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Chapter 5.
Energy: From the sun to you in two easy steps

Energy flows from the sun and through all life on earth
1. Cars that run on French fry oil? Organisms and their machines need energy to work.
2. Energy comes in two forms: kinetic energy and potential energy.
3. As energy is captured and converted, the amount available to do work decreases.

4. ATP is the chief energy currency used in all living cells.

Photosynthesis turns sunlight into food
5. Photosynthesis: the big picture.
6. Photosynthesis takes place in the chloroplast.
7. Light energy travels in waves and plant pigments absorb specific wavelengths.
8. Photons cause electrons in chlorophyll to enter an excited state.
9. Photosynthesis Step 1: the energy of sunlight is captured as chemical energy.
10. Photosynthesis Step 2: food is made from the captured energy of sunlight.
11. Battling world hunger with plant adaptations to water scarcity.

Cellular respiration converts food molecules into ATP, a universal source of energy
12. Living organisms are machines: how do they fuel their actions?
13. Cellular respiration: the big picture.
14. Glycolysis is the universal energy-releasing pathway.
15. The Krebs cycle extracts energy from sugar.
16. Building ATP: the electron transport chain.

Alternative pathways to energy acquisition

17. Beer, wine and spirits are by-products of cellular metabolism in the absence of oxygen.

18. Eating a complete diet: cells can run on protein and fat as well as glucose.
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The chapter currently has 6 mini-q questions and 6 Red Q questions.

Following are some “relevance” questions that can be included on the chapter opener page.
In the actual text, Of these, some are “mini-q questions” that will be written in the
margin, with an arrow pointing in the general direction toward a paragraph that should

provide sufficient information for the student to make a reasonable response.

Others are in separate boxes as “Red Q” questions, with the answer in smaller type, upside

down, directly following the question.

1. Humans can get energy from food. Can machines? (nugget 1)

2. When humans grow, the new tissue comes from food we eat. When plants grow, where
does the new tissue come from? From the water? From the dirt? From thin air?
(hugget B)

3. Why do leaves turn beautiful colors each fall? (nugget 7)

4. Suppose a large meteor hit the earth. How could smoke and soot in the atmosphere
wipe out life far beyond the area of direct impact? (nugget &)

5. Why must we water plants for photosynthesis to occur? (nugget 9)

6. A bit of sugar in the vase water with fresh cut flowers can help them stay alive longer.
Why? (nugget 10)

7. Aerobic training can cause our bodies to produce more mitochondria in cells. Why is this
beneficial? (nugget 13)

&. Can you blame laziness on your mitochondria? (nugget 15)

9. Over-the-counter NADH pills give more energy to sufferers of Chronic Fatigue
Syndrome. Why might this be?

10. Why is cyanide such a deadly poison? (nugget 16)
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Chapter 5.
Energy: From the sun to you in two easy steps

Energy flows from the sun and through all life on earth

5-1. Cars that run on French fry oil? Organisms and their machines need energy to

work.

Imagine tha you are on along road trip. The fud gauge of your car is nearing empty 0 you pull off

the road, but instead of pulling into a gas station you head across the street to a fast-food restaurant.
You dive aound backo the pot whee theygore used cooking materids and proceed to fill your

caffuel tankwith recyled cookig geas. Fom thee you head bado the highwayreadyto diive

sverd hundred miles before needing another pit gop.

--> mini Q (in the margin pointing toward the following paragraph):

Humans can get energy from food. Can machines?
Fast food for your car? Yes! This is not as far-fetched as it sounds. In fact, on the roads of America
today many vehicles runlginfuels, fuelsproducedrom plant and animal pducts(Fig. 5-J.
Mog vehides, however, run on fossil fuels such as gasoline, produced from the decayed remains of
ancient plantand animalsmodiied ovethe cairse of millions of years, by heat, pressure, and
bacteial proceses

It turnsout that biofiels fosl fuels and thedodfuelsthat sipply enegyto mos living oiganisns
are chemicdly amilar. Thisfact isnot surprisng because olar energy from the aun istheinitia
urce ofthe enagy gored in the chemical bondstween the atorirsall thes uels Let®
invesigate how fuds provide energy.

When we burn gasoline, separates the atoms within long chains of carbon and hydrogen atoms
separate, releasing carbon dioxide, water, dmd @negy that wastored within the chemical
bondsholding each galéne molecule togethén fact the energy rdeased in burning asnge gdlon

of gasisequivdent to the cdoric content of 15 large cheese pizzas In an automobile engine, some of

this released energy is harnessed to push gtoagankhat and tun the camwheelsmoving it
forward.
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Animal fats and the oils in many plantsNsudh@se used to cook French friesNshare an

important chemical feature with gasoline. They, too, contain chains of carbon and hydrogen atoms
bound together, and just as with gasoline, brehksgbonds releases large amounts of energy (and
water and CQ). If this released energy can be captfire@endy, it too can be used to push pigons

and turn car wheels.

Carsthat run on biofuds are more than jug atechnologicd trick. The production of biofuels

requires only sunlight, air, water, and a few months or years, depending on the source; fossil fuels
requie plant and animatémainsand millionsof yeasto produce. Thiglifference givdsiofuelsan

important advantage over foss| fuds they are arenewable resource. For this reason, they point the

way towards a future of reduced dependence on fossil fuels, the supplies of which are dwindling and
the combustion of which has many harmful consequences, such as increasing global warming and
rdeasng cancer-causng partidesinto the amosphere

In this chapter we will explore the other GnachinesOthat canuin on enegy gored in the chemical

bondsof plant and animal moleculéging oganisns Jus asthe brwaid motion ofa caiis fueled

by breaking chemical bonds and harnessing the released energy, the activities of living organisms are
fueled by breaking chemical bonds and harnessing the released energy.

All life dependsn enegy captue and convapn. In exploring the nature of the energy that makes

al life possble, we focus on two important procesestha mirror each other: 1) photosynthesis, the
process by which plants capture energy from thedssio@nit in the chemical bonds of sugars and
otherfood moleculegind 2)ellular respiration, the ppcesbywhich all living @anisnsreleas

the energy gored in the chemica bonds of food molecules and use it to fud ther lives The aun to

you in two easy steps!

5-2. Energy comes in two forms: kinetic energy and potential energy.

