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The Evolutionary History of Life

geologic time scale: a division of Earth’s history
into eons, eras, periods, and epochs defined by
major geological or biological events
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Defining Life

Aln fact, when we considerwhat life really is, and
how living systems can be distinguished from
nonliving ones, the ability to store and transmit
Information (genotype)and the abllity to express
tdhat information (phenotype) are perhaps the
most important criteria that set life apart from
nonlife.

ABesidesthe ability to evolveis a crucialcomponent
of anydefinition of life.
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Origin of Life ????

Aln 2004 a poliovirus was synthesizedin lab using simple
chemicals Thisvirus was capableof replicatingits genomeand
couldinfectlivingcells

eate Virus
Chem.\Ca\S

AAlthough virusesare not cells, they show some similarities to
living thingsand may be similarto someof the earliestforms of
life.
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Origin of Life ??7?

AWhat conditionson Earthbillions of yearsagocould haveallowed
for the creationof the first livingthing?

A What additional steps would be necessaryto get cells from
simplechemicals?



Early Thoughts About the Origin of Life

A Spontaneousgenerationis the conceptthat living things arise
from nonliving material Aristotle (384¢322 b.c.) proposedthis
concept and it was widely accepted until the seventeenth
century

APeoplebelievedthat maggotsarose from decayingmeat, mice
developedfrom wheat stored in dark, damp places lice formed
from sweat andfrogsoriginatedfrom dampmud.



Early Thoughts About the Origin of Life

AIn 1668 FrancescoRedi, an Italian physician, performed an
experiment that challenged the concept of spontaneous
generation

ARediconcludedthat the maggotsarosefrom the eggsof the flies
(biogenesis)not from spontaneougyenerationin the meat

Experimental
group
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Early Thoughts About the Origin of Life

2 days later

Sterile
broth

Experimental

Spallanzani’s Experiment

2 days later

(ermented
broth

Spallanzani boiled a meat and vegetable broth and placed this
mixture into clean flasks. He sealed one and put it in boiling water.
As a control, he subjected another flask to the same conditions,
except he left it open. Within 2 days, the open flask had a
population of microorganisms. Spallanzani maintained that this
demonstrated that spontaneous generation did not occur and that
something from the air wasyresposisitdefor thegoowthian the broth.
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Early Thoughts About the Origin of Life

Pasteur’s Experiment

Louis Pasteur conducted an experiment designed to test the idea
that a “vital element” (oxygen) from the air was necessary to
produce life. He boiled a mixture of sugar and yeast in swan-neck
flasks that allowed oxygen, but not airborne organisms, to enter
them. He left some flasks intact (the experimental group) and broke
the neck off others (the control group). Within 2 days, there was
growth in the flasks that had their swan necks removed but none in
the intact flasks. Thus, Pasteur concluded that it was not oxygen in
the air that caused growth in the flasks but that the growth resulted
from living things, which entered the flask when the swan neck was
broken off. This supported the concept of biogenesis and argued
against the concept of spontaneous generation.

Fermentable
solution J,

A,

Control Experimental
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Current Thinking About the Origin of Life

Ait is clearthat currentlivingthingsare the resultof biogenesis

ABut that does not answerthe question of how the first living
thing developed

AThereare manydifferent hypothesesthat have somesupporting
evidence

AAn Extraterrestrial Origin for Life on Earth: Earlyin the 1900s,
Swedish scientist Svante Arrhenius popularized the idea of
panspermia Panspermiais the conceptthat life arose outside
Earthandthat livingthingswere transportedto Earthto seedthe
planetwith life.

AlIn 1996 a meteorite found in Antarcticageneratedexcitement
aboutthe possibilityof life on other planets Its chemicalmakeup
suggestedt hadbeena portion of the planetMarsthat had been
ejectedfrom that planetasa resultof a collisionwith anasteroid
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Current Thinking About the Origin of Life

A An ExtraterrestrialOriginfor Life on Earth:

A Analysisof the meteorite showed the presence of complex
organic molecules and tiny, microscopic objects that were
thoughtto be ancientmicroorganismsWhile scientistsno longer
think these objectsare microorganismsr were formed by living
things, many still think conditionson Mars may have been able
to supportlife in the past

A Evidencefrom Mars and Beyond The robotic vehicle rovers on
surfaceof marsin year 2003 by NASArevealedthat that it Is
highlylikely that in the past, liquid water existedin largeenough
guantitiesto form rivers,lakes,and perhapssaltyoceans

AAlthough none of these discoveriesproves that life exists or
existedelsewherein the universethey keepopenthe possibility
that life mayhaveoriginatedelsewhereandarrivedon Earth
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An Earth Origin for Life on Earth

AA popular alternative explanationfor the origin of life on Earth
focuseson chemical evolution. This hypothesis proposesthat
chemical reactions between simple, inorganic chemicals
produced complex, carboncontaining organic molecules These
organicmoleculesjn turn, combinedto form the first living cell.

A Severalpiecesof evidencesupport the idea that life could have
arisenon Earth
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Origin for Life on Eartlicvidences

1.

The temperature range on Earth allows for water to
exist as a liquid on its surface. This is important, because
water is the most common compound of living things.

. Analysis of the atmospheres of the other planets in our

solar system shows that they all lack oxygen. The oxygen
in Earth’s current atmosphere is the result of photosyn-
thesis by living organisms. Therefore, before there was
life on Earth, the atmosphere probably lacked oxygen.

. Experiments demonstrate that organic molecules can be

generated in an atmosphere that lacks oxygen.

. Because it is assumed that all of the planets have been cool-

ing off as they age, it is very likely that Earth was much
hotter in the past. The large portions of Earth’s surface that
are of volcanic origin strongly suggest a hotter past.

. The discovery of specialized Bacteria and Archaea that

live in extreme environments of high temperature, high
salinity, low pH, or the absence of oxygen suggests that
they may have been adapted to life in a world that is
very different from today’s Earth. These kinds of organ-
isms are found today in unusual locations, such as hot
springs and around thermal vents in the ocean floor, and
may retain characteristics that were essential to the first
organisms formed on the primitive Earth.
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hNAIAY 2F fAFS GKNRdAzZAK {Ff
the Origin of the Earth

AThea . AByYy:3 €

Aour universebeganas a very densemassof matter that had a
great deal of energy Thisdensemassof matter explodedin a
a 0 & B y abaut 13 billion yearsago, resultingin the formation
of simpleatoms,suchashydrogenandhelium.

AWnhen huge numbersof theseatomscollectedin one place,stars
formed. Starsconsistprimarily of hydrogenand helium atoms
Thelight from starsis the result of nuclearfusion,in which these
atomscombineto form largeratoms

AAccordingto this theory, all of the chemical elements were
formedasaresultof nuclearfusion
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hNAIAY 2F fAFS GKNRdAzZAK {Ff
the Origin of the Earth

ATheFormationof the PlanetEarth:

AMany scientists believe that Earttt along with other planets,
meteors, asteroids,and cometg was formed at least 4.6 billion
yearsago

AThe protoplanet nebular model proposesthat the solar system
was formed from a large cloud of gasesand elementsproduced
by previouslyexistingstars

AThe simplest and most abundant gaseswere hydrogen and
helium, but other, heavierelementshad beenformed by nuclear
fusionandwere presentaswell.

AA gravitational force was created by the collection of particles
within this cloud, which causedother particlesto be pulled from
the outer edgesto the center
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hNAIAY 2F fAFS GKNRdAzZAK {Ff
the Origin of the Earth

ATheFormationof the PlanetEarth:

A Asthe particlescollectedinto largerbodies,gravityincreasedand
more particleswere attracted to the bodies Ultimately, a central
body (the Sun)was formed, with severalother bodies (planets)
movingaroundit.

ALike other stars, the Sun consists primarily of hydrogen and
heliumatomsthat are beingfusedtogetherto form largeratoms,
with the releaseof largeamountsof thermonuclearenergy

AThermonucleareactionsalso occurred as the particlesbecame
concentratedto form Earth Thus,the early Earth would have
beena very hot place Geologicallythis period in the history of
Earth is called the dHadean Eoné The term Hadean means
a K S € Althaudh not as hot asthe Sun,the material of Earth
formed a molten core, which becameencasedby a thin outer
crustasit cooled by SS Nishank, Dept.of Zoology, Utka

University L



The Formation of Our Solar System

(a) As gravity pulled gases and other elements toward the center,
the accumulating matter resulted in the formation of the Sun. (b) In
other regions, smaller gravitational forces caused the formation of
the Sun’s planets. (¢) Finally, the solar system was formed.
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The Chemical Evolution of Life on Earth

N n B W

. Simple organic molecules must first have been formed

from inorganic molecules.

. Simple organic molecules must have combined to form

larger organic molecules, such as RNA, proteins, carbo-
hydrates, and lipids.

. A molecule must have served as genetic material.

. Genetic material must have become self-replicating.

. Some molecules must have functioned as enzymes.

. The molecules serving as genetic material and other

large organic molecules must have been collected and
segregated from their surroundings by a membrane.

. The first life-forms would have needed a way to obtain

energy from their surroundings in order to maintain
their complex structure.

by SS Nishank, Dept.of Zoology, Utkal
University
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How did life originate on earth?

Stage 1: Nucleotides and amino acids were produced prior to the
existence of cells.

Stage 2: Nucleotides became polymerized to form RNA and/or
DNA, and amino acids became polymerized to form proteins.

Stage 3: Polymers became enclosed in membranes.

Stage 4: Polymers enclosed in membranes acquired cellular
properties.

by SS Nishank, Dept.of Zoology, Utkal
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The Formation of the First
Organic Molecules

by SS Nishank, Dept.of Zoology, Utkal
University
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CHEMICAL REACTIONS NEEDED TO START

A Thechemicalreactionsessentialto start life on Earthare calledredox reactions
These involve exchange of electric charge (resulting from movement of
electrons)betweenthe reactingatomsand molecules Forexample,the process
producingwater is a redox reaction First,a hydrogenmoleculeis convertedto
two hydrogennuclei (positivelychargedprotons) and two electrons(negatively

charged) H —2H*+2¢

A Secondthe two protons and two electronsare combinedwith an oxygenatom
to producewater (50, +2H"+2e —H,0).

A Here oxygen acceptsan electron becoming more negatively charged called
reduced with the chargeof hydrogenincreasedor hydrogenbecomesoxidized

(becauseit combineswith oxygen the word redox comesfrom the combined
first lettersin reducedandoxidized)

A A redox reaction involvestransfer of one or more electronsfrom an electron
donor (oxidizedXo an electronacceptor(reduced) Thistransferproducesenergy
that canthen drive biochemicalkeactionsresponsibldor life.

by SS Nishank, Dept.of Zoology, Utkal
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Stage 1: Organic Molecules Forme

Prior to the
ALogic Conditionof

Existence of Cells

early earth was more conductiveto

spontaneougormation of organicmolecules

A1938 Russianbioc
biologist JB.S Halo
organic molecules(
earth

nemist Alexander Oparin & Scottish
aneproposed spontaneousorigin of

Known as primordial soup on early

APrebiotic synthesisof organic molecules(or synthesisof
moleculeswithout livingcell)

AAccumulationof organicmoleculeson oceanfloor/earth
surfaceformed prebiotic soup

AWhat is the mechanism?

by SS Nishank, Dept.of Zoology, Utkal

University 23



Hypothesis made to answer this Question

Al. Reducingatmospherehypothesis:

A Atmosphereon early earth enriched with water vapor, hydrogen
gas(H,), methane(CH), ammonia(NH;,) but lackedoxygen

AMethane & ammoniareadily give up electronsto other molecules
Suchredox reaction are required for formation of complexorganic
moleculedrom simpleinorganicmolecules

Aln 1953 American chemist Stanley Miller & Harold Urey gave
evidenceof abioticorigin of organicmoleculeg{seeFigure)

AlIn 2011, scientistisolated23 aminoacidsfrom Miller sampleleft in
1958

by SS Nishank, Dept.of Zoology, Utkal
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Hypothesis made to answer this Question

Al. Reducingatmospherehypothesis:

AHowever, this hypothesiswas criticized becauserecent analysisof
volcanicgasshowedthat early earth atmospherehad mixture of
neutral gases CO,CQ, N,, H,O from which organicmoleculescan
be madeabioticallyin different circumstances

AHighlevelof UVradiationdestroysCH, & NH,

by SS Nishank, Dept.of Zoology, Utkal
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2 .Extraterrestrial hypothesis

AOrganic molecules came from meteorites belonging
to a class known as carbonaceous chondrites

ACriticized : these organic molecules destroyed by
collision with earth



3. Deepsea vent Hypothesis
Aln 1988by GermanphysicistGunterWachtershauser

ADeep seavents are cracksin the S | NIsUffazawhere
superheatedwater (300°C)rich in metal ions & H,Smixes
abruptlywith cold seawater.

AReactionbetween iron & H,Syields pyrites & H,. Thisis
foundto provideenergyfor reductionof N, to NH,

AConversionof at deep sea vents may have led to
productionof aminoacids& nucleicacids

Aln 2007, 1.43 billion year old fossils discovered near
ancient deep sea vent by American scientist Timothy
Kusky& colleaguesndicatingorigin of life on oceanfloor.

AVarious types of fish, worms, clams, crabs, shrimp,
bacteriaare found insignificantabundancdill date .,

University



Cold H,0 Hot H,S gas

Ocean floor

—— Crack in
Earth’s crust

(a) Deep-sea vent hypothesis

(a) Deepsea vents are cracksin the 9 | NJIsugf&rathat release hot gasessuch as
hydrogen sulfide (H2S) This heats the water near the vent and results in a gradient
between the very hot water adjacentto the vent and the cold water farther from the
vent. Thesynthesiof organicmoleculescanoccurin this gradient

by SS Nishank, Dept.of Zoology, Utkal
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(b) A deep-sea vent community

(b) Photograph of a biological community near a desga vent, which includes
giant tube worms and crab
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The Formation of Macromolecules

LARGE ORGANIC MOLECULES AND THE ORIGIN OF FIRST
LIVING ORGANISMS

by SS Nishank, Dept.of Zoology, Utkal
University
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the competing scenarios that attempt to explain the origi
of first living organisms.

A Themetabolicfirst hypothesisfron-SulfurWorld Hypothesis

A The metabolismfirst scenario arguesthat the presenceof hydrogen and
carbon dioxide in hydrothermal vents, combined with an iron-nickelsulfur

catalyst,yield a number of chemicalsubstanceghat assembleand react to
conductthe processf reverseKrebscycle

A The surfaceof iron sulfide support a complex, selfsustainingsequenceof
metabolic reactions, leading to the formation of new and more complex
catalystsand metabolicpathways Becauseof its dependenceon iron sulfide,
the metabolicfirst scenarias alsoknownaslron-SulfurWorld Hypothesis

by SS Nishank, Dept.of Zoology, Utkal 32
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the competing scenarios that attempt to explain the origi
of first living organisms.

A Themetabolicfirst hypothesisfron-SulfurWorld Hypothesis

A first developed by German chemist Giinter Wachtershauserin the 1980s,
whichsaysthe first metabolicreactionsbeganon the surfaceof mineralssuch
asiron sulfide and nickel sulfide around hydrothermalvents deepin oceans
Thesemineralsact as catalystsproducingcarbonfrom the existinginorganic
material like carbon monoxide (CO)existingin the vents or carbon dioxide
(CQ) generatedby volcanicactivities and finding their way to oceanfloors
throughridgesat the floor of the oceans

A Theprocessof carbonreleasefrom these compoundsrequireshydrogen The
hydrogenwill be suppliedfrom hydrogensulfide (H2S) in the vents or from
oceanwater.

A Usingthe reducingpower of hydrogensulfide (the ability to releaseelectrons),
iron sulfide and nickel sulfide catalyzedthe reduction of carbon dioxide to
small organic molecules, accelerating conversion of inorganic to organic
molecules Thebasicsubstratematerial for this reactionis iron sulfidein the
surfaceof the rocks

by SS Nishank, Dept.of Zoology, Utkal
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the competing scenarios that attempt to explain the origi
of first living organisms.

A Themetabolicfirst hypothesis/Iron-SulfurWorld Hypothesis

A Furthermore, the iron sulfide donated electrons to carbon monoxides,
converting them into acetic acid and starting reactions that led to the
formation of large chainsof amino acidsthat formed proteins (Plaxoand
Gross, 2006. Theenergyneededfor these reactionscamefrom the redox
processbecauseof the chemicaldisequilibriumwhen the hot water from the
hydrothermalventsmergedinto the colderoceanwater.

HOW THE ENERGY NEEDED TO FORM THE FIRST ORGANIC COMPOUNDS WAS SUPPLIED?

The carbon dioxide in the atmosphere is dissolved in ocean water producing carbonic acid (H,CO,) (Figure 19.2).
This gives up protons (in the form of hydrogen atom) to produce bicarbonate (HCO;™), which is then converted to
carbonate ion (CO, %) as well as hydrogen ion (H*). This increases proton concentration in ocean waters, making this
environment more acidic. On the other hand, the fluid coming out of the vents is alkaline (low in proton concentration).
The difference in the proton concentrations between the ocean water and the fluid coming out of the vents produces
the energy needed (in the absence of ATP molecules) to run the reverse citric acid (Krebs) cycle and to conduct the
first chemical reactions leading to production of the first organic compounds.

by SNishankDept.ofZoology, Utkal
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Stage2: Organic Polymers May Have Formed on
Surface of Clay

A clayworld hypothesisor Genefirst hypothesis

A Akind of mineralcalledclayis likely to haveplayedthat role in the assemblyof
the genesand the origin of life. The oldest known terrestrial material, zircon
grains,indicatesthat claysexistedin greatabundanceon Earth4.4 billion years
ago, implying that clays were common at the time we believe life started
(Bennettand Shostak2004)

A Structurally, the clay minerals consistof layers of moleculesto which other
moleculescanattach.

A Asa result, when organicmoleculescombinewith clay, they are kept in close
proximity to eachother, allowing them to react with one another, creatinga
long chain of molecules Different layersof clay consistof different chemical
elementsand compounds Thisvariability betweendifferent layersof claycould
makethem functionlike genes

by SS Nishank, Dept.of Zoology, Utkal
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Stage2: Organic Polymers May Have Formed on

Surface of Clay

A clayworld hypothesisor Genefirst hypothesis

A For example,the chargedionsin one layer of clay could act astemplatesand
catalyzethe formation of the next layer of clay Any errors in replication
(mutation), which is the packingof alumina and silicathat occur during the
copyingprocess,would be reflected in all of the next layers If these mistakes
increasethe efficiencyof the replicatingprocessthey will generatea selective
advantageby speedingup the replication and production of new chemical
compoundghat would satisfyour definition of life.

A Also,ionsin claylayerscould act ascatalyststo speedup the organicreactions
and polymerizationof the RNA Giventhis scenario,it is likely that claysin
9 I NJodednsmay be responsiblefor generatingthe first organic molecules
able to replicate themselves(hencefulfilling one of the definitions of a living
system) Thisis the so-calledclayworld hypothesis

by SS Nishank, Dept.of Zoology, Utkal
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Stage2: Organic Polymers May Have Formed on
Surface of Clay

ALogic Polymerswith at least 30-60 monomersneededto store
enough information to make a viable genetic system But since
hydrolysiscompeteswith polymerization,synthesisof polymers
did not occurin a watery prebioticsoupbut insteadtook placeon
a solidsurfaceor in evaporatingtidal pools

Aclay particles may have been a factor in concentratingsimple
organicmolecules Smallparticlesof clay have electricalcharges,
which can attract and concentrate organic molecules, such as
proteins, from a watery solution Once the moleculesbecame
concentrated,it would have been easierfor them to interact to
form largermacromolecules

A 1951, Irish X-ray crystallographedohnBernalclaimedin his book
Thephysicalbasisof life that clays,muds & inorganiccrystalsare
powerfulmeansto concentrate& polymerizeorganicmolecules

by SS Nishank, Dept.of Zoology, Utkal 37
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Stage2: Organic Polymers May Have Forme
2y O0KS {dzZNFI OS 27F [/ f

AButin 2004 AmericanchemistLukeLeman,EnglishchemistLeslie
Orgel& IranianAmericanchemistM.RezaGhadiri indicatedthat
polymerscan also form in aqueoussolution Carbonylsulfidg a
simple gaspresentin volcanicgases& deep seavent emissions,
canbring aboutthe formation of peptidesfrom aminoacidsunder
mild conditionsin water.

ATheseresultsindicatethat synthesisof polymerscouldhavetaken
placein the prebioticsoup

by SS Nishank, Dept.of Zoology, Utkal
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Stage3: Cellike Structures May Have Originated
When Polymers Were Enclosed by a Boundary

ATheterm protobiontis usedto describean aggregateof
prebioticallyproducedmolecules& macromoleculeshat
acquireda boundarysuchaslipid bilayerthat allowed it
to maintain an internal chemical environment distinct
from that of its surroundings

by SS Nishank, Dept.of Zoology, Utkal
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Stage3: Cellike Structures May Have Originated
2 KSY t2f@@YSNA 2SNB 9y Of 2:

AWhat characteristics make protobionts possible
precursors of living cell®? Scientists envision the
existenceof four keyfeaturesattributed to protobionts

1. A boundary, such as a membrane, separated the internal
contents of the protobiont from the external environment.

2. Polymers 1nside the protobiont contained information.
3. Polymers inside the protobiont had catalytic functions.

4. The protobionts eventually developed the capability of
self-replication.

by SS Nishank, Dept.of Zoology, Utkal
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Stage3: Cellike Structures May Have Originated
2 KSY t2teYSNA 2SNb 9y Ot 2:

A Protobiontmayhaveexistedascoacervater liposomes

ACoacervate§L. coacervarao assembldogether)are dropletsthat
form spontaneouslyfrom the associationof charged polymers
such as proteins, carbohydratesor nucleic acids surrounded by
water.

AMeasurel-100pum with osmoticproperties

A Alexander. Oparin,speculatedhat a structure could haveformed
consistingof a collection of organic macromoleculessurrounded
by a film of water molecules This arrangement of water
moleculesalthoughnot a membrane,could havefunctionedas a
physical barrier between the organic molecules and their
surroundingsHe calledthesestructurescoacervates

by SS Nishank, Dept.of Zoology, Utkal
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Stage3: Cellike Structures May Have Originated
2 KSYy t2f@YSNBR 2SNB 9y Of 2

A Evidenceof coacervateshat exhibitsomelifelike traits:

ATheycanselectivelyabsorbmoleculesfrom the surroundingwater
and incorporate them into their structure Also, the chemicals
within coacervateshave a specific arrangement they are not
randomcollectionsof molecules

A Some coacervates contain proteins (enzymes)that direct a
specifictype of chemicalreaction Forinstance,when glucosel-
phosphatewas made availableto coacervatecontainingenzyme,
glycogenphosphorylaseit producedstarchthat mergedwith wall
of coacervateX increasedhe size

AWhen enzymeamylasewas included, the starch broke down to
maltose,whichwasreleasedrom coacervates

by SS Nishank, Dept.of Zoology, Utkal
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Stage3: Cellike Structures May Have Originated
2 KSY t2f@@YSNA 2SNB 9y Of 2:

A Evidenceof coacervateshat exhibitsomelifelike traits:

ABecausethey lack a definite membrane, no one claims that
coacervatesare alive, but thesestructuresdo exhibit somelifelike
traits: Theycanincreasein sizeand cansplit into smallerparticles
If the right conditionsexist

by SS Nishank, Dept.of Zoology, Utkal
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Stage3: Cellike Structures May Have Originated
2 KSY t2feYSNR 2SNb 9y Of 2

Coacervates

One hypothesis proposes that a film of water, which acted as a

primitive cell membrane, could have surrounded organic molecules,
forming a structure that resembles a living cell. Such a structure can
easily be produced in the lab. This view shows one large and several

small spherical coacervates.

by SS Nishank, Dept.of Zoology, Utkal 45
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Stage3: Cellike Structures May Have Originated
2 KSY t2feYSNR 2SNb 9y Of 2

e

(a) Coacervates 57 um : )
——— Solid droplet of protein
and carbohydrate
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Stage3: Cellike Structures May Have Originated
2 KSY t2f@@YSNA 2SNB 9y Of 2:

A An alternative hypothesisis that the early, celtHike structure could have
consistedof a collectionof organicmacromoleculesvith a double-layeredouter
boundary Thesestructureshavebeencalledmicrospheres

A Someof the protein material producesa doubleboundarystructure enclosing
the microsphere Althoughthese boundariesdo not containlipids, they exhibit
some membrane like characteristicsand suggestthe structure of a cellular
membrane

A Microspheresswell or shrink depending on the osmotic potential in the
surroundingsolution Theyalsodisplayatype of internal movement(streaming)
similarto that exhibitedby living cellsand containsomemoleculeshat function
asenzymes

A Using ATP as a source of energy, microspherescan direct the formation of
polypeptidesand nucleicacids Theycanabsorbmaterial from the surrounding
mediumandform buds,resultingin a secondgenerationof microspheres

by SNishankDept.ofZoology, Utkal
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Stage3: Cellike Structures May Have Originated
2 KSYy t2f@YSNBR 2SNB 9y Of 2

ALiposomevesiclesurroundedby a phospholipidbilayer

ALipids when dissolved in water spontaneouslyform
Iposomes

ASome liposome store energy in form of an electrical
gradient Suchliposomescan dischargethis energyin a
neuronlike fashion

ALiposomescan grow & divide, a primitive form of self
replication shown by a expt. by Danishchemist Martin
Hanczyc,American chemist Shelly Fujikawa, Canadian
American biologist Jack Szostak If RNA is on clay
liposomecanuptakeRNA

by SS Nishank, Dept.of Zoology, Utkal 48
University




(b) Liposomes

Hollow sphere
of phospholipid Phospholipid
filled with water bilayer

....
.....
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis

A The RNA World hypothesis proposesthat catalytic RNA molecules were a
transitionalform betweennonlivingmatter andthe earliestcells

A In 1989 SidneyAltman and ThomasCech,sharedthe Nobel Prizefor discovery
of ribozyme

A The RNAWorld hypothesisposits that the primordial form was an RNAbased
living systemthat later evolvedinto life-forms like those we seetoday, in which
DNAstoresbiologicalinformationand proteinsmanifestthis information.

A RNAwas living systemswhich can be distinguishedfrom nonliving ones, by
havingthe ability to store andtransmitinformation (genotype)andthe ability to
expresghat information (phenotype)

by SS Nishank, Dept.of Zoology, Utkal

University =0



Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis
A Besidest hadthe ability to evolve

A Evolutiort descentwith modificatiort requiresboth the ability to record and
make alterations in heritable information and a sorting process that
distinguishesraluablechangedrom detrimental ones Theformer is a property
of genotype while the latter occursasa result of variationamongindividualsin
phenotype Thesearethe characteristicdeatures of RNA

A The phenotypesof most involve the formation and breakingof phosphoester
bondsin RNAor DNA The chemistry of these reactionsis preciselywhat is
neededto replicatenucleicacids

A This observationgivessupport to the idea of a primordial RNAWorld, where
RNAwould be responsibldor replicatingitself.

AIf an RNA molecule could make a copy of itself while accommodatingthe
possibility of mistakes mutationst then it would exhibit many of the
characteristico®f modernlife andcouldtherefore be considerechlive

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis

A It saysthe first living things on earth usedRNAasboth geneticmaterial and for
catalyticactivity, whichincludesthe replicationof geneticmaterial

A In RNAWorld hypothesis,the first living things consisted of three parts a
ribozyme with RNA polymerize activity (the formation of a complex RNA
molecule by combining smaller and simpler molecules),a template RNAto
direct polymerization,and a physicalcontainer (membrane)(Plaxoand Gross,
2000.

A Two RNAmolecules(not just one) are neededto start this processand for the
ribozymedo catalyzereactions

A In order for an RNAmoleculeto serveasa template to synthesizea new RNA
molecule,a moleculemust be unfolded and exposedto the monomer (simpler
molecule)that would polymerizeon it. In this scenario,the formation of two
ribozymesis essential A containeris alsoneededto keeptogether the genetic
materialandthe moleculesit encodes Without this, the materialwould diffuse
awayandnot interact.

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis

A To summarizejn the RNAWorld hypothesisour very first ancestorsstarted life
as two RNAmolecules(a selfreplicating ribozyme)within a lipid membrane
Nucleotidemonomersthen & f S | iht& tReémembraneand polymerizedinto
new copies of ribozymes This process continued, generating more RNA
molecules and leading to increased molecular weight within the lipid
membrane

A The RNA World hypothesis proposes that catalytic RNA molecules were a
transitionalform betweennonlivingmatter andthe earliestcells

A The RNAWorld hypothesisis basedon the realization,that RNAcan possess
both agenotypeanda phenotype

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld HypothesissaysRNAis ancient Sowhat isthe evidence

A 1. RNAis involvedin protein synthesismachinerye.g. ribosomalRNAcarriesout
the catalyticstepsin protein synthesis

A 2. the basiccurrencyfor biologicalenergyis ribonucleosidetriphosphates,such
as ATPand GTPThesemoleculesare involvedin almost every energytransfer
operation of all cells and are even componentsof electrontransfercofactors
such as NAD (nicotinamide adenine dinucleotide), FAD (flavin adenine
dinucleotide) and SAM(Sadenosyimethionine)

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis

A The genotypeis the primary sequenceof nucleotidesalong the RNA (Figure
17.2a), much like the genotype of a modern organism,is the sequenceof
nucleotidesalongthe DNAIn the chromosome

A CatalyticRNA for example,containsbetween 30 and 1,000 ribonucleotidesthat
form its primarysequenceandhenceits genotype

A The Tetrahymenaribozyme was discoveredby Cechand colleaguesstretches
some400 nucleotidesfrom head (the 5Q end)to tail (the 3Q end). ThisRNAIs
an intron (an intervening sequencebetween two genes)that separatestwo
regionsof the Tetrahymenagenomethat codefor ribosomalRNA(rRNA)genes

A In ribozymes the folded state can have an active site that enablesthe RNAto
catalyzea chemicalreactionon a substrate like a protein enzyme Thisreactivity
givesRNAIts phenotype

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have

Evolved via Chemical Selection, Beginning with

an RNA World
A RNAworld Hypothesis
(a) AYy
G G
A C
U—A
A—U
Substrate AU GC AC GC
(see part b) A A c—c
/ G—C A—U
a G—C A—U
a A—U A—U
a 5! CcC—G | A
u—aG Uu—aG U—A
c—G@G A—U U—A
u—A U—A U—A
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u—aG G—C U—C
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(b)
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ACUCG
|
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Figure 17.2 The ribozyme
from Tetrahymena thermophila
(a) The primary nucleotide
sequence is the genotype. A sec-
ondary structure is formed when
nucleotides pair as the molecule
folds back on itself. (b) The cataly-
sis performed by the ribozyme in
vitro is the phenotype. A short
oligonucleotide substrate (blue)
binds to the 5’ end of the ribo-
zyme (orange) through comple-
mentary base pairing (green
ticks). The ribozyme catalyzes the
breakage of a phosphoester bond
in the substrate and the ligation
of the 3’ fragment to its own 3’
end.
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis

A In test tubes, a shortenedversionof the ribozymecan catalyzea phosphoester
transferreactionon a short RNAsubstrate,calledan oligonucleotide(a piece of
singlestrandednucleicacid 5 to 30 nucleotidesin length). In the reaction, the
3Q half of the substrateis broken off by the ribozyme and attachedto the
NA 0 2 | osviY3&eQd(Figurel7.2b).

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis
A If RNAis ancientform of life nextquestionis, Can RNAevolve??7??

A A good exampleis the life cycleof the HIVvirus HIV usesthe protein enzyme
reversetranscriptaseto copyits RNAstrandinto a DNAcomplement,which can
then be convertedinto double-strandedDNA Giventhat RNAcan store genetic
iInformation, populationsof RNAmMoleculesshouldbe ableto evolve

A If an RNAmoleculehasa phenotypethat involvescatalyzinga specificchemical

reaction, can we apply selectionto improve or modify this phenotype and
observea heritablechange?

A Amber Beaudryand Gerald Joyce(1992 exploitedthe catalytic capacityof the
Tetrahymenaibozymeto addresshis question Theyusedthe NJA 0 2 | aBilMysS ¢
to pickup a new 3 tail, asshownin Figurel?7.2b, to distinguishribozymesthat
perform this catalysisfrom those that do not. The acquisitionof the ability to

selfreplicate by a collectionof organicmolecules,suchas RNA,is arquablythe
point at which nonlivingmatter cameto life.

by SS Nishank, Dept.of Zoology, Utkal
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(a) DNA substrate Primer
A
P P Ippnigli
Ribozyme

Challenge ribozyme to
catalyze reaction involving
DNA substrate, as shown
in Figure 17.2b.

Add primer that is
complementary to the
substrate tail picked

up in (a)...

Reverse

‘ cDNA
Transcriptase

...and reverse transcriptase to make
¢DNA copy of ribozymes that
succeeded in catalyzing reaction with
DNA substrate.

(b) DNA substrate Use additional primers,
reverse transcriptase,

Pans Primer 1 and_ RNA polymerase to make
copies of successful
ribozymes. Some of these

RNA : copies may carry mutations
Polymerase Ribozyme Reverse that improve the performance
transcriptase of the ribozyme on DNA
substrates.
Promoter
dsDNA “ONA
Reverse '
transcriptase Primer 2 © 1992 AAAS
) ey e ey s

University
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Testtube selection and reproduction of RN#hown in previous slide

(a) Selection. A pool of RNAs (orange), made by random mutagenesis of a ribozyme, i
challenged to perform a desired chemical reaction. Only those that perform the reactio
Ol dZANB | aK2NI aidlFAfté€ 2F 5b! ydzOf S20A |

00 WSLINPRdAZOGAZ2Y P wb! &SljdzSyOoSa GKI G KI
complementary base pairing and are copied by reverse transcriptase into complemente
DNA (cDNA). A second primer then binds to the cDNA so that the reverse transcriptase
which copies DNA in addition to RNA, can make the DNA double strahaieer 2

contains the promoter regiofor RNA polymerase, so that the doublestranded DNA can |
copied back into RNA.

The task in this case was that the substrate oligonucleotide was provided in the form
DNA, not RNA. The naturally occurring sequence ofétiahymenaNJ& 6 21 8 YS ¢
GellSéyv dzaSR (G2 &Gl NI GKS&S SELISNAYSy(a
slow rate. Beaudry and Joyce hoped that in the mutant pool there were variant
sequences that, by chance, had an increased capacity for DNA cleavage.

by SS Nishank, Dept.of Zoology, Utkal

University 60



Stage 4: Cellular Characteristics May Have

Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis

A After 10 suchgenerations the activity of the averageRNAin the populationin

cleavingDNAsubstratesand attachingone of the resultingfragmentsto its own
3Q endhadimprovedby a factor of 30.

A Individual ribozymes carrying mutations at positions 94, 215, 313 and 314
provedto havea catalyticefficiency(i.e. Ability to pick up a new 3Q tail using
DNAsubstrates over 100timesgreaterthanthat of earlierancestralsequence

A This experiment demonstrated that RNA moleculesin solution can possess
featuresof living organismghat allow them to evolve EachRNAhasa function

of both survival(substratecatalysis)and reproduction(ability to be reverse and
forward-transcribed)

by SS Nishank, Dept.of Zoology, Utkal 61
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
an RNA World

A RNAworld Hypothesis

A A main premiseof the RNAWorld hypothesisis that RNApredatesthe use of
proteinsto do most biologicalwork. The piece of evidencethat we lackis thus
the demonstrationthat RNAcancopyitself.

A Whetherthe RNAWorld usedonly one type of selfreplicatingRNAor a suite of
iInteractingRNAsan RNAwith areplicasephenotypewould be necessary

A David Bartel and coworkers for example, have used test-tube evolution to
searchfor ribozymescapableof synthesizingRNA(Barteland SzostakL993 by
seeingat the ability of which RNA(from the pool of long RNAstrands)bind the
maximumnos of sameshort RNAstrand

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
anRNAWorld

AUnlike other polymers, RNA exhibits three key function:s

1. RNA has the ability to store information in its nucleotide base
sequence.

2. Due to base pairing, its nucleotide sequence has the capacity for
self-replication.

3. RNA can perform a variety of catalytic functions. The results of
many experiments have shown that some RNA molecules can

function as ribozymes—RNA molecules that catalyze chemical
reactions.

How did the RNA molecules that were first made prebiotically

evolve into more complex molecules that produced céKe
characteristics?

by SS Nishank, Dept.of Zoology, Utkal
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
anRNAWorld

AAns Chemicakelectionfollowed by chemicalevolution

AChemical selection occurs when a chemical within a
mixture hasa specialpropertiesor advantageghat cause
It to Increasein numberrelativeto other chemicalan the
mixture.

AChemical selection results in chemical evolutiorm a
population of moleculeschangesover time to becomea
new populationwith a different chemicalcomposition

by SS Nishank, Dept.of Zoology, Utkal
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A hypothetical scenario illustrating the process of chemical selection.

First step of chemical selection Second step of chemical selection
| |
[ [
1la  Mutation: A mutation provides an RNA molecule with the 2a  Mutation: A second mutation provides an RNA
catalytic ability to synthesize new RNA molecules using molecule with the ability to catalyze a step in
pre-existing RNA molecules as templates. the synthesis of ribonucleotides.

2b Chemical selection:
The second mutation is
also favored, so after many
generations, the protobionts
have 2 catalytic functions—
self-replication and
ribonucleotide synthesis.

A protobiont with no
catalytic functions

Mutant RNA with catalytic \

ability to self-replicate RNA

Mutant RNA with the
ability to catalyze a
step in the synthesis of
ribonucleotides

1b ' Chemical selection:
The amount of this mutant
RNA with catalytic
function increases because
it can self-replicate faster.

A protobiont with 1
catalytic function

A protobiont with 2
catalytic functions

by SS Nishank, Dept.of Zoology, Utkal
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Aln this scenario, protobionts containing RNA exhibite
the properties of life due to RNA genomes that were
copied and maintained through the catalytic function
RNA molecules.



AFurther mutation in these RNA molecules could have
added more new functions that is selected by nature
a process called chemical selection.

A Chemical selection would have eventually produced
an increase in complexity in these protobionts, with
RNA molecules accruing activities such as the abillity
to link amino acids together into proteins and other
catalytic functions.

by SS Nishank, Dept.of Zoology, Utkal
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Lab investigation:
Chemical selection of RNA molecules in the
laboratory can result in chemical evolution



Bartel and Szostak Demonstrated Chemical Evolution
in the Laboratory

HYPOTHESIS Among a large pool of RNA molecules, some of them may contain the catalytic ability to make a covalent bond between
nucleotides; these can be selected for in the laboratory.

KEY MATERIALS Many copies of short RNA were synthesized that had a tag sequence that binds tightly to column packing material called beads.
Also, a population of 10'° long RNA molecules was made that contained a constant region with a stem-loop structure and a
220-nucleotide variable region. Note: The variable regions of the long RNAs were made using a PCR step that caused
mutations in this region.

Research question was: can we find a RNA which can act as ribozyme i.e. having abili
to make phosphoester bond with a single stranded oligonucleotide??

Conducted by American biologist David Bartel
& Jack Szostak in 1993

by SS Nishank, Dept.of Zoology, Utkal
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1

Experimental level

Short Long
Mix together the short RNAs with the 10'® variable RNAs RNAs (10'%)
long RNAs. Allow time for covalent connections to ; |, 1S
form if the long RNA happens to have the catalytic ‘
activity for covalent bond formation.

l

Conceptual level

Stem-loop structure

Tag
Short RNA —
sequence
q \-F 31 51 _

region

Complementary region
between long and short

RNAs (orange)

1 variable region
’

Covalent 3 5’
bond
m
L

Of the 10'° long molecules, the variable region may rarely have
the catalytic ability to covalently connect the 3’ end of the short
RNA to the 5’ end of the long RNA.

by SS Nishank, Dept.of Zoology, Utkal 20
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2 Pass the mixture through a column of beads that
binds the tag sequence found on the short RNA. Add
additional liquid to flush out long RNAs that are not
covalently attached to short RNAs.

Tag sequences promote
the binding of the short
RNA to the column beads.
Long RNAs covalently
attached to a short RNA
will also be bound.

Column

sequence

This long RNA does not bind to the
beads because the variable region does

Discard these not possess the catalytic ability to
long RNAs. covalently attach to the short RNA.
e Y
by SS Nishank, Dept.of Zoology, Utkal 71
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3 Add a low pH solution to prevent the tag sequence
from binding to the beads. This causes the tightly
bound RNAs to be flushed out of the column.

4 The flushed-out RNAs are termed pool 1. Use pool 1
to make a second batch of long RNA molecules. This
involved a PCR step using reverse transcriptase to
make cDNA. The PCR primers recognized the
beginning and end of the long RNA sequence and
copied only this region. The cDNA was then used as
a template to make long RNA via RNA polymerase.

This involved using PCR.
See Figure 20.6 for a description of PCR.

Pool #1

v

5 Repeat procedure to generate 10 consecutive pools = » = » > = 2 = >

of RNA molecules. ‘d d d ld 'C) ‘d 'd d d d

Pool1 Pool2 Pool3 Pool4 Pool5 Poolé Pool7 Pool8 Pool9 Pool 10

by SS Nishank, Dept.of Zoology, Utkal
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6 Testa sample of the original population and each of
the 10 pools for the catalytic ability to make a
covalent bond between adjacent nucleotides.

by SS Nishank, Dept.of Zoology, Utkal
University
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7 THE DATA 8 CONCLUSION The increase in covalent bond formation from
pool 1 to pool 10 indicates that chemical selection
can occur.

9 SOURCE Bartel, D. P., and Szostak, J. W. 1993.

10 Isolation of new ribozymes from a large pool
of random sequences. Science 261:1411-1418.

10711
1072
1073
1074
1073

A

1 4 6 7 8 9

ol

10

Rate of covalent bond formation

10~ oL I
& 2 10

Po
*Original 10'S molecules

Thisresult showsthat chemicalselectioncan changethe
functional characteristicsof a group of RNAmMolecules
overtime by increasinghe proportion of thosemolecules
with enhancedunction
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A NSt YR {12aidlF1Qa SELi® {K2gga

A In this expt. the RNAs most likely to survive from one generation to the nex
are the ones that are most efficient at catalyzing phosphoester bonds. Aftel
10 rounds of selection, the RNA pool had evolved ribozymes that could

catalyze the formation of phosphoester bonds at a rate 7 million times
faster than such bonds form without a catalyst.

by SS Nishank, Dept.of Zoology, Utkal

University s



Ligation rate (per hour)

Cg»-0123456?8910

N Round

by SS Nishank, Dept.of Zoology, Utkal

Evolution of
catalytic ability in a laboratory
population of ribozymes The
graph shows the average rate
at which the members of Bartel
and Szostak’s (1993) RNA pool
catalyzed the formation of phos-
phoester bonds (ligation rate) as
a function of round of selection.
Note the logarithmic scale on
the vertical axis. From Bartel and
Szostak (1993).
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A AnielawWochnerand colleague2011), usinga strategysimilarin spirit to that

of Bartel and Szostak,produceda ribozyme that can synthesizeanother
ribozyme

A In this expt researchersstarted with RL8, a ribozyme generatedby Wendy

Johnstonand colleagueq2001) that canusean RNAtemplateto add 14 RNA
nucleotidesto an RNAprimer.

A Wochnerand colleaguessubjecteda populationof RL8 copiesto selectionfor
the ability to synthesizelonger RNAs They identified particular sequence
changes responsible for improved performance, then used genetic
engineeringo incorporatethesebeneficialmutationsinto R18.

A Theresult was a new ribozyme,tC19, that can synthesizeRNAmolecules95
nucleotidedongr nearlyhalftC19Q@wn size

A Thescientistssubjecteda secondpopulationof RL8 copiesto selectionfor the
ability to copy a greater variety of template sequencesidentified mutations
conferringimprovedperformance andengineeredhem into tC109.

by SS Nishank, Dept.of Zoology, Utkal
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A The final result, tC19Z, proved ability to synthesize with 99.8% accuracy,
functional copies of a different ribozyme a hammerheadnuclease(Figure
17.7). RibozymdC19Zis not capableof selfreplication

(a) (b) . S . An RNA poly-
£C197 ribozyme 5&0 é\é‘ merase .rlbozyme tha!t can
\ ~ n O R synthesize another ribozyme
(a) The secondary structure of

ooy NV

Working hammerhead nuclease ribozyme
\ Primer  Synthesized by tC19Z Template

Hammerhead 197 plus the template for
nuclease another ribozyme—called a ham-
merhead nuclease—that, given
Substrate a primer, tC19Z can copy. After
RNA Bentin (2011) and Wochner et al.
(2011). (b) Electrophoresis gels
demonstrating that the ham-
merhead nuclease synthesized
by tC19Z can cleave an RNA
substrate. From Wochner et al.
(2011).

Cleavage
product

5'- CUGCCAACCGCUGAUGAGCGAAAGUGUGGAGUGU 3 \ 5' GUCAUUGA
3'- GACGGUUGGCGACUACUCGCUUUCACACCUCACACACACUCACAGUAACUG -5’

by SS Nishank, Dept.of Zoology, Utkal
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TheDevelopmenbf MetabolicPathways

A Fossil evidence indicates that there were primitive forms of life on Earth abot
3.5 billion years ago.

A Regardless of how they developelese first primitive cells would have
needed a way to add new organic molecules to their structures as previously
existing molecules were lost or destroyed.

A There are two ways to accomplish this.

A Heterotrophscapture organic molecules, such as sugars, amino acids, or
organic acids, from their surroundings, which they use to make new molecule
and provide themselves with energy.

A Autotrophsuse an external energy source, such as sunlight or the energy frol
Inorganic chemical reactions, to combine simple inorganic molecules, such a
water and carbon dioxide, to make new organic molecules.

A These new organic molecules can then be used as building materials for ne
cells or can be broken down at a later date to provide energy.

by SS Nishank, Dept.of Zoology, Utkal University 79



The Development of Metabolic Pathwayslhe
HeterotrophHypothesis

A Early heterotrophs would have been anaerobic organisms. The compounds t
could be used easily by these cells would have been the first to become
depleted. Howeversome of the heterotrophs may have contained a mutated
form of nucleic acid, which allowed them to convert previously unusable
material into something they could use

A Heterotrophic cells with such mutations could have survjwedereas those
without such mutations would have become extinct as the compounds they
used for food became scarce.

A Such cells could use chemical reactions to convert unusable chemicals into
usable organic compounds. Thus, additional steps would have been added t
their metabolic processes, and new metabolic pathways would have evolved

by SS Nishank, Dept.of Zoology, Utkal University 80



The Development of Metabolic Pathways -
TheAutotrophHypothesis

A the first organisms were autotrophs

A Evidences for it: many different kinds of prokaryotic organisms are autotrophi
and live in extremely hostile environments resembling the conditions that ma
have existed on the early Earthhese organisms are found in hot slgst
such as those found in Yellowstone National Park; in Kamchatka, Russia
(Siberia); andhear thermal vents areas where hot, mineralrich water enters
seawater from the deep ocean floor.

A They use energy released from inorganic chemical reactions to synthesize
organic molecules from inorganic components. Because of this, they are call
chemoautotrophs.

A If the first organisms were autotrophshere would have been competition
among different cells for the inorganic raw materitiey needed for their
metabolism, and there would have been changes in the metabolic processes
mutations occurred.

A There could have been subsequent evolution of a variety of cells, both
autotrophic and heterotrophic, which could have led to the diversity of
prokaryotic organisms seen today.
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TheDevelopmenbf MetabolicPathways

A currently there arehree competing theoriesf the origin of life on Earth as
shown in figure:
1. Life arrived here from an extraterrestrial source.
2. Life originated on Earth as a heterotroph.
3. Life originated on Earth as an autotroph.



[Inorganic molecules |

l

Spontaneous generation of organic molecules

v v v
The Chemical Evolution of Life:

This diagram summarizes the steps
v hecessary for primitive cells to

v
v
Evoluti ' '
evolve from inorganic molecules.

l ,

Evolution of DNA —» RNA —p protein synthesis
mechanism

l ,

First cells

Anaerobic respiration ) or (_Chemosynthesis
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How Organisms Obtain Their Energy and Carbon

Nutritional Category Energy Source

Carbon Source

Photoautotrophs
(some bacteria,
some eukaryotes)

Photoheterotrophs
(some bacteria)

Chemoautotrophs
(some bacteria,
many archaea)

Chemoheterotrophs
(found in all three
domains)

Light

Light

Inorganic substances

Usually organic
compounds;
sometimes inorganic
substances

Carbon dioxide

Organic
compounds

Carbon dioxide

Organic
compounds

by SS Nishank, Dept.of Zoology, Utkal
University
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TheDevelopmenbf MetabolicPathways

A Photoautotrophsperform photosynthesisTheyuselight astheir energysource
and carbon dioxide (CQ) as their carbon source Eg. cyanobacteriausing
chlorophyll a & produce oxygen However phototrophic bacteria use
bacteriochlorophyll rather than chlorophyll a as their key photosynthetic
pigment, and they do not produce OZ2. Instead, some of these
photosynthesizerproduce particles of pure sulfur becausehydrogen sulfide
(H,S),ratherthan H,O,is their electrondonorfor photophosphorylation

A Photoheterotrophsuse light as their energy source but must obtain their
carbonatomsfrom organiccompoundsmadeby other organismsTheirad ¥ 2 2
consistsof organic compounds such as carbohydrates,fatty acids, and

alcohols
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TheDevelopmenbf MetabolicPathways

A Chemoautotrophsobtain their energy by oxidizinginorganic substancesand
they use some of that energy to fix carbon Some chemoautotrophsuse
reactionsidenticalto those of the typical photosyntheticcycle,but others use
alternative pathwaysfor carbon fixation. Somebacteria oxidize ammoniaor
nitrite ionsto form nitrate ions Othersoxidizehydrogengas,hydrogensulfide,
sulfur,and other materials Manyarchaeaare chemoautotrophs

A Chemoheterotrophsobtain carbon atoms from one or more complexorganic
compoundsthat havebeensynthesizedy other organismsand usuallyobtain
energy from breakingdown these organic compoundsas well. Most known

bacteriaand archaeaare chemoheterotrophs asare all animalsand fungiand
manyprotists.
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Oxygen in atmosphere (%)

20
15 Carbon monoxide
Carbon dioxide
Methane Nitrogen
10 Ammonia Oxygen
Nitrogen
Steam
)
0
0 | 2 3 4

Time (Billions of years)

_ T ——

Carbon monoxide-acetate pathway
3CO + 10H™ + 2ADP + 2Pi ->
CH3;COOH + H20 + CH,4 + 2ATP

Photosynthesis pathway

12C0, + 12H,0 + 12ADP + 12 Pi + 12 NADPH ->
G2H24012 + 120, + 12NADP+ + 12ATP

Oxidative phosphorylation pathway
NADH + H* + 3ADP + 3Pi + 120, ->
NAD* + H,O + 3ATP

by SS Nishank, Dept.of Zoology, Utkal
University
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THE ORIGIN OF DNA

A It is believedthat DNApredatesthe earliestlife on the planet It is likely that
DNAoriginatedfrom RNAIn an RNA/proteinworld.

A Thishypothesisis supportedby the evidenceshowingthat DNAis a modified
form of RNA,with the ribose sugarin RNA(OH)reducingto deoxyribosein
DNA, and the base uracil (U) into thymidine (T) through the methylation
procesqaddition of a methyl RCH group].

A A complicationhere is that DNAsynthesisrequiresprotein as a catalystand

proteinscannotbe synthesizedvithout DNAto fix the order and sequenceof
the nucleotides

A The first step in the synthesisof DNA was the formation of U-DNA (DNA
containing uracil) Thistook place through a chemicalreaction converting
deoxyuridineTriphosphatddUTR to deoxyuridindMonophosphat§dUMB):

dUTP + H,0O » dUMP + diphosphate
A catalyzedby the enzymedUTPdiphosphatase



THE ORIGIN OF DNA

A This enzyme has two functions first it removes dUTP from the
deoxynucleotidesteducingthe likelihood of this basebeingincorporatedinto
DNAandhenceDNAcontaininguracil,and

A in a secondstep, dTTPbeingproducedin modern cellsby the modification of
deoxyuridine monophosphate (dUMP) into deoxythymidine triphosphate
(dTMP)by thymidylatesynthasesfollowed by phosphorylation

A Thisis how uracilin RNAis replacedby thyminein DNA ThemoleculedTTRs
producedin the cellsby the modification of dUMPinto dTMP(anddTTP)oy
the enzymethymidylate synthaseqfollowed by phosphorylation) The above
explainsformation of DNAfrom RNA

Aln G2 RI &k3a dUMP is produced from dUTP by deoxyuridine
triphosphatases,or from deoxycytidine monophosphate(dCMP)by dCMP
deaminasesThisis another signthat thymidine (T)DNA originated after U-
DNA



THE ORIGIN OF DNA

A The evolution of DNA also required the appearanceof enzymesable to
Incorporate dNTPs firstly using RNAtemplates (reversetranscriptases)and
later on usingDNAtemplates(DNApolymerases)



how did amino acids polymerize and form proteins and peptides
on primitive Earth?

A Investigatorshave proposedseveralwaysin which proteins and peptidesmay
havebeenformed,theseinclude

A High energy radiation and ion polycondensationwhich polymerizedamino
acids

A Controlledexposureto heat at 175°C causingamino acidsto polymerizeinto
proteins

A Saltinducedpeptide polymerizationwith the assistancef claymaterials
A Condensatiorof aminoacidsin ammoniaat 160°C,whichgeneratedpolymers

A Creation of volcanic settings in which amino acids were converted into
peptidesby the useof coprecipitated(Ni, Fe)Sand COin conjunctionwith H2S

A Carbondisulfide, a gasdischargedfrom volcanoeswhich causeshomo- and
hetero-peptidesto be produced

A HCNand other ingredientsof primitive atmospherescan polymerizeamino
acids



how did amino acids polymerize and form proteins and peptides
on primitive Earth?
A Heatedammoniumcyanidewhich causesaminoacidsto polymerize.

A Clay and water subjected to cyclic variations in temperature formed
oligopeptides



Biochemistry of Early Life
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The Earliest Life Form

A drop of fatty acid formed a micelle which led to a bilayer vesicle. Protocells
were made in a fatty acid vesicles containing nucleotides, amino acids,
oligoribonucleotides (random RNA sequences) and a saline solution.

This was the like the first life form. The protocell had to contain some RNA
ribozyme random sequences to aid in early enzyme-like reactions and
transport of amino acids and nucleotides into the protocell. The protocells
must have used a ribozyme RNA polymerase activity to make RNA from
nucleotides which the cell absorbed.

Simplitic Life 1 \4

The simple life develops the carbon monoxide- ATP energy system

Simplitic Life 2 v &

Amino acids form oligopeptides and proteins using 10 possible pathways ﬁ\o

Simplitic Life 3 v &

Establishment of the RNA genetic codes.

Simplistic Life 4 v ¥
Establishment of tRNAs and aminoacyl tRNA synthetases Q»\

Simplitic Life 5

Activation of translation using ribozymes to substitute

RNA-dependent RNA polymerase and aminoacyl tRNA synthetases t.of Zoology, Utkal
university
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Simple Life 6

!

Synthesis of RNA-dependent RNA polymerase

Simple Life 7

RNA is coded for translation enzymes using genetic code

Simple Life 8

A\

Active synthesis of proteins and enzymes

Simple Life 9

v

RNA is placed in chromosomes inside the cellular nucleoid, an organelle

Simple Life 10

v

Using C0z and ATP from the carbon monoxide energy cycle to make

glucose by Calvin cycle.

Cyanobacteria

Initial stages of Cyanobacteria start photosynthesis and replace RNA

storage with DNA storage

ARIRA LS
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Biochemistry of Early Life

A The starting original life-form developsor evolveswith time forming Simple
Life-1

A Simple Lifel gains the simplest energy system, the carbon monoxide;
Methane/adenosinetriphosphate (ATP) energy system This uses carbon
monoxide, expels methane and generatesATPR This pathway requires two
enzymeswhich canbe providedby randomribozymes

A The carbon monoxide;Methane/ATP energy system generated ATP This
permitted high energy ATP,cytidine triphosphate (CTP)uridine triphosphate
(UTP),and guanosinetriphosphate (GTP)generation, and allowed ATP to
powerfuture enzymaticand presentribozymereactions



Biochemistry of Early Life

A Thesecondevolutionarystep (SimpleLife-2, Fig 2.1) involvedpolymerization
of amino acids to make oligopeptides and proteins Ten independent
approachedavebeenproposed

A Highenergyradiation and ion polycondensatiormay have polymerizedamino
acids

A Controlled exposureto heat at 175°C causedamino acidsto polymerizeto
proteins

A Saltinducedpeptide polymerizationwith the assistancef claymaterials
A Condensatiorf aminoacidsin ammoniaat 160°Cgeneratedpolymers

A In volcanicsettings,aminoacidswere convertedinto their peptidesby the use
of coprecipitated(Ni, Fe)Sand COin conjunctionwith H2S

A In the presenceof carbondisulfide, a gasdischargedirom volcanoeshomo-
and hetero-peptideswere produced

A Polymerizationof amino acids was possible using HCNand ingredients of
primitive atmospheres



Biochemistry of Early Life

A Amino acids from a primitive environment polymerized using heated
ammoniumcyanide

AIn clay and water subjected to cyclic variations in temperature, longer
oligopeptideswere formed

A Peptideformation in the prebiotic era by thermal condensationof glycinein
fluctuatingclayenvironments



Biochemistry of Early Life

A The third evolutionary step (Simple Life3IH{ A Y L#ieB see Figure)is a
multistep evolutionaryevent involvingthe activation of RNAdependentRNA
translationin the simplelife-form.

A Firstly, Simple Life-3, is the determination of the genetic code secondly,
SimpleLife-4, is the synthesisof amino acidstRNAS thirdly, SimpleLife-5, is
the activation of translation using ribozymesto substitute for the specific
aminoacyl tRNA synthetases fourthly, Simple Life-6, is the synthesis of
aminoacyltRNAsynthetasesand finally, SimpleLife-7, RNAis codedfor the
synthesizegroteins

A In SimpleLife-8 (seeFig) , activesynthesisof aminoacidsand proteinsoccurs
In SimpleLife-9, RNAIs placedin chromosomesnsidethe cellularnucleoid(an
organelle) In SimpleLife-10, cellsmakeenzymesand usethem andribozymes
for the Calvincycle, using C@ and ATPfrom the carbon monoxide energy
cycleto makeglucose

A Cellsthen becomecyanobacteriaadoptingphotosynthesisand replacingRNA
coding with DNA Additional references describe sugar synthesis, energy
pathways,aminoacidsynthesisand RNAsynthesis



BOX 20.3: DIFFERENCES BETWEEN DNA AND RNA MOLECULES

DNA vs. RNA
W WA

Generally single-stranded

H,

H

H

o” i

H
Thymine (T) Uracil (V)
Cytosine (C) Cytosine (C)
Adenine (A) Adenine (A)
Guanine (G) Guanine (G)
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Pathway to a Cell

Lipid spheres

Carbohydrates

Nucleotides

"9

Amino acids

EX Prebiotic chemistry ] Pre-RNA world

Prebiotic chemicals
react to form small
organic molecules

in a watery
environment (“soup”).

Polymerization and
dehydration (“crepes”)
form nucleic acids
and polypeptides.

RNA  Complementary DN
DNA 1

i @

[ Primordial cell
Self-replicating
system enclosed in
a permeable
protective lipid
sphere.

.

Polypeptides Proteins
[EJ RNA world IZ1 DNA/protein world
Reverse transcriptase DNA replicates; RNA from
enzyme copies RNA into DNA encodes proteins.
complementary DNA. Lipids form spheres.
Time
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\ .
1 | An archaeon species evolved

| The invagination process o resulted in chloroplasts.
led to the formation of a Nuclear
nuclear envelope. envelope

archaeons Ancient—__
o bacterium

4 | Many bacterial genes were

~ transferred to the nucleus.
l This event may have resulted
To in mitochondria, or mito-
chondria may have arisen by
a second endosymbiotic event.

the ability to invaginate its
plasma membrane.

5” A subsequent endosymbiotic
event involving cyanobacteria

Ancient

- cyano-
 The invagination process . bacterium
also allowed the archaeon
to engulf a bacterium and -
establish an endosymbiosis. lb ——
: Eukaryotic cells: Eukaryotic cells:
/hJ.SS N'Shami\ﬁgﬁﬁg‘%ﬂ@j@ Animals, fungi, and someprotists



[ARCHAEA|| BACTERIA | [PLANTS]| [GREEN
T ALGAE
Green alga is

engulfed

Cyanobacterium is
engulfed and

Secondary
endosymbios|

becomes chloroplast.

and becomes

EUGLENOIDS | [RED

ALGAE

Red alga is

engulfed

becomes

Primary endosymbiosis

Cyanobacterium is engulfed
and becomes chloroplast.

mitochondrion.

Primary endosymbiosis

Aerobic bacterium is
engulfed and becomes

PROKARYOTIC
ANCESTOR

Primary endosymbiosis

BROWN
ALGAE AND
DIATOMS

and becomes

Red alga is
engulfed and

chloroplast.

Brown alga is
engulfed and
becomes

chloroplast.

/ Tertiary
endosymbiosis

[DINOFLAGELLATES | [FUNGI| [ANIMALS]

Nucleus

Mitochondrion

Chloroplast
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Evidences in favour of Endosymbiotic theory

similarities in size, shape, and membrane structure between
the organelles and some types of bacteria;

the double membrane surrounding mitochondria and
chloroplasts, a presumed relic of the original engulfing event;

the observation that mitochondria and chloroplasts are not
assembled in cells but instead divide, as do bacterial cells;

the similarity between the photosynthetic pigments in
chloroplasts and those in cyanobacteria;

the observation that mitochondria and chloroplasts contain
DNA, RNA, and ribosomes (and the ribosomes are
structurally similar to those in bacterial cells); and

DNA sequence analysis, which shows a close relationship
between mitochondria and aerobic bacteria (proteobacte-
ria), as well as between chloroplasts and cyanobacteria.

by SS Nishank, Dept.of Zoology, Utkal
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Endosymbiotic theory

Common
ancestor

Oldest multicellular fossil, ~1.2 ByaA
Oldest eukaryotic fossils, ~1.5 Bya

4 BYA 3 BYA 2 BYA 1BYA O Bya
> Archaea
\ Non-
s : {i photosynthetic
’ eukaryotes
Membrane ' {
infolding :

Host cell

Photosynthetic
eukaryotes

Endosymbiosis (mitochondrion) Nucleus

Mitochondrion Chloroplast
Aer ob| < Bactedium Endosymblosas (chloroplast)

Bacteria

YY
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Prokaryotes

Universal ancestor

Bacteria
Archaea
Eukaryotes
Primary Host cell
endosymbiosis 8 J engulfs a
-~ (&  cyanobacterium,
' which becomes
Host cell engulfs “ a chloroplast.
an aerobic
bacterium, which
becomes a

mitochondrion.

Q Nucleus Green alga
derived from

Mitochondrion primary

endosymbiosis
9 Chloroplast

Secondary
Chloroplast endosymbiosis e
with three ¥/ ; i
membranes Eukaryote engulfs EUkaryOtIC algae
Eugl id green alga, which . . . . . .
e / derived from  becomes a live inside this protistParamecium
B, socondery | GIOrOPESt bursaria.This partnership and other:

_ endosymbiosis

Eukaryote — like it provide evidence for the
Green alga . .
endosymbiosis theory.
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Protokaryotic life
A Bacteria such as
A A A cyanobacteria

Simple Chemical Life
W/RNA ribozymes, random
enzymes, ATP energy pathways
RNA/DNA protein coding
and enzymatic reproduction

Simple Chemical Life
w/RNA ribozymes, random
enzymes, ATP energy path,
photosynthesis & RNA/DNA

protein coding

Simple Chemical Life
w/RNA ribozymes, random
enzymes, ATP energy path,

& photosynthesis

Simple Chemical Life
W/RNA ribozymes, random
enzymes & ATP energy path

Simple Chemical Life
W/RNA ribozymes &
random enzymes

Simple
Chemical Life
w/RNA ribozymes

Simple
Chemical

Life Proposed evolution of chemical life.

by SS Nishank, Dept.of Zoology, Utkal
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Evolution of Early Life

A A proposition of possible advancement steps needed to advance to
prokaryoticlife is presentedin Figure Thisis simplychemicallife advancingo
simple chemicallife with RNAand RNAenzymeor ribozymes.advancingto a
simplechemicallife with randomproteinsor enzymeactivities,advancingo a
simple chemical life with an adenosine triphosphate energy pathway,
advancingo a simplechemicallife with photosynthesisadvancingo a simple
chemicallife with RNA/DNAprotein coding,advancingto a simple chemical
life with enzymatiaeproduction,advancingo a prokaryoticlife.

A Theevolution of eukaryotesprobablytook placeafter the developmentof the
oxygennitrogenrich atmosphere 2.8billion yearsaga

A How did the eukaryoticcell evolve?How did prokaryoticbacteriummakethis
evolutionaryleapto the more complexeukaryoticcell? Theanswerseemsto
be symbiosisor teamwork



Eukaryote evolution.
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Evolution of Early Life

A PreviousFigureshowsthe wide evolution of eukaryotes,and how animalare
just atiny part of the eukaryoticsphereor organisms

A Eukaryotescan be classedas opisthokonts the animal and funguskingdoms
together with the microorganismsthat are conventionallyassignedto the
protist kingdom

A Amoebozoa a major taxonomic group containing about 2400 species of
amoeboidprotists,or amoebaandprotozoa

A Rhizariaa speciesrich supergroupof mostly unicellulareukaryotes Plants,a
groupincludingall the flowersandplantsfound on Earth

A Alveolateds a major groupsof protistsor singlecelledorganismsHeterokonts
or stramenopilesare a major line of eukaryotescurrently containing more
than 25,000 known species Most are algae, ranging from the giant
multicellular kelp to the unicellulardiatoms,which are a primary component
of plankton

A Discircristatesclade consistsof euglenozoaplus percolozoa Excavateslade
are a major subgroupof unicellulareukaryotes,containinga variety of free-
living and symbiotic forms, and also includes some important parasitesof
humans



Evolution of Early Life

A Throughopisthokonts,and just one avenueof eukaryoticevolution channelof
eukaryotesanimalsevolvedwith multiple organs
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Animal evolution.
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The key events are:

Formation of planet Earth 4.54 billion years ago

for the last 3.6billion years, simple cells (prokaryotes);

for the last 3.4 billion years, cyanobacteria performing photosynthesis;
for the last 2billion years, complex cells (eukaryotes);

for the last 1.2billion years, eukaryotes which sexually reproduce

for the last 1billion years, multicellular life;

for the last 600 million years, simple animals;

for the last 550 million years, bilaterians, water life forms with a front and a
back;

for the last 500 million years, fish and proto-amphibians;

for the last 475 million years, land plants;

for the last 400 million years, insects and seeds;

for the last 360 million years, amphibians;

for the last 300 million years, reptiles;

for the last 200 million years, mammals;

for the last 150 million years, birds;

for the last 130 million years, flowers;

for the last 60 million years, the primates,

for the last 20 million years, the family Hominidae (great apes);
for the last 2.5million years, the genus Homo (including humans and their
predecessors);

for the last 200,000 years, anatomically modern humans.
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