Examples include fire for cooking, m
poteery, and meral tools and weapons; sunlight for agricularure; wind;
for seafaring commerce; motive force of steam engines for railroad trans
tation; combustive power of petroleum for locomotion such as aircraft
electricity for communication by relephone and relevision; and nuclear fis
fand fusion) for power generation and war.
In the transitions from unicellular to multicellular organization ane
prechordate o chordate organization, an energy-related signature is
the phosphagens Arg-P and Cr-P, respectively. It appears thar a phe
refinement, from Arg-P to Cr-P, has profound consequences. The
of refinements in energy use by human collectives also appears to
analogous importance. Consider, for example, the introduction of wi
electrical power. This power is different from the power of heat, st
windpower, coal, and petroleum in that these other types of energy flt
he transduced into electricity to power telephones, television, automn
printing, and electronic computers.
A refinement in cultural mechanisms has occurred with every refin
of energy flux coupling. Some steps have led ro dramaric, emergent be
The practice of collective agriculture made an enormous impacr, a5 did
advent of metallurgy and the bronze and iron ages. Recently, the I!Uﬂlﬂr
has followed che elecericity age, closely and intimately. Suddenly, a new
of energy flux is available. Is it possible that the energy flux pa.l:ﬂfﬂﬁ
now increased o a point thar could drive the nonlinear, dyriﬂl‘ﬂiﬂi pro
called civilization to chaos? Or is man's nervous system sufficiently adval
to predict future events and establish effective control mechanisms?

aitenbers, V.. Vehreles, Experoenti tn Syncdesre Poycladogy, MIT Press, Cambridge,
Mass., 14984,

Bullock, T. H., Latrodwction te Nervosr Syitems, W, H. Freeman, San Francisco, 1977,

Dewdney, A, K., "Computer Recreations,” in Scienvific Amervican 256 (19871 March,

B 1624,

ﬁ-ﬁ:lﬂs T, 0, "Evalution Evalving.” in Mafecsdar Evalaicon and Protobidogy, edited by K,

Marsuno, K. Dose, K. Harada, and T, L, Rohlfing, Plenum, New Yock, 1984

‘Herrick, C. I.. Newrofogtcal Foandations of Animal Bebavior, Heory Holt, New York,

R 1922,

a uhe] 0., and T, Wiesel, “Sequence. Regularity and Geometry of Orientaton Col-

~ umns 1o the Monkey Senate Cartex,” foarnal of Comparvative Nesrslory 158 (19741

L 2AT-294:
Eandel, E. R and J. H, Schwartz, Eds:, Prencipder of Nowrad Science, 2nd ed., Elsevier,




ions are restricted o those relevant ta this book. Numbers in parentheses refer to
‘in which & term appears in context in che book.

ii: Synthesis of biological molecules by methods that do notinclude organisms
but that are plausibly imputed to the primitive earth. (1-2)
protein component of muscle, (3-3)
d monomer- Monomer in an energy-rich state. In organisms, actvation is
achieved by chemical linkage to phosphate. (1-6, 2-1)
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affartery: regulation of protein funcrion ar one site caused by binding of effectgr -
ecule ar another site such thar a shape change takes place in the prorein, (3:2)
alpha particle (o) Nucleus of a helium atom, which containg two protons and
meurrons. (1-1) |
aming acrd; Monomenc constituent of proreins, Organisms use tweney differene 5
acids tn gene directed protein synthesis: (1-3) i
wming aord adenylate; Activated amino acd monomer. The activaron involves 5 ki
phare attached w nbose and adenine, 12-13 §
aming grosgs part of an amino acid which arises from the simple molecule amminng;
(1-3)
artbripod {ineage: One of two phylogenetic hneages used ro classify multicellular op

-

ganisms. It includes all che invertebrares. (The chordate lineage is the other.) (3.

4}
ATPgre: enzyme which catalyzes the hydrolysis or synthesis of ATP, (3-3)
artractor: Geometnie structure of limited exrenc in phase space thar is appr

carboxyl group. parc of an amino acid which arises from the simple molecule carbon
dioxide. {1-3}
catabolism: metabolic degradation of foodstufts. (3-2) _
,{'ﬂrlrn.faf gutomaton: Mathematical model char uses discrete nme miervals o osimuolace
' the evolution of a system over time. ldea arose with Turing machines in the 19508
and has advanced with the development of compueers. (4-111
chans: Disorder ina many-particle sysrem. Also, behavior of a tepe of wild phase-space
' trajecrorys it occurs swhen the associated dynamics possesses & pusitrve Lispunov
exponent, (2-4, 4-3, 4-3)
heminimosis: Mechanism by which the metabolic energy harvested by an electron trans-
port chain is converred o ATE, it involves an electro-chemical swte of the
cellular membrane, {2-3)
;g_hfdg:y: all the vertebrates and the proto-Chordata (sea-squitts, acorn worms, and
lancelers), (3=4)
chardate lineage: One of two phylogenetc Lineages used o classify mulucellular or-
asymptotically by a trajeceory represenoang the dvnamics of a driven, di 3 ganisms, It includes all the verrebrates and the Protochordata, (The arthropod
nonlinear sysrem. The arcraccor may be a fixed poiae, alimie cyele, or a complics lineage is the ather) (3-4)
geomerrical object with fracral struceure called a rrrawge arcraceor. If the motion eodan: Trpler of three adjcent bases in DINA or i messenger RNA thar code for an
on the atrractor 15 extremely wild, the attractor 5 called a chasric arrraceor, (4-5. . amino scid A wable of the genetc code fists the messenger RN A codons and their
antatrophy Organsm that has the metabolic sophisticarion needed o syathesize | cognate amino acids, (2-2)
muolecular constituents (including monomers, vitaming, and coenzymes) from very soenzyme: The part of many enzymes thar possesses the caralyric activiry of the enzyme,
simple fuod-sffs. (2-1. 2-3) the remaining part is the apeemzyme: and rogether they consritute the Solsenzyme,
axanal transpors. active energy utilizing process of molecule movement along the {1-4)
rerior of an axan, (3-31 \apformationa change: shape change in a prorein, (3-3)
Cpvalent bond: strong, electron pair bood. (3-1)
erosslinkr: intrachain connections in long polymers, such as disulfide bonds in proteins.
(1-3)
eytachrome: Class of brightly colored proteins, containing heme iron, rthar are com-
ponents of electron rranspaort chains, (2-2)
tytaskeletan: strucrural components inside a cell char determine cell shape and cellular
organelle movements. These components are made from vither the proteins acan
and myosin, as in muscle, or from the protein twbulin, (3-3)

bacterfophage: virus that multiplies in bacteria. (3-3) _

bases When used as sbe bases i biology, the ward refors to rwa purine bases (adenir
and guanine) and theee pyrmudine bases (cytosine, uracil, and thymine) that o
bine with a five-carbon sugar (nbose or deoxyribose) and a phosphate group;
make nucleic acid, the monomer of DNA and BENA. (1-3)

fate pairing: The formation of hydrogen bonds berween two nucleic acids (hases)
have a specific chemical preference for each ather: adenine with thymine (0
vracil in RNAL and cvrosine with guanine, (2-1)

beter devry: process meidiated by the weak fundamental force. The decay products
clude an electron and an antineutring. In bera-plus decay the products are a pos
itran (positively charged clecerond and a neutring. (1-1)

fifsercation: The splitting of a fixed-point atcracror into a two-point steractor, of €
ineo four, erc. Bifurcation is conerolled by adjusting che parameters that co
either the driving terms or the dissipative terms of a driven, dissipative dyi
syseem., (4-H) _

big bang model: Currently dominant theory for the origin, from a point source, of |
universe and all the marter-energy ook (1-1)

Boltzneaun's formula: Marhemancal expression giving the relative probability for a ] e
ruatien thar changes the enerey by the amount £ in a systeny in thermal fqﬂjuﬁf%‘,
at temperarure T chat is, expl — Bk T), where £y is Boltzmann's constant, {1+

ﬁ_l-ﬁjr_n'ran'au condeprration: Chemical linkage between monomers in biological polymers
~that removes one molecule of warer, Such linkages can be broken by absorprion
of a molecule of water, a process called byafralpeds. (1-4)

NA (deacyribonuclerc acid): the molecular basis of genes. (1-3)

ven dissipative system: Any system with an energy-flow input and with @ mechanism
that degrades enerey inpucs into heat, (-7, 5-2)

tor: protein binding molecule iavalved in regulaning protein funcrion, (3-2)

ron transport chair Chain of reactions using cytochromes, iron-sulfur proteins,
quinones, and other proteins o produce useful energy, mostly in the form of ATP
in aerobic and phorosynthetic metabolism. (2.2}

emergent property: Property of a struceural level inoa hierarchy that cannor be predicred
from rhe properties of the components of the antecedent level (3-3)

~enerey fTonn Changes in the dynamic state of matter caused by energy inputs, (1-1, 2-
L L 2-4)

EMErEy franrduction: Conversion of ope type of energy into another. Examples include
conversion of oxidation-reduction energy into phosphate bond energy and con-
version of light energy into oxidation-reduction energy. (2-3)

calmodulin: Calcium-binding regularory protein found in many organisms. (3-3)

carban ydle: Process in some stars that produces energy and synthesizes chemical
ments. Also, in photosyathetic metabolism, the pathway responsible for the : fir
thesis of carbohydrares (1-1)
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histone: A DN A-binding protem o eukaryores. {53-3)

pydrogen bond- bond berween rwo atoms created by sharing a proton. P31

padyssi: The cleavage of a dehydranon bond by water. All biological polymers can
be degraded into their free monomenie constituents by hydeolysis. (1-6, 2-1)
drophotbite Bomas the association of nonpalar groups with cach other o agqueous so-
Judon, arising because of the tendency of water molecules o esclude nonpelar
molecules, (5-1) .
J.Illb.ﬂ[,ﬂjﬁbé?‘ﬁ_'; One of three components of the earth’s surface environments (the others
© are the ammosphere and che lichuspherel. The hydrosphere is made up of the
oceans, lakes, rivers, dowds, and ice-caps. (1-2)

entrapy: Thermodynamic stare funcoon thae measures che degree af disarder jn
rem ar equilibrivm. As beat s transferred o a system, us enropy increases
second law of thermodynamics for an solated system 15 stated in terms af ¢t
cntropy. (2-4,.3-1% .
enzyme. Binlogical catalyst. Tt ss usually specific 1o a substrate and reaction and
NIF TRy ot Confain @ coenzyme or inotganic compound that is the locus of car
activiey. Ie may be regulated by binding special factors or by chemical modifios
caralyeed by other eénzymes, (2-1)
etwkaryode, (also cucaryore) Coll thar has a membrane-coclosed nucleus, more than one
chromosame, and organetles. Nearly all cells of the higher animals, Fui-.gi," .
tozoa, and many algae are eukarvores, which probably evolved from prokaryg
(A '
evsdaetron: Literally an unfolding, meaning an opening our o o process of developm;
formarion, or growth, This meanmg is used m this book when discussing ch
of a dynamic system over time. Orherwise, the more specialized biological m
is intended: changes i species type over many generations. Darwin's theory
nacutal selection provided a mechanism tor evalution which the study of molecular
genetics later elucidared. This book expounds un underlying energy-related me:
anism for cvolunon, (5-1)

mrermediate newrons One of three major types of nerve cell. Sensnry neurons provide
input to the NETYOUS SySLENL muksy MULrons provide outpur from the nervous sys-
tem to the muscle tssue; and mfermediar neuruns, which lie berween, process
the input into outpur. (3-4]

s cataserophe: Event during a molten stage of carth (ubour 3.8 billion years ago) in
which heavy elements such as iron melted and sank into the center of the earch,
leaving behind the ligheer siliceous crust and mantle. (12, 2-1, 2-3)

mt" a phosphorylanng enzyme. (3-2)

Sivst mersenger: hormone or nearorransmicrer substance which inigates activiry in:
citic targer cells (3-3)
Jixed pafnr. The simplese arcocror (qv) for a driven, dissipative system. No
how the system begins, irs state asymprotically in tme approaches che fixed p
Adjustment of paramercrs can cause the fixed poinr ro bifurcare, become a
cvcle, or enlarge ineo a seeange ateeactor. (4-4)
Jree energy: Theemodyname seate funcoon tha arises along with entropy dond inter
energy, There are twi types: Helmhbolee free enerey for syscems in contace v
thermal reservoirs and Gibbs tree energy for systems m contact wich thermal
pressure rescrvoirs. Free means only thar the energy 15 available for doing
(3-1)
Sree emergy of formatron: Change in Gibbs free encrgy thar arcends che conver
elements inrn o maolecole. Molecales with highly neganve free epergies o
mation are thermuodynamically seable relative o the elements from which they
e, {1-2) h
furanarer is the five-membered ring farm of simple sugars. (14}

Liapunov expanent: The & in explhel, - .. It owo arbitranly chosen trajcrfnrirs Legin
[ from two initally very close rogether points in phase space, and if their early
evolution results in exponentally diverging separation of the foem: explasl, then
A is the Liapunov exponent. (4-31
"ﬁr’l cyele: An ateracror thar s 4 closed curve. (4-4)
lipid: molecule containing long, nonpolar tarty acid chain and polar end, an important
consotuent of membranes, (3-11
Jithosphere: The earth’s crust and the upper part of the mantle © which the crust is
~ mechanically coupled. (1-2)

amelecule: Any large polymer: proten, polynucleodides, or polysaccharide. (2-1)

brane: Sell-assembled owo-dimensional surface conraining lipids aod proceins. The

closed, purer envelope of a cell is o membtane, as is the cukaryatic nuclear en-

velope. lntact membrane structure is essential for chemiosmosis. (2-23

welastable: Thermodynamically unstable moleeule ar comples which has a very slow

~ natural rate of degradacion. (3-1)

micrarfbere: Self-pssembled sphencal shell made of proteinosd, the beundary of which

can display membranlike activity. Micraspheres can serve as models for lifelike

structures that may have evalved as precussors to priminye life. (2-3)

cratubule: Cytoskeleton component aggregared from cubulin prorein molecules, (3-
3}

itochondria: ATP-generating organelles in eukaryores. (3-1)

it Process during cellular reproduction by which the replicated chromosomes are

segregaced inco daughrer cells: (3-3)

d oligamer: Small polymers formed when monomers of different types, somerimes

with phosphate, are poly merized (for example, rrimers and terramers). Coenzymes

are impormnt examples. (1-3]

trgmer: Small molecule thar can polymerize with others by dehydradon linkage, The

' Mitjor types are amino acids, monosaccharides (sugars), vitamins, and nucleotdes,

(1-3)

genetie code; Brochemical basis of heredity consisting of codons in DNA and RNA
derermine the specific amino acid sequence in proteins. The code'is essential
the same for the forms of e studied so far. (2-2, Table 2-2)
ghyeoliic: Glucose metabalism pachway thae parcially axidizes glucose; converting
prruvate and transducing some of its free encrgy of formarion iao phos
bond energy in ATP. It is perhaps the oldest form of energy transduction.
wfyrviedic findage: Diehydranion condensation berween rwo sugars (monosaccha
it is hydrolyzed by warer. {11}

beterarraphs An orgamism that lacks the metabalic sophisticanion necessary to §
all of its molecular constiruenrs from very simple food souffs and cherefo
tir have some molecules in its diet. The reguired molecules are often aming
and vitamins, which are components of essential coenzymes. Humans are
arrnnhs. (-1 223%
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muntsaccharide: Simple sugar monomer. (1-3) J.,m,-_-fgp.';'u'ﬂ-_ Macromalecular nucleic acids made of nucleoride monemers linked by

meorfhagen: Chemical substance char reiggers morphological development inan embryg phosphodiester bonds, The major types are DNA and RNA. (1-5, 2-1)
Alan Turing imvented morphogen models of gasteulaton. (4-2) T porwer speciriin; Result of a Fourier analysis of the tme course of a phase-space tra-

myatin: Pratein component of muscle. (3-3)  jectory lor a dynamic system. In linear systems, the power specrrum provides the
values of the lundamental frequencies. [n nonhinear systems, the power spectrzm
also reveals Overtones and harmonic mixoures. (4-3)

Prechardata: All multicellular mvertebrates. (3-4)

predicrability: Quality or stace of being prediceable. Lo this book, the problem of fore-
casting the ourcome of nonlinear dynamic events. lis solunion requires rapid simu-
lpnion, (48, 4-10)

pﬂ‘mpra’;'dfd'uzm: The ser of twelve chemical elements from which a hypothetical midel
for minimal cellular life can be conscructed, (1-1]

prakaryore (alis procavyorer; Small, single-celled organism having only a single mem-
beane, the cell envelope. They include bacteria, blue-green algae, spirocheres,
rickertsiar, and pleuropneumonialike organisms. They possess only one chro-
mosome, (3-4)

proferns: Macromolecules containing many aming acid monomers connected by pep-
tide bonds. (1-3, 2-1)

proteinoid: An abiogenically produced polymer of amino acids made by dry heating of

© amino acd miztures: le serves as model compound for pomicive proteins, (2-1,

L 2R

Protochardata: Three types of organism believed o be the precursors to chordates.
sea-squires, ucorn worms, and lencelers. (3-4)

Purkinfe celf- Prominent cerebellar intermediary neuron. (5-4)

}Jﬂrﬂﬁbﬂ.{pburr: Phosphate dimer molecule, the simplest example of o phosphodicster

" bond and of a high-energy phosphare bond. Ir may be the form of phosphare
energy used by primirive life before ATP evolved, {124}

mewrstvanspentter: Molecule released by one nerve axion which riggers a response in.
a second nerve to which the fest deeve is arrached ara syoapse, (3-3) '"-
nsclear fuidon: Primary energyv-generanng and element-generacing provess in st
nucleasynthesis, (E-10 i
nueleniide: A maolecule similar to o nucleotde bur lacking the phosphate group, (14,
2-1) i
wuclestide. Monomernic precursor to polynucleondes (nuclear acids) such as m.m_iﬂ;
BNA, It conmains purine or pyrimuline bases, ribose, and phosphace. {1-4] H

fiprearcharide; Small sugar polymer such as suceose, a dimer, | 1-4)
axiadation-redwetion veaction; Chemical exchange of clecerons, which may be ACCOMm=
panied by proron exchanges. (2-1) T
awidative phaiplarylation: Production of a high-energy phosphate derivarive of o s
strate molecule using oxidation-reduction enecgy transduction o drive the reace
tion, (2-2)

pepride; Combination of owo amino acids linking the animo group of one with th
carbioxy] group of the acher, (1-33 ;

peptide Imkage: Dehydration linkeage berween two amino acids in a protein. (14
11

period dowbiing: Increase in the time it rakes a trajectory 1o complete one eyele WH.
a limir cvele divades into rwo interconneceed cyveles {a hifurcarion ). N

phase ipace: Geomerrical space defined by the w variables thar satisfy coupled, first-
order i time, differential equations. 1t should noc be confused with urdinarr'thr{',
dimensional space. (4-31 '

phorphagen: High-energy phosphate compounds used by arganisms for energy storage
w support the energy demands of cxcable nssues. (3-4) -

phorphare: Moleculur form of phosphorus used by organisms. A molecule of phosp

rapid simulator; o nonlinear dynamics, @ mechamsm that simulates the fueure on a
faster rime scale than that which exists for the real ume system heing simulated.

L (410

ted giant: is 4 large, cool star of high luminasicy. (1-T)

regulation: Control of enzyme hinding of substrates and their catlytic action, (3-2)

resfdwer; Dhstincrive chemical groups in amine acids: (311

retonani: reactions or interactions in which the frequencies of two different reacrants

. care equal. (1-1)

RNA (ribonncleic acid): Molecular basis of gene transcription and teanslagon, mRNA
is messenger RNA, the transcription product of genes. tRNA s fransfer RNA
used in rranslaton of mRNA into protein, a process coordinated by ribosomes,
which also contain rfRNA, i.c., ribosomal RNA, (1-3)

pharus; it can possess four ionization states, depending on pH. At typical o
ismic pHs, phosphaee s doubly charged, having losr two protons o ienization
(21

phaiphate bond: Linkage between s subsersre molecule and o phosphate moleculel
may be energy-rich in some sicuations, such gs in actvared monomers. (2-17°

phasphisdieiter-bond: Dehvdration linkage between nuclentides ina puifnucim:idl‘-‘;}':f-.lé*"
1l

phoighelipsds Lipid molecule with a polar end contmning phosphate. (3-1) _

plate tectonrc: Study of geological processes based on the idea that large pieces (pla
of the earth's crust and upper mandle are slowly moving, Plates are creared alon
an approximarely 40,000 mile long oceanic rifr containing thermal venes and
subducted along continent edges. Over millions of years, plates move hundreds
of miles, collisions occur, and climare changes are dramatic. This idea has revos
lutionized peology. (1-2)

palymers: Large molecules made up of many monomers linked ragecher by dehydrati
condensations. The major linear types are the proteins and the polynucleotidest
the major branched type 15 the polysacchandes. (1-6)

Jem:zd law of thermedynamicr: The statement thae for an isolared system ar constant
energy, rhe equilibrivm state is the state of maximum entropy, For systems in
contact with a thermal reservoir, the second law stares thar the Helmbalez frec
energy is a minimum at equilibrium; and for syseems in contact with both a thermal
reservoir and a pressure reservoir, the Gibbs free energy is minimum ar equilib-
rinm. (2.4, 3-1)

Jdecond mersenger; Molecule (cyclic AMP or eyclic GMP), the production of which 14
triggered by first messenger, thac rriggers cellular response. (3-3)

A
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self-wisembly: Process by which molecules recognize each other and aggregate ingg.
plexes and even into membranes, The process exlubits specificity and is d
by entropy changes in the assoduted water molecules, (3-1)
teflar warlesryntberis: Mechanism of tormarion of the chemical elements in starg)
Li
strong seclear force. One of the four fundamental forces in narure (the others _'
rhe pravitadonal, the weak, and the elecrromagneric). Strong nuclear fm-;
over 2000 tmes stronger than eleciromagnensm, the second s Str{.}ugﬁsr a
[srces. {1-1)
wwbsenie In an enzyme, a chain in s complex of several polypeptide chains, (3-1)
pratberare: Enzyme responsible for che speatic acachment of an amino acid w0 G
cognate RN AL (2-3)

fetrammer; Prorein complex made from fouer subunies. (3-2) ]
sramrcreption: Process of converting the sequence of bases of a gene ioto the comp
mentiry sequence oo messenger RNA (mRNAY e is the firse step in m <~
directed protein hiosynrhesis, (2-2)
trandatron: Process of converring the base sequence of mRNA into the aming
sequence of A protein. (2-2) k
eranstationud motion: The motion caused by linear kinetic energy. (3-1)
ertcarboxylic avid cele: (Also citrie acid cyele and Krebs cvclel; Pathway in energy!
tabolism that exeracts clectrons from pyruvare and feeds them o the c'l crr
eransport cham. (2-2)

mrodwros; Mythical serpent symbolieing the wea of self-begering. (Introducton,
215305, 3 d) '
wrlNA: Short RN A molecules used in this book as the madel for primitive molec
generics at the beginning of life, (2-3)

ran der Weaals bond: Weak short-range force between rwo molecules caused by ind
dipoles, (3-1}
variational principle. Physical principle in which some quantity maintains an ext
imaximum or minimum} value, (3-3) ' o

sfeme: Primordial material ar the starr of the expansion of the universe which we
observe billions of years after the original “big bang.” {1-1}

-ﬁ-hlugencsis. 169

ion, 14

-&mﬁ&ﬂiﬂilﬂ

Acid-base reaction, 40

Erun 91, 93, 100, 169
'I-‘ated monomer, 37,
41, 42, 44, 46, lﬁE?

ﬁ?ﬂ?&iﬂn encrgy, 36, 44,

Active sulfate, G4

Adenine (A}, 24, 37,54

Adenosine-3"-phosphosul-
fate LAPS), 64

Adenosine riphosphate
(ATP), 40, 50, 95,
165

Adenosing rriphosphate
{ATP) synthesizing
enzyme, 33, 80

Adenyl cyclase, 87, HH, 93

Allosteric regulation, 80,
aa

Allostery, B4, 170

Alpha pardcle (a), 9, 170

Aluminum, 12, 13

Amino acuds, 20=-22, 45,
170 _

Arino acld synechesis, 88

Amino acyl phosphate, 41
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Amino acel-ribonocler
acid ester, 67

Anncodon, 54

Apocozvme, 5

Agueous zone, 36

Arginine phosphare (Arg-
Pi, 9544, 144, 143,
134, 163

Arthropod hine, 96, 97,
Q0. 1FH)

Armosphere, pronmive, 203

ATPase, 170

Arrractor, 114, 1L, 120,
132, 154, 170

chaone, 114, 116, 123
stounge, 114, 116, 123

Autocaralysig, 133

Aurocaralyoc morphogen,
L7

Aurocatalytic vxidadon,
249

Autocatalyoe seep, 11, 143

Autonomous syitem of
cquarions, 121

Autotroph, 48, 04, 170

Axonal transpore, 170

Bacrerial membrane, 33
Bacreriophage, 170
Base, 1710
puring, 21
prrimidine, 21
Base pairing, 44, 54, 170
Belusov-Zhabarnnski
reaction, |24
Beta decay, 170
Bilurcarion; 114, 115,
122, 123, 133, 134,
170
Big bang model, 8, 170
Biological predicrahiliny,
1%L
Boltzmann's tormula, 19,
.81, 170
Rond:
covalenr, #1
debvdration, 21, 32, 36
glyvcosidic, 27
hydrogen, 81
hydrophohic, 81
pephde, 21, 41
phosphodiesrer, 34, 54
van der Waals, Bl
Bone, 100

Brain, 142, 157, 160
Brain evoluton, 139, 164
Brain seem; 1548, 163

Calcire, 94

Calciom, 13, @1, 92, 94,
e

Calcium carbonare, 99,
T

Calcium phosphare, 19,
Ty

Calmodulm, U, 92, 170

Cambrian, 57

Carbamyl phosphate, 48

Carbohydrares, 20

Carbon, 10, 13

Carbon cycle, 11, 170

Carbon-nirrogen (CN)
cyele, 11

Carboxly group, 171

Carboxyl-riboie esters, G0

Cardiac oscilaror, 130

Cargbolism, 171

Caralyse, 31, 55, 63, 70

Caralyeic peptide, 43

Cech's model, 65

Cellufar auromaron, 1442,
[43, 145, 146, 171

Ceflulose, 9t

Central nervous system,
L[58, 160, 161, 1G5

Cephalochorda {lanceles
ar amphioxust, 90

Cerebellum, 158, 160,
163

Cerebral correx, 158, 1064,
HEE)

Chalcopyrite, 51

Chandrasekbar number,
127

Chaos, [049, 116G, 120,
122,125, 27, 130,
131, 134, 142, 143,
174

Chaoric trajectory, 21

Chemical ordering, 73

Chemosmuasis, 2, 51, 171

Chemosmonc
phosphorylation, 39

Chirin, 33

Chordara, 95-97, 157,
171

Chordate Hoe, 946, 97, 99,
171

Chromosame, 53

Circadian rhythms, 155

Closed-form solution, 105,
112, 117, 120, 131,
134, 147

Cedun, 54, 171

Coenzyme, 24-26, 31, 15.1
L7

tunetions, 31

Coenzyme-A (CoA), 30,
31,51, 52

Collagen, o

Collision frequency, §1

Complementary groups,
Bl

Complex behavior, 147

Complex cells, 161

Complexicy, 141, 142, 146

Computer program, 156

Compurter simulation, iﬂj;
13, 132, 141

Eun!—urma:iunal change,
fa, 171 y

Canrrol, 79, 84, 89, 153

Couverte-Taylor system,
123

Coulombie force, 8

Coupled ordinary
differnetial uqumum&, i
120

Covalent bond, 81, 171

Creatine phosphate (Cr-P),
9598, 144, 145,
1534, 1635

Crosslinks, 171

Cyvanate, 48

Cvelic adenosine
monophosphace =
foypelic AMP), Ba, 874
90, 93, 163

Cyridine-3-triphosphate.
(CTP), 84

Cyrochrome, 49, 52, 53,
171

Cyrasine (€}, 24,34

Cytoskeleton, 92, 96, 99,
171

Damped harmonic
oscillator, 119
Damped pendulum, 1159
Darwinian evolution, 142,
146, 152, 154,165
Deh}'dmtinn hond, 36

Dehydration condensarion,

21, ZETE
Dephmphurylaﬂﬂn Eo

Derermintstic stochasticity,

141
Deuteron, Y
Diencephelon, 158, 16d)
Dimenstonality, 107

Dimerization. 11

G, 7-Dimethylisoaliozazme,
24

Disorder, 74

Dissipative systems, 04,
120, 142

DA (deoxyribonucleic
acid). 29; 31, 54, [71

Driven dissipative sysrem,

142, 14% 147,134,
156, 171

‘Driven nonlingar system,

116, 122, 147, 156

n filrhrr.m pendulum, 142

| Effecrar, B4, 171
Electron transfer, 44

Electron transport cheun,
40,51, 33 80, 163

'-FIIIp:iE integrals, 118
- Embryogenesis, Ui, 100

Emergent property, 43,
03, 04 T2 155, 171

~ End-produce inhibition, 84
- Energy;

activation, 36
Eravitational, 8
nuclear, §
oxidation-reducdon, 40,
48, 38, 62
phosphate hond, 3, <40,
38, 59
Energy coupling, 47
Energy-driven
~ polymerzation, 4i)
Energy-driven system,
I 104, 129, 144
Energy flow, 2, 7, 8, 13,
22,3743, 74, 104,
153-15%, 1a3, 171
muphysurul 40
rgy-flow ordering, 74,
130
EIIErgg,' inpurs, 122
Energy metabolism, 4%,
04, 95, 154

Energy storage, 3, B4, 94,
05, 153, 154, 163
Encrey transduction, |72
primordial, 59, 63
Enteropnedsca (acorn
waorms), Yo
Eneropy, 74, 82, |72
Entropy-driven process, 83
Environmensal evoletien,
132
Enzyme, 172
Enzyme complexes. B
Equartion:
autonoemous system, (21
coupled ordinary
differeneml, 120
first-arder ordinary
differential, 108, 114,
117, 143
hydrodynamic, 122
partial differenoal, 105,

143
reacuon-diffusion, 104,
105, 143

stuchasoe coupled
differential, 120
Equilihariuem, 65, 73, 74
Ester, 35, fi6, 67
Eukaryuee, 172
Evalurian, 7i3, 70, 94, 97,
L2, 146, 147,152,
153,196, 58,172
ool the brain, 1549
Darwinian, 142, 146
environmental, 152
mechamsm of, 152
sacial, 163
Excirable rissue, 3, 93,
153, 154, 157, 165
Excitacory feedback, 53
Excited state, 110)

Farey addation, 139

Felgenbaum map, 131-
133

Feigenbaum numbers, 133,
134

Feigenbaum universality,
127, 131, 133, 134

First messenger, 90, 172

First order ordinary
differential equations,
108, 114, 117, 143
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Fixed ‘poine, 111, 113,
[ 14, 132,138, 172
Flavin-ad ening
dinucleotide (EAD),
A0, 51:51,52
Flavin mononuclecude
(EMN, 28, 31
Fluctuation, 112, 116,
129, 154
Fosal, 96
Fonrser cransform, 114
Fractal, 116, 125, 130
Free energy, 74, 52, 172
Free energy change, 36
Free enerey of lormation,
14, 16=1%9, 172
Furanose, 172

Gene, 54, 143

Genene code, 53, 68, 69,
172

Grenetic engineeting, 133

Genetics, 152

Genatype, 152

Genphysical cnergy flow,
4t

Crlucose, 23

Gluamic acid, 31, 43

Glycogen metabolism, Hd—
HE

Glveolysis, 449, 30, 385, 62,
6%, 172

Glycosidic bond, 27

Glycosidic linkage, 172

Gravirauonal collapse, LI,
12

Crravnational energy, 8

Guanine (G, 24, 54

Guantne-3-rriphosphate
(GTP, 84

Hamiltoman dynamical
system, |18 FIY
Hamilton's principle of
least action, Y4
Harmomie oscllator, 188
Heliom, 4,9, 11, 13
Heteroroph, 45, 94, 172
Flistone, 173
Histone regulanon, B2, 93
Homotwopy, 117
Hormone, 874
Hoas-dry zone, 36
Hydra, 145, L4
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Hydrodynames, 122- 129

Hydrogen, % 13

Hydrogen bend, 81, 174

Hydrolysis, 20, 35, 36, 41,
63, 173

Hydrophobic amino aced
residue, Gl

FHydruophebic bond, 81,
173

Hydrosphere, 173

Hydroxyapatiee, Y9

Hypercomplex cell, 161

Inhibitory teedback, 83,
gH, 143

Instabalicy, 106

onset of, 106
swammeng, 7

Intermediare newral
nerwork, 157

Intermediare neuron, 157,
173

Ineerstellar space, 20

Invertebrates, 95

Iron, 12,13

Iroin catastrophe, 14, <48,
SU. 62,173

lron fox, 1HD

[ron-nickel core, 14

Iron-sulfur compound, 44

ron-sulfur prowein, 49, 53

sodated system, 74

[soeymes, BE

Kinase, 86, 87, 92 93,
173
Krebs cvcle, 49

Landau route o chaos,
125
Liapunow exponenr, 1049,
110y, 116, 130, 173
Limbic svstem, 154
Limir cycle, 112, 114, 116,
L3, 138, 173
Lipid. &1, 80, 173
Lipea acid (LS5, 29, 31
Lithosphere, 14, 20, 173
Lorene model, 122

Macromalecule, 32, 43,
L74

Maynard Smich model,
[35, 142

Melanocyre-snmulatng
harmone (MSH), 01,
iy

Membrane, 8k 173

hacterial, 53

Membrane potennal, 51

Message transmussion, B4

Messenger ribonucle acid
(mBRMNAY, 54

Merastable, 173

Meteone, 20, 4%

Microcompurer, 104, 112

Microsphere, 173

protemoid, <0, 359, G1=
63, 70, 93

Mrcrntubule, 92, 173

Mitochonden, 173

Mitosis, 174

Mixed aligomer, 21, 29,
26,32, 173

Mode lockimg, 123, 138

Molecuales, small, 13

Molren mantle, 14

Monomer, 8. 21, X4, 174

acovared, 37

Monosaccharide, 21-21,
174

Moon, 20,43

Maorphogenesss, L4, 155

Maorphogen, 105=107,
153, 174

Maoror neurons, 136, 157,
Il _

Muscle, 91, 93, wh, 144,
157, 163

Muscle contrpenon, U2

Murarion, [32

Miosin, S0, 93, 100, 174

Mervous-nerwork
mapping, 144
Wervous system, 144, 156,
138
Mervous tssue, 3, 95
Metral network,
intermediate, 157
Meuran:
intermediare, 157
motor, 150, 157
sensory, 156, 137
MNeurotransmiteer, Y0, 174
Meurring, 8
Meutron, 8
Miacin, 24

Micotinamide-adeninge
dinucleatide (NALY,
200 31, 50-52

M onnamide
monoucleatide
(MMM, 28

Nonhnear dynamics, 103,
143,147 iR

Nonlinear sysrems, 3, 156G

driven, 116, 156 '

Nuclear encrgy, 8, 165,
{510

MNuclear foece, 8

Maclear fusion, 9, 10, 174

Muclear reaction, 9

Nucleoside, 26, 27,174

Nucleoside activarion, 46

Nucleoside phosphates, 332

Nucleoude, 26, 31, 174

Oligomers, 34
Oligonuwclennde, 44
Olipnsaccharide, 26, 174
Onsager's theory, 94
Oparin-Urey scenario, 20
Orbat bifurcation, 122°
Cirder, 74
Origin of life, 57
Oinigin of oceans, 57 A
Oscillations, 108, 110, 114
Dradanon-redection
energy, 40, 48, 58,62
Chndacion-reduction
reaction, 31,174
Oxidurive phosphorylaton,
50,60, 174 i
Oreveen nucler, 11
Ceone, 36, 598

Palenzoic, 57

Pantothenic acid, 235 i

Partial differential
equation, 105, 143

Peptide, 174

Peptide bond, 21, 410

Period doubling, 127, 174

Phase space, 109, 174

Phenarype, 152

Phosphagen, 3, 5, 95=98;
144, 145, 133, 1560
LG5, 174

Phosphatuse, 86, 87

Phosphate, 25, 27, 8%
153, 174

Phosplare bond crergy, 9,
Aty 58, 39
Phosphodiester bund, 34,
54, 174
Phospholipsd, 174
Phosphorus. 12=14, 37,
94
Phosphorvlanon, 5%, 6,
By
Photodisintegririon, 13
Photon, 9

Photosynthesis, 55
Plate tecronics, 14, 132,

174
Poincard map, 1O, |10,
121
Poincard scotion, 124, 121
Polymer, 8 21, 32, 33,
a6, 31, 175
Polymicrase, 34 _
Polymerization, 34, 30, 40
encrey drven, 46
Polymer synchusis, 33, 44,
49,70
Polyonucleondes, 33, 3.
17%
synthesis, 44
Polypepnde, 33
Polypepnde cross-catulyss,
43
Palyphosphare, 95, 163
Polysaccharide, 22, 23
Population dynamics, 131,
153
Positron, &
Power spectrum |, 1L,
115, 126, 128,173
Praondt! number, 127
Prebioric earch, 10
Prebionc enoergy ransfer,
40
Frecambrian, 57
Prechordar, 95, 96, 175
Prediceability, 3, 104, 134,
143, 144, 179
biologieal, 151
Primitive atmosphere, 20
Primitive earth, 48
Primitive polypeptide
tormarion, O6
Primirive syntherase, 71
Primirive transfer
ribonucleic acid, 72

Prirmitive uraboros, 34,
a4, 93

Primordial dozen, 12, 13,
LTy

Primerdial cnergy
rranscucrion, 34

Primordial gene, i

FPrimordial life, 34

Primordial messenger
ribomnucleie acud, B

Prokarvote, 175

Protem, 22, 179

Proveswaid, 44, 60,61, 75,
91 03,175

Froreinoid microspheres,
A6, 53U, A1=h3, 43,
70, 93

Protein synthess, 44, 34,
4

Procochardara, 9597, 1735

Promon-procon reacrion, B

Psvchology, syntheae, 103

Purine, 21; 24,29

mananucleotde, 47

Purkime cell, 158, 162,
175

Pyridoxal phosphate
iPyrPi, 31

Pyridoxine, 23

Pyonudine, 21, 24, 23

Pyruphosphare, 21, 4,
A48, 38,62, 03, 173

Pyrvvare, 3, 51

Quinone, 19, 93, 62, 63

Rapid simularor, o, 104,
135, 143, 155, 138,
161, 163, 16%,.17%

Rates of reacton, 6%

Racional aumbers, 123

Ravleigh-Benard svstem,
125-129

Rayleigh number, 122,
126

Ravleigh's principle of
least dissipation, 94

Reactions:

acid-hase, 41

Belusov-Zhaborinski,
129

nuclear, 9

oxulation-reduction, 31,
40
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praton-praton, 8
rates of, (19

eme enon-diffuseon
equations, L, 105,
143

Red giane, L0, 1L, L75

Repulavon, B4, 89, 99,
165, 175

Residue, 175

Resopant, [ 73

Reynelds nember, 124

Biboflaving 24

Ribose, 23, 27

Ribosome:, 34, 9%, 8

BEMA (ribonucle acd ),
2531175

BEMA polymerase, 54

Rossler model, 114-116G

Roranon number, 148
14

Houte o chaos, 143

Ruelle-Takens roure m
chaos, 125, 127

Second law of
thermndvnar_mcs. T4,
B, 155,173

Second messenger, B8, 90,
04, 176

Second order system, 108

SellCassembly, ol 759, 50,
B2, 108, 155, 176

Self-organizancn, 107,
Lohs, 136, 15%

Sensury-mator belavior,
1613

Sensory nourons, 156, 157

Separarrix, 118

Silicare, 14

Silicon, 12, 13

Symulacion; L2

computer, 103, 1405,
132, 111
papid, G, 104, 135, 145

155, 158, 1oL, 164,
165

Simulator archectere,
158

Shime maold (Dectistediom
discordenms ), 02

Small molecules, 13, 20

Social evalution, 105

Solid cruse, 14

Specificicy, 81
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Spunal cord, 134, 160, Lol

Seabiliry, 14

Stability macrix, 111

Srarocyst, 144

Stellar nucleosynchesis, 7,
B 176

Stochastic coupled

 dhfferential equarions,

120

Srramarolites, 56, 58

Strong nuclear force, 170

Seewctural seability, 117,
124

Subharmonic frequencies,
115, 122

Substrate-level
phosphorylation, 39

Subuniz, 176

Salfite, 62

Sulfice oxidation, 64

Sulfur, 12, 13, 549, 60

Sulfur-proteinoid, 5%

Supernova, 11, 12

Syntherase, 54, 70, 176

Syntherase evolution, 71

Synthetic pyychology, 163

Template acuviry, 46
Tetrshydrofulic acid
(THF), 31

Terramer, |76

Thermal bufter, 80

Thermal equilibrium, 73,
74

Thermal flectuanon, L2,
F1e, 120, 129, 154

Thermodynamics, 35, 74,
73,82

Thiamine, 24

Thiamine pyrophosphare
{TPP), 29, 31

Thicester, 5%

Thymine (T}, 24, 54

Trajectory bifurcation,
10, 122

Transler nbonuclew acid
(tRNAY, 54

Transceipnion, 176

Translation, 176

Transtacional entropy, B3

Tricarboxylic acid cycle
(TCA eyele), 419,32,
H&, 176

Triplet code, 54, 68

Tunicara {sea-squirtst, Y6

Turing maodel, 104, 10%

Two-base code, 69

Ubigquinong, 55

Ulrravioler (L) radaeon,

20,36, 38

Universaliy, 118, 127,

133
Unwinding enzyme, 5-i
Llraal (Uy, 24
Uridine-5"-triphosphare.
(LITP), 84 '
Urnbaros, 4, 47, 154, 176
initiation of, 47, 56 N
71,73
mciecular 36 1
primicive, 39, 56, 90, |
Uroboros puzzle, 3, 8,
15=37. 35 !
LIrBRNA. 176

vien der Waals bond, 81,
176

Wariarional principle,. 9-1,,
176

Vesicles, 80 ]

Visual sysrem, 138, IG,{*
104 .

Vitamin Ba, 24 !

Yitamin B, 2%

Warer, 80, 81
Worms, 97, 99 -

Yiem, B, 176