OBattéesnot included.O Farchild, thos ae among the mbdepesing wods We know that ér
manyof the toyand electmic gadgethat pemeate oulivesto be @in oruselul, theyneed engy-
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-usudly in the form of batteries Generating noises lights and movemenequiesenegy. The ame
istrue for humans plants and dl cther living organiams theyneed enegpy for eveything, fom
thinking to moving to reproducing.

Energy is the capacity to do work. And work ighang tha involves moving matter againg an
opposng force. The energy encountered in the sudy of living things comesin two types kinetic
energy and potentid energy. Kinetic energy isthe enegy of moving olgcts Leggushing bile
pedals and the flapping wings of a bird are examples of kinetidenésgy. Heat, whichesilts
from lots of molecules moving rapidly, isanother form of kinetic energy. Light, too, isaform of
kinetic energyN probably the most important form of kinetic energy on earth. Wed explore the
nature of sunlight and how it isharnessed for the work of producing food moleculeswhen we look &
photosynthesslater in this chapter.

An obpct doesot have to be moving to have thgacdy to do work. The second type of energy is
potential energy. It is the capacity to do work that we see in objects that arenOt moving. This
capacityo do wok comedrom the location goostion of the obgct. Watebehind a dam has
potentid energy, for example. If aholein the dam is opened, the watean fow through, pinning a
water whed or turbinein the process A concentration gradient, which we learned aout in Chapter

4, hagotential engytoo: ifthe molecules an aea othigh concenétion move towdran aea of
lower concentration, the potentid energy is converted to the kinetic energy of molecular movement,
which can do work.

Because potentia energy doesn®involve movement, it isaless obvious form of energy than kinetic
energy. An gopleisaform of potentid energy--as is any other type of féogl%-3. Why? Because
thereischemical energy (atype of potentid energy) gored in the gople that can be rleased during
cdlular repiration enabling you to run, play, and work. We explore odlular repiration, the energy-
releasang breskdown of moleculeslater in this chapter. But fird we need to know more about the
nature of energy.

5-3. As energy is captured and converted, the amount available to do work

decreases.
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Every minute of every day the sun shines brightly, releasing tremendous amounts of energy.
Organismson earth cannot capture every sngle bit of energy released by the sun; indeed, most
plants capture only aout one percent of the available energy. Wha happensto the other 99%?This
unused energy does not simply disappear. Actewaiad love to monitor the flow of energy
becaus, asn a good accounting ledgat ofthe energy numbers add up perfectly. All energy from

the sun can be accounted for: some is captadthnsformed into usable chemical energy by
organisms through photosynthdsig. 5-4) The es$ of the enagy from the an isrelected back

into space or transformed into heat. Heat is not easily harnessed to do work, though. As a
conseguence, it isamuch less ussful form of energy than the engytrangormed into chemical
energy in plants. The amount of the sunOs energy transformed into heat, nonetheless, can be
predicted exactly and measured. The same OzeravsexiQsym asndler levd, too. If you et a
bowl of rice, some portion of the chemicd energy gored in the bonds of the moleculesthat make up

the rice grainsis tranformed into ussble energy that can fud your odlsCectivities All of therest is
trandormed into heat and ultimatdy log into the amosphere.

That energy can change form but never disgppear isan important feature of energy in the universe

whethemwe ae lookng at the sn and edh ora human and heice bowl. Bnilarly, enegy can

never be areated. All of the energy currently present in the universe has been there nce the

universeOs beginning and everything that has happened since then has occurred by transforming one
form of energy into another. In dl of our esting and gowing, diving and leeping, we arsmply

trangorming enagy. The sudy of the tangormation ofenegyfrom one tpe to anothemuich as

from potentid energy to kinetic energy, is caled thermodynamics, and theFirst Law of

Thermodynamics states that energy can never be created or destroyed. It can only change from one
form to another.

With thar gpproximatey 1% eficdency, plantsare pretty inefficient a capturing olar energy.

Humans however, are even worse & extracting the chemica energy of plants when we est them. The

problem isthat every time energy is converted from one form to another the converson isn®

pefectly eficent. Whether it isa person converting the chemica energy in aplate of oaghetti into

the kinetic energy of running amarathon or acar trandorming the chemica energy of gasolineinto

the kinetic energy of forward motion (Fig. 5-5, some of the energy is always converted to that least
usable form of kinetic energy: heet. In automobiles, for example, about three-quarters of the energy

in gasoline is lost as heat. Thus, for every $10 spent on gas, only about $2.50 goes toward moving
the car!
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The Second Law of Thermodynamics datesthat every converson of energy isnot perfectly ficient
and invamablyincludeghe tang$ormation ofsome emprgy into heat. While hest is certainly aform

of energy, because it is not easily harnesiaddi it isdmos completdy usdessto living
organignsfor fuding their odlular activity. Put another way, the Second Law of Thermodynamics
tdlsusthat dthough the quantity of energy in the universeisnot changing, its qualityis Little by

little, the amount oénegythat isavailable to do wiodeceass Now that we unde&and that
organisnson earth cannot capture every sngle bit of energy released by the sunNand that energy
convesionsae ineficientNwe can loolatthe chiekenegy curencyof the cell: ATP.

5-4. ATP is the chief energy currency used in all living cells.

If you walkinto a gocey gore and want to pahase some meat and vegetables, you canOt simply
offerthe clek a diamond in exchange. Althougthsgemsetainly have value, in ogocietysuch

purchases generally must be made using cashntiog pessor eupseither you mus use

dollars and cents. A similar sort of standard cuiseseyto (payOfor mos cdlular work. Light

energy from the sun carries energy, as do molecules of sugar, fat, and protein, but before any of the
enegyfrom the an orenegydored in the chemical bonitlsmoleculesf augar fat, and potein

can be used to fud chemicd reactionsin organismsO cells, it must be captured in the bonds of a

molecule caled adenosine triphosphate (ATP), amolecule that isthe energy currency used for

cdlular work in plants animds bacteria, and dl the other organiamson earth.

ATP isa ample molecule with tee component¥he two componentd the centesf ATP ae a

gmall sigarmolecule attached to a molecule called agenblse easn ATP is0 efective in the

carrying and short-term storage of energy is that the sugar and adenosine are attached to a chain of
three negatively-charged phosphate molecule groups (hence the QriGin triphogphate). Because the

bonds between these three phogphate groups mug hold the groups together in the face of the three

dectricd chargesthat dl repd eech other, they are stressed and unstable. The instability of these

bonds makes the three phosphate groups like atightly coiled oring or atwig that isbent dmog to

the point of bresking. With the dightes push, one of the phogphate groupswill pop off, rdeadng a

little burg of energy that the cdl can use (Fig. 5-9.

Jay PhelanStreer Biology - Chaptel5: Enegy - page 7



It is precisely because each molecule of AWRysaal the bink of egcting one ats phogphate

groups that ATP is such an effective energy source inside a cell. As long as plenty of ATP molecules
are aound, they can energize the chemicd reactionstha make it possble for the cdl to carry out

reactionsthat require work, such as building muscle tissue or repairing awound. Each time acell

cashes in one of its ATP molecules to pay énergdicaly expengve reaction, it isleft with one

molecule of ADP (adenosine diphosphate and a separate phosphate group (labeled P

The organism can then rebuild its ATP stattkav input of kinetic energy which isthen

converted to the potentid energy of the energy-rich but ungable bondsin the ATP molecule. In a

sense, ATP functions like a rechargeable batteng.ddésehisinput of energy for recharging it

come from? As we will see when we discuss phasisypilants, algae, and some bacteria directly
use light energy to make ATP from ADP andlfaang phosphate groups Animas use the energy
contained in the bonds theirfood moleculesn ether case, the energy isused to re-create the

ungable tiphogphate chain. When needed, thggosm can again release the energy by breaking
the bond holding the phogphate group to the res of the molecule. In that way, our bodiesrecycle

ATP molecules more than a thousand times eadfiglaly- 1, .

LetOs sum up the ATP story. The use of an energy currency such as ATP solves an important timing
and ocoordination problem for living cdls A supply of ATP guaranteesthat energy required for

energy-conauming reactions will be available when it@ needed. Baling down a molecule afgar

found in a glass of orange juice, for exampletdesadsniatue bug of enegyin your body In an

inefiicient gdem, that englywould be Idsasheat. Cells, however, have ADP and free-floating
phosphate groups nearby for just such occdangay, the energy from the mini-exploson can

be put to work building the high-energy bondsthat atach phosphate groupsto ADP molecules

creating moleculed ATP. Lateperhapsonly a faction ofa £cond laterwhen it comesme br

an energy-consuming reaction to occur your cdls can releas the engy dored in thisATP molecule.

Take home message #5.1:

Energy is neither created nor destroyed but aage tdrans Energy from the sun fudsal life on
eath asit isconveted into diferent brms Each conveon isineficient and eme ofthe uable
enegyisconveted to lesuseiul heat engpy. Cdls temporarily store energy in the bonds of AT,
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molecules Thispotentid energy can be converted to kinetic energy and usad to fud life-suganing
chemicd reactions

Photosynthesis uses energy from sunlight to make food

5-5 Photosynthesis: the big picture.

Watching a plant gw ovetthe couge ofa Ew yeas can seem like watching a miracle, or at least a

very fancy magic trick. Of course it@not, but the process is still amazing. Consider that, in five years,

a tree in a big plantemight inceas itsweight byl50 pound$68 kg) ast grows(Fig. 5-§. Whee

does that 68 kg of new tree come from? Almost 400 years ago, a Flemish scientist named Johannes
van Hdmont performed an experiment to answer this quetion.

--=> mini Q (in the margin pointing toward the following paragraph):

When humans grow, the new tissue comes from food we eat. When plants grow, where does the
new tissue come from? From the water? From the dirt? From thin air?
Our firg guess might be the oil. Could that be it?1t@easy enough to weigh the soil when first
planting the tree and again five yearslater. After five years though, we find tha the oil in our
planterhadog lesthan a pound, nowheneaenough to explain the rsae inceas in the
amount of plant materid. Perhgpsit comesfrom the water?Wrong again. Although the much larger
tree holds more water in itsmany cdls the water provided to the plant does not come dose to
accounting for the increase in the dry weight of the plant. Hence the ill-advised temptation to seek
recoursein magic or mirades

The amazing truth isthat mog of the new materiad comes from an invisible gas in the air. In the
process of photosynthesis, plants capture carbon dioxide,paer(Gke ar and, usng energy

they get from aunlight, dong with water and amdl amounts of chemicals usually found in soil, they
produce solid, visible (and often tasty) sugantrendrganic matter that are usad to make plant
structures such as leaves, roots, stems, flawersrfd seeds. In the process, the plants give off
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oxygen (Q, aby-product tha happensto make dl enimd life possble

Although plantae the masvisble oganisnsthat have evolved the ability to capture light energy

and convert it to organic matter, they are not the only organisms capable of photosynthesis. Some
bacteia and manytherunicellularganisnsare aso capable of usng the energy in sunlight to

produce organic materids

There ae three inputsto the process of photosynthess: light enegy (from the an), cabon dioxide

(from the amosphere), and water (from the ground). From these three inputs, the plant produces

sugar and oxygen. As we will see, photosyntbesistisderstood as two separate events: a OphotoO
sgment dung which light isaptued and a @rethesisO segment during which sugar is synthesized.
In the Ophoto@actionslight enegyis captued aml temporarily sored in energy-storage molecules

During this process water molecules lit and produce oxygen. In the OsynthesisO reactions the
enegyin the enagy-dorage moleculésused tobuild sugar molecules from carbon dioxide in the

ar (Fig. 5-9:

5-6. Photosynthesis takes place in the chloroplast.

The best way to know which parts of a plant areghibtetic isto jug look for green. Leavese
green because the odls near the surface are packed full of chloroplasts, organelles found in plants
that makesit possble to use the energy from sunlight to make sugars and other plant tissue (much of
which we use for food) (Fig10). Other plant parts, such as stamag; also contain chloroplasts,
(in which castheytoo ae capable ghotognthess) but mos chlooplass are located within the
cells in a plantOs leaves.

Letstake ados look a chloroplags the light-harnessng organdlesthat dlow plantsto make their
own food. This sac-shaped organelle is filled with a fluid cadteehiheHoating in the Sromais
an elabate ggem ofinterconnected meménousdructurescallecdhylakoids, which often look
like sacksof pancaks Once ingle the chlaplas, you can be in one tfo placesn the sroma or
indde the thiakoids The conveion of light energy to chemica energyN the hotoOpart of
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photosynthesisNoccurs inside the thylakdids 6-1). The poduction ofugasNwhich are
synthesized in the OsynthesisO part o$yibesisNoccurs within the stroma.

We will examine both the OphotoO and yhih@sOprocessesin greater detal later in this chapter.
Firg, however, we@ examine the nature of light energy and of chlorophyll, the specia molecule
found in chlooplassthat malesthe captug oflight enegy posible.

5-7. Light energy travels in waves and plant pigments absorb specific wavelengths.

You can®eat aunlight. Even though dl the energy that fuels your bodyN and mosgt other life on
earth--comes from sunlight, you can®consumeiit directly. That’s because it igh: energy rather

than chemical energy, such as that found in the bonds of the molecules of an apple. Light energy is a
type of kinetic energy made up from little energy packets cadled photons which are organized into

waves. Photons can do work as they bombard surfaces such as your face (heating it) or a leaf
(enabling it to build sugar from carbon dioxide and weter).

Photons have various amounts of energy anddtiedethe wave in which they travd corregponds

to the amount of energy carried. The shorter the wavelength, the more energy it carries Within aray

of light, there are uper-high energy packets of photons (those with short wavelengths), reatively
low-enegy paclets(tho® with longewavelengthsand everything in between. This range is called
the electromagnetic spectrum and it spans from extremely short high-energy gamma rays and X-
rays, with wavelengths as short as one rian@meman har isaout 50,000 nanometersin

diametel) to vey long low-en@yradio wavesvith wavelengthe the thouandsof metes (Fig 5-

12).

Just as we cahearsome sperhigh-pitchedrequenciesf sound (even though madggscan),
there are Isme wavdengths of light that are too short or too long for usto see The light that we can
e vigblelight, ansdl the colors of the rainbow, iscalled vible light. Humanand sme other
animals can see colors begggsentsNmoleculesthat absrb lightNin our eyesabsrb
wavedengths of light within the vigble range. The energy in these light waves excites dectronswithin
pigmentsin our eyes causng agimulaion of nerveswhich then tranamit dectricd sgnasto our
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brans We percave different wavdengthswithin the vigble ectrum as different colors The
pigments in eyes absorb many different wavelengths pretty iselththate can see so many
colos When plantsi® sinlight®enegyto male sugar, they do use the visble portion of the
eectromagnetic ectrum. Unlike our eyes, however, the energy-capturing parts of aplant primarily
absrb and us onlya potion of vigble light wavelengths

Chlorophyll isthe molecule in plantisat absrbslight enegy from the an. It isa pigment
embedded in the tlakoid membane otthlooplass, found pimaily in plant€leavesAsin the
pigmentsresponsble for color vison in humans dectronsin chlorophyll can become excited by
certain wavdengths of light, capturing abit of the light energy.

Plants produce sverd different light-absorbing pigments The primary photosynthetic pigment,
calledchlorophyll 4, eficientlyabsrbsblue-violet anded wavelengtlws light. Evey other

wavelength generdly travelsthrough or bounces off this pigment (Fig. 5-13. Because chlorophyll 2

cannot dfcientlyabsrb geen light and itsad elects those wavelengths back, our eyes and brain
percaive the reflected light waves as green, and 0 the pigment gppears green. Another pigment,

chlorophyll 4, issmilarin gructure but absrbsblue anded-oange wavelengtivgavelengthhat

trave through chlorophyll 2. Chlorophyll 4 reflects back ydlow-green wavelengths A reated group

of pigmentsalledtarotenoids absorbs blue-violet and blue-green wavelengths and reflects yellow,
orange, and red wavelengkhg.(5-13.

--=> mini Q (in the margin pointing toward the following paragraph):

Why do leaves turh beautiful colors each fall?
In the late ummer, cooler temperatures cause some treesto prepare for the winter by shutting down
chlorophyll production. Gradudly, the chlorophyll 2z and 4 that is present in the leavesis broken
down and its chemical components stor#teibanchesAsthe amount o€hloophyl 2z and 4 in
the leaves decreases rd ative to the remaining yelow-orange- and red-reflecting pigments, the griking
colors of the fdl foliage are reveded (Fig. 5-15. During the res of the year, chlorophyll z and 4 are
90 abundant in leavestha it masksthe colors of the other pigments

5-8. Photons cause electrons in chlorophyll to enter an excited state.
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Energy from the sun isussful to an organiam only if the dectromagnetic energy of the sun can be
converted into the chemicd energy of bonds between aoms The mog important molecule in
accomplighing this converson isthe pigment chlorophyll. When chlorophyll gets hit by photons of
certain wavdengths the light energy bumps an dectron in the chlorophyll molecule to ahigher
energy leve, an excited state Eig. 5-16. Upon absorbing the photon, the dectron briefly gains
energy, and the potentid energy in the chlorophyll molecule increases (Fig. 5-17.

An electon in a photogthetic pigment that excited to a highenegy date genatly hasone of
two different fates 1) Sometimesthe dectron returnsto itsresing, unexcted gae. In the process
some energy is released while some may fweréchitsa nearby molecule, bumping dectronson
that molecule to ahigher energy dae or 2) Sometimeexcited eleainsthemsglvesare pased to
other aoms

The pasng ofelectonsfrom molecule to moleculeoise ofthe chiefvaythat enegy moves

through cells. This movement of electrons always occurs in a series of paired chemical reactions
calledreduction-oxidation Or redox reactions. Snce dectrons have a negative dectricd charge, when

they move to another molecule the recipient@charge becomes more negative. Because the molecule

IS more negative than it was at the start, we say it hasléoednThe molecule that gave up its

electron (and whose charge has become more positive) is saiditedo&very transfer of

electrons is a redox reaction--and the garedéver occurswithout the @xOpart (Fig. 5-18.

Many molecules carry or accept dectrons during cdlular activities All that isrequired isthat the
acceptor have agreater atraction for dectronsthan the molecule from whom it acceptsthem. This
receptor molecule, in turn, will hand off dectronsto another acoeptor which an even grester
atraction for them. A reduced molecule dways carries grester energy than an oxidized molecule. For
thisreasen the pasng ofelectonsfrom one molecule to anotloan be viewed apasng of
potential engy. In thisway enegy moveghrough cells

Thistranser of electonsisone ofthe fra gepsof photosynthesis, the process that enables a plant to
efficiently harnessthe light energy from the sun and convert it into the more reedily usable chemicd

enegy. Aswe will se latem thischapterthe damantling of gucose and other food moleculesto

geneate engyisal® a sory of breakng and earanging chemical bondsvolving the pasg of
dectronsfrom one aom or molecule to another.
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! could anoke and oot in the amosphere wipe out life far beyond the area of direct impact?

Q: Suppose alarge meteor hit the earthN as one did when the dinosaurs were wiped out. How

A 9noke, ot, and dugt in the emosphere might block the light from the sun to such
an extent that plantsin the regionN or even possbly dl of the plants on earthN could not
conduct photomthess at high enough levétsairvive. And ithe plantsvee to die df
all ofthe animaland othegpecieshat relyon them 6r enegy would son die asvell.

5-9. Photosynthesis in detail: capturing the energy of sunlight as chemical energy.

There is no denying that photosynthesis isypl@oprocess but our undersanding of this process

can be greatly aided by remembering one phrase: FOLLOW THE ELECTRONS. In the passages
that follow, if you fed tha you are logng focus or getting log, just remember to think about the

dectrons where are they coming from?Wha are they passing through? Where are they going? And

what will hgppen to them when they get there?

In thefirg part of photosyntheds the ohotoOpart, sunlight hits a plant and the energy in this

sunlight is ultimately captured as ATP and a high-energy electron carrier. This process occurs in a
*riesof depsthat ae caried out in twgphotosystems, arrangements of light-catching pigmentsin
chlooplassthat captue enggyfrom sinlight andrangorm it into the energy of exaited dectrons

and, ultimately, into ATP and high-energytelecariers After these trandormations, the

captured energy is ready to be used in thb&dsPrparof photognthess to male sigar

molecules We will begin following dectrons as sunlight hits a ledf.

Chloroplagsin alesf convert light energy from the sin into chemical erggy. Thisconvesion begins

in anantenna system, acollection of chlorophyll molecules and other light-absorbing pigments
arranged within a chloroplastOs thylakoid membrane. Ast¢has@igments absorb photons
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from the aunlight that hitsthe leaves dectronsin the pigments become excited and then return to
ther reting date. Asthe dectronsreturn to ther resing date, energy (but not the dectrons) is
tranderred to neghboring pigment moleculesdoser to the center of the antenna sygem. The
tranderred energy excitesthe dectronsin the neighboring molecules until the energy istranderred to
the middle othe antennaygem (ig. 5-19.

At the vey middle ofthe antennaydem isthereaction center. Thisiswhee the eleabn joumey
beginsThe eaction centaronssts of a pecial chlaphyl 2z molecule and another molecule cdled a
primary electron acceptor. Asexdted dectrons from antenna sysem pigmentsreturn to ther reting
dates the energy they gve off hitsthe molecule of chlorophyll z in the reaction center. With dl of
the antennaysem pigmentsrangering the engyfrom ther excited dectronsto the chlorophyll #
in the reaction center, that molecule experiences a continuous barrage of energy, and eech energy
burg booss the chloophyli@electonsto an excitedate.

Thereaction center chlorophyll z differsfrom the antennagigem pigments one leyfeatue.
When itselectonsare booted to an excitediade, they do not return to thar reging, unexcited dae
Ingead, the chlophyll z in the reaction center continudly losesits excited dectronsto the primary
eectron acceptor, which actslike an dectron vacuum. The primary dectron acceptor then pasesthe
high-energy dectrons like hot potatoes to another molecule which passes them to another, which in
turn pasesthem to et anothemn what iscalled aRrlectron transport chain.

---> mini Q (in the margin pointing toward the following paragraph):

Why must we water plants for photosynthesis to occur?
As dectrons keep getting taken awvay from the gpecid chlorophyll 2 moleculein the reection center,
the dectrons mug be replaced. The replacement dectrons come from weter. Aslong as
photosynthesis is occurring, a constant sup@yatment dectronsis required. Molecules of
water are continuoudy lit near the reaction center. This lit causselectonsfrom the wateto fly
off, filling the hole crested when previoudy-excited dectrons are sviped from the chlorophyll. A
convenient and life-suganing by-product of the litting of water isthe oxygen that isrdeased from
the cell. Thigprocescan be thought @fsthe watesplitting photogsgem. An additional
consequence of the litting of weter isthat oxygen is released. This may be a simple Oby-productO of
photosynthesis, but it is a by-pradssentid for dl animd life.

So the electron journey begins as electronsraleasd) in the plitting of weter, 2) taken by the
chlorophyll z in the eaction centeB) booted to an excitedate, 4) gabbed byhe pimary
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electon acceptorand 5) pasd down the elecin trangort chain Fig. 5-20).

At eech gep in the dectron trangport chain@sequence ofelecton hand-df the eleconsfall to a

lower energy date and alittle bit of energy isrdeased. These bits of energy are harnessed to power
pumpsin the thylakoid membrane that move tiny protons (H" ions) from the gromato theinsde of

the thylakoid. These pumps pack the protonsingdeat higheland higheconcenttions Thisislike

usng apump to push water up and into an devated water tank. At some later time the water can run

out of thetank with great force Smilarly, the protons can rush out of the thylakoid sacs with great
force--and that force is harnessed to build energy-storing ATP méigcales)( one of the two
productsof the OphotoO ion of photognthess.

The dectron trangport chain phydcdly linksthe firg photosysem to the sscond. Asthe travding
dectrons continue on their journey, they fill dectron vacancids the eaction centaf the gcond
photosygem, right next to the firg photosysem. This photosystem also has an antenna system of
pigments that harnesses photons and focuses their energy on a chioobgdudiin areaction
center. The reaction center has electron vacancies because, as in the first photosystem, when
dectronsin thereaction center are booged to an excited state, they are whisked away from the
chlorophyll molecule by another primary dectron acceptarThiselecton acceptathen passthe
dectronsto assoond dectron trangport chan (Fig. 5-23. At the end of this second electron
trangport chan, the high-energy dectronsthat origindly rdeased with the litting of water are

passed to a molecule called NADEaing NADPH, a high-engy electon carier, the gcond
important product of the (photoOportion of photosynthes's We can think of this sscond

photosystem as the NADPH-producing photosystem.

With the elecongpasage though the econd photgstem and aival in NADPH, we have the

fina product of the photoOpart of photosynthess we®e captured light energy from the sun and

conveted it into chemical erggrof ATP and the high-erggrelecton carier, NADPH. But we

havenOt made any food yet. In the next section, we cover the OsynthesisO part of photosynthesis anc
learn how plants use the energy in ATP and NADPH to produce sugar from carbon dioxide.

5-10. Photosynthesis in detail: making food from the captured energy of sunlight.
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The OsynthesisO part of photosynthesis takds plaeries of chemical reactions call€dlihe
cycle. All of the Calvin cyde reactions occur in the groma of the leavesCehloroplagts, outsde of the
thylakoids. Plants can carry out these reactimsthe energy stored in the ATP and NADPH
molecules built in the @photoOportion of photogynthess This dependency links the light-gathering
((hotoQ reactionswith the sugar-building (OsynthesisO) reactions.

If there is any part of photosynthesis that appeagisal, it ishe Calvin agle. Jusasa magician

might make arabbit seem to gopear from thin ar, the Cavin cycde takesinvisble molecules of CO,

from the aitand asembleshem into vitbleNeven edibleNmolecules sugar The pocesesin the
Cavin cyde occur in three geps (Fig. 5.23.

1. Fixation. First, using an enzyme cahsisco, plants pluck molecules of carbon from the
ar where they occur in the form of carbon dioxide then atach or GixOthem to avisble
organic molecule within the chloroplast. Not surprisngly, dgiven rubisco@role asthe aritica
chemica that enablesthe building of food molecules it isthe mog abundant protein on
earth.

2. Reduction. Next, the newly built molecule is chemicdly modified: aphosphate from ATP
isadded to it and it @algeceivesome high-engy electons(i.e. it isreduced)rbm

NADPH. This product of the Calvin cycle is alssugar called glyceraldehyde 3-phosphate
(G3P) and upon production, some G3P molecules are dther combined into the 9x-carbon

sugars glucose or fructose. These sugarsusad bs fuel by the plant. They can also be
used as fuel by animals that eat the plant.

3. Regeneration. Not dl of the G3P molecules are taken from the Cavin cydle for the
production of sugar. In thethird and find phase of the Calvin cycle, energy from ATP is
used to regenerate from molecules of G3P the origind molecule to which the carbon from
CO, isatached. With its regeneration, the Cavin cycle can continue with the fixation of
cabon and the mduction ofG3P.

Ultimatdy, to synthesze one molecule of G3P, the Calvin cycle mus fix three molecules of carbon

from carbon dioxide, this consumes nine molecules of ATP and six molecules of NADPH generated
in the OphotoO reactions of photosynthesis.
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Q: A bit ofsugarin the vas watewith fre$ aut flowers can hep them day dive longer. Why?

I
I

I

I

: A Likeanimds plantsrequire fud for the cdlular activitiesthat kesp them dive. Once

I cut, they generdly cannot produce sufficient sugar through photosyntheds dueto

: rdaively low light levesin houses and the loss of many or most of their leaves. They are,
: however, able to take up sugar in the vasewater end use it as an energy source for odl

[ activities Unfortunady, bacteria can grow and block the water-conducting tubesin

: flower stems. For this reason, plant Ofiedd@eshot jug a sigarource but ats

: chemicasto sop microbia growth. Together, the sugar and anti-microbid chemicas can
I
I
I
I

ggnificantlyincreas fowerlongevityin vags

h———————————%—————————

(box can go anywhere in this nugget)

5-11. Battling world hunger with plants adapted to water scarcity.

The Sudan. Ethiopia. India. Somalia. Many efthtd@regionswith the highdsatesof

darvation alg happen to be placegh the hottes driest climates. This is not a coincidence. These
climate conditions present difficult chalengesfor suganing agriculture. And, not surprisngly, in the
abg&nce oftable cop yields food poduction isunpredictable andavation ik can be high. But
evolutionary adgptationsin some plants enable them to thrivein hot, dry conditions Recent

technologica advances d<o utilize these innovative evolutionary solutionsin atemptsto bettle the
problem ofwoild hunger In thissection, we examine hoante planthiave adaptatioaiowing

them to thrive when weter is carce and how humans are atempting to use these adgptationsto grow

food in the dy, inhopitable climateshee savation atesare highets

The poblem isnot complicated: when it géi® hot and dr, animalseekcoolnesin the sade.

Plants, however, are anchored in place and do not have this option. Consequently, plants in hot, dry
climates can lose 9gnificant amounts of weter through evgporation. Thisistroubling for the plants

because water is essentid to growth, trangport of nutrients and photogithess. Without water

plants cannot live long.
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One method to combat water loss via evgporation isfor plantsto dose ther stomata, snmall poes
ugiallyon the undesde ofleavesTheg openingare the pimary stesfor gasexchange in plants
carbon dioxide for photosynthess entersinto plants through these openings and oxygen generated as
a byproduct in photogthess exitsthe planthrough the domata. In addition to dlowing for

carbon dioxide and oxygen exchange, the stbsnatkow weter to evgporate from the plant.
Unfortunately, dosng ther somata solves one problem for plants (too much weter evgporation),

but areates another: with the omata shut, carbon dioxide cannot enter the chloroplags and there

will be no carbon molecules for sugar production. In addition, oxygen cannot be rdeased. The

Calvin cyle tiesto fix cabon but ingead indsonly oxygen. As a consequence, neither sugars nor
ATP can be produceBig 5.24. Plant gowth come$o a tandsill and, ifyou ae a &meryour
cropswill fal.

Some plantsincluding can and sgacane, have evolved agasthat minimizesvatedos while

dill enabling them to maksigarwhen the weatherhot and dy. In a pocescalledC4

photosynthesis, these plants add an extra set of steps to the usual process of photosynthesis. In these
seps they produce an enzyme that functionslike the ultimate GCO, -sticky tape.O This enzyme has a
tremendoudy grong &traction for carbon dioxide; it can find and bind the carbon even whep CO
concentration is very low. As a consequence,standie opened just a tiny bit, reducing

evgporaion and consrving water for the plant. (In contrag, rubico, the usal enzgne that plants

use to pluck carbon from the amosphere functions poorly when CO, is scarcd={g. 25.)

This emdike sich a pdect slution that we would expect all plants® it. Thee isa catch,
though. The extra gepsin photosynthessrequirea plant to expend additional eyyeBpecifcally,
every time the plant generates amolecule of the GCO, -gticky tapeOenzyme, it uses one molecule of
ATP. It is only acceptable to pay this cost when it is so hot and dry out that the plant would
otherwise have to completdy doseits somata and completdy shut down dl sugar production. If the
cimaeismild, however, plants conducting the more energeticaly-expensve C4 photosynthesswill

be out-competed hiie moe eficient plantsonductingtandad photognthess (called C3
photognthess). Not surprisngly, we se éw C4 platsin the temperae regions of theworld. In
warmer regions, however, they are the dominant plants and digplace the C3 plants wherever both
occur (Fig. 5-26).

I
: Q: How might the disibution ofC4 and non-C4 planthange as esllt of global waning?
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A third and snilar method ottabon ixation, calle€AM (for crassulacean acid metabolism), is

also found in hot dry areas. In this method, used by many cacti, pineapples, and succulents, the
plantsclo® theirdomata dung the hot dy days At night, theyopen thetsmata and let COnto

the leaves whereit bindstemporarily to aholding-molecule. In the day, when a carbon source is

needed, the COsgradudly rdeased from this molecule, enabling photgathessto proceed while

keeping the omata dosed to reduce weter loss (Fig. 25. A disadvantage of CAM photosynthesis is

that by completdy dosng ther somata during the day CAM plantssgnificantlyreduce the total

amount of CO2 they can take in. As a consequence, they have much slower growth rates and cannot
compete wdl with non-CAM plants under any conditions other than extreme dryness

C4 and CAM photosynthesis originally evolvealigsthey made it possble for plantsto grow

better in the worldOs hot and dry regionsr&esseare now usng these adaptations to improve
photognthetic potential andrestoleance toifht world hunger. Soecificdly, researchers have
introduced genesfrom corn into rice that encode for the C4 photosynthess enzymes Oncein the

rice, these genes increase the rice plant@&bility to photosynthesize, leading to higher growth rates

and food yields. The experiments are still in the early stages, and whether the addition of C4
photosynthess enzymes will make it possble to crow new arpson a lage sale in peviouly
inhospitable environmentsisnot certain. These early results nonetheless suggest that it isapromising
appoach.

Take home message #5.2: In the OphotoO paf photognthess, chlooplass trangorm light enec_ljyl
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into the chemical erggrof ATP and NADPH, whilegditting watemoleculeand poducing

oxygen. In the Calvin cycle, or Osyn@gsisof photognthess, cabon fom CQ, in the
amogphereisatached to moleculesin chloroplasts, building sugars. This production of sugars
consumes ATP and NADPH generated in the OphotoO part of photosynthesis. C4 and CAM
photognthess ae evolutiongradaptationatthe biochemica levd that, dthough having

competitive drawbacks, dlow plantsto dose thar somaa and conserve water without shutting

down photosynthesis.

Cellular respiration converts food molecules into ATP, a
universal source of energy

5-12. Living organisms are machines: how do they fuel their actions?

Food isfuel. And all ofhe activitiesf lifeNgrowing, moving, reproducingN require fud. Plants

mog algae andse bactea obtain theifuel fom the engy of the sinlight, which theyhanes
through photosynthesis. Less self-sufficient orgasisth as humans, alligators, and insects, must
extract the energy they need to live ather directly or indirectly from photosynthetic organians (Fig

5-27).

All living organiams extract energy from the chemica bonds of molecules (that can be considered
OfoodO) through a process callathr respiration. This process is a bit like photosynthesis in
reverse. In photosynthesis, the energy of tieptured and used to build molecules of sugars,
auch aglucos. In cell epiration, the high-engy bondsof sugarand otheenegy-rich molecules

are broken down, rdeasang the energy that went into areating them. (Note odlular respiration

should not be confused with the act of breathing, which is alsepalieis.)

Cdlular respiration requires two things fue and oxygen. The fudN which can be sugar or protein or
fatNcarries potential energy within its chemical bonds and serves as a source of high-energy
electonswhen the bondsf the bod moleculesie boken. Oxgen taksthe complementarole,
functioning like an dectron magnet asit acceptsthe electnsreleasd ashe bod moleculese
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broken down Fig. 5-28.

As energy is released by these reactiorcgptelis the released energy in the bonds of ATP
molecules This plentiful, readily available energy can then be tgpped as needed to fud the work of
everyday life-sustaining activities and processes of all living organisms.

5-13. Cellular respiration: the big picture.

To geneaite endy, fuelssuch aglucos orothercabohydrates, proteins or fats are broken down in
three steps: 1) glycolysis, 2) the Krebs cycle, and 3) the electron transport chain. In humans, the
proces darts ater you eatdod, digest, ab®rb the nutrient moleculesinto your bloodgream and

ddiver them to the cdls of your body. At thispoint, your cels can begin to extract ome of the

energy stored in the bonds of the food mole€ide${29. WelDfocuson the beaklown of

glucose here, but later in this chapter wed see that the processis smilar for the breskdown of fats or

lipids

After gucose molecules are ddivered to acdl, thefirg phasein harvesing the energy gored in ther
bondsisglycolysis, the breskdown of gucoseinto two molecules of achemicd cdled pyruvate.
Taking place in a cell§toplasn, thisteribly ineficient process recovers only agnal fraction of the
enegy dored in sigarand convesthat enegyinto ATP and the high-emgrelecton carier
NADH. Still, glycolysis is universally the first dtewganiams on the planet take in bresking down
food molecules and for many single-celled orgahisomge sep is wfficient to provide dl of the
energy they need.

---> mini Q (in the margin pointing toward the following paragraph):

Aerobic training can cause our bodies to produce more mitochondria in cells. Why is this

beneficial?
Cellsget much mar ofan Oengy-bangCof their Obod-buck in thetepsater glycolyds, which
occur in the mitochondria. This is why mitochondria are considered ATP Ofactories.O Here, the
pyruvate produced by glycolysis proceeds through a series of chemical reactions in the Krebs cycle
and elecon trangort chain. In theKrebs cycle the pyruvate is broken down further, generating
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additional molecules of ATP, NADH, and a similar high-energy electron carrier calledrFADH
the electron transport chain almo$90% ofthe enagy payackfrom a molecule @fiucos occus
In these reactions, energy stored in NADH and EA®iibed to generate ATP.

Ultimately when a glucesanolecule hdamen canpletelyprocesed, the cell hased the dod
molecule@ gored energy dong with oxygen to creste alarge number of high-energy goring ATP
moleculeswater and cavon dioxide.

14. Glycolysis is the universal energy-releasing pathway

Glycolysis means the splittidgid of sugar(glyco) and it isthe initial phasin the poces by which

all plantsanimalsand othetiving oganisnshanes enegy from food molecule@ig. 5-30. As
Figure5-31illugratesglycolydsisa £quence diiochemicalteps(thee ae ten in all). In our
discusion of glycolyas, we will bcuson the impaiant fact that each die® reaction®ccurin the
cytoplaam of every sngle living organiam on earth, and that it is always the initial process by which
these organiams bresk down sugar to generate fud for their activitiesGlycolyas hastwo diginct
phases: an OuphillO or preparatory phas@laewdtallOor payoff phase, which we will explore

here

Just as you sometimes have to spend money tmaomeke before any energy can be extracted from
glucose, Me energy mugt be added to the molecule. This occurs during the QiphillOphase. The

additional energy which comes from two ATP molecules and makes the molecule less stable and ripe
for chemical decamaction. Once the glu$adeen pepaed thisway it can be lwken down

chemically, and the energy stored in its bonds can be harnessed as they are broken.

Three of the ten steps in glycolysis yield enetgyo bitheg thee, abondsirom the agarare
broken the energy released is quickly harbgd$eemibly attaching a phphate goup to a
molecule oADP. Thiscreateshe moe enagy-rich molecule, ATP. In the tdienegy-yielding
dep in gycolyss dectrons origindly from the gucose are tranderred to the high-energy dectron
carier, NADH. Later (in the dectron trangport chain) thisenergy will be converted to ATP. The net
result of glycolysis is that each six-carbonainaesule is broken down into two three-carbon
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molecules of pyruvate. And during this breakdome,abdhe rdeased energy is cgptured in the
production of two energy-rich AT P molecules and molecules of the high-energy, dectron carier,
NADH.

In the absence of oxygen and in many yeadia@rda, glycolysis is the only game in town for
fuding activity. Because sngle-cdled organiams have much loweenegy needsthough, thegan
function solely on the yields of glycolysismaoy other organiams, however, induding humans
glycolhgsisa pringboad to furtherenegy extiction. The additional ergrpayffscome fom the
Krebscycle and the eleotn trangort chain.

5-15. The Krebs cycle: Extracting energy from sugar.

Cellscould sop extacting engywhen glgolyds erds. They rarely do, though, since that would be
like leaving mog of amed on ther plae. A hugeamount of additiond energy is harvested in the

steps after glycolysis. These steps begin ab piedentsof glycolyss, two pyuvate molecules

move from the cytoplasm into the mitochondria, the organdlesthat are the cdl@primary ste of

power generation. Once in the mitochondria, the pyruvate molecules undergo three quick
modificationsthat prepare them to be broken down in the Krebs cyde (Fig. 5-33.

Modification 1. Each of the two pyruvates passes some of its high-energy electrons to the
energy-accepting molecule NAD®, building two molecules NADH.

Modification 2. Next a daon atom (along with two agygn atomsisremovedrbm each
pyruvate and released as carbon dioxide. hytiteciate of the origind gucose molecule,
we should note that thee are the firg two carbon molecules of the origind sx-carbon
olucose molecule to be rdeased asasmple gas Theydiffuse out ofthe cell and, eventually
out of the organism. In humans for example, these CO, moleculepasinto the bloodseam
whee theyare trangorted to the lungand eentudly exnaded. Wed see hortly that the
remaning four carbon @aomswill have agmilar fae

Modification 3. In thefind gep in the preparation for the Krebs cyde, agant compound
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called Coenzyme A attaches itself to thediwon emainof each pyuvate, ppducing
molecules called acetyl-CoA. Each acetyl-CoA is now ready for the Krebs cycle in which
more energy isextracted from the origind bondsthat hed together the @aomsin the gucose
molecule,

There are eight separate steps of the Krebs utyole dnphadshere is on the generd outcomes of
the Kreb@gyde, which are draghtforward. There are three (Fig. 5-33.

Outcome 1. The two acefoA moleculesnterthe cgle and eachlimund to one
molecule of the garting materid of the Krebs cycle, afour-carbon molecule caled
oxaloacetate. This process creates a pair of six-carbon molecules.

Outcome 2. Each difie two &-cabon moleculethen givess electonsto NAD', and
releasstwo cabon atom®ach along with two gen atom#o form two cabon dioxide
moleculesThisCO, iscarried by the bloodsream to the lungswhere it isexhaed into the
atmophee. Podf The eleas oftheg additionaldur cabon atomgtwo fom eachis-
carbon molecule) dlsthe end of the 9x carbonsthat were origindly present in our sngle
molecule of gucose. In asense, the carbon a@aomsthat were firg plucked from the
amogphere to make sugar during photosynthesis have been exhaled back into the
amosphere.

Outcome 3. At the beginning of the Krebs cycle, two-carbon molecules (origindly from the

glucose garting materid) were atached to four-carbon oxaloacetate. From these newly-made
six-carbon molecules, two carbons were releasedlea/i@@a four-carbon molecule. In

the emaining tepsof the Kebscycle, thifour-carbon molecule isrearranged to once agan

form oxdoacetae, the four-carbon garting materid of the Krebs cycle. In the process of
reorganizing oxaoacetate, more dectrons are passed to high-energy dectron carriers aregting
NADH and FADH, and thereby increasing the energy yield of the Krebs cycle.

At this point, we®e comefull drde. In photosynthesgs, cabon atomdrom the aiwee ugd to build

sugar molecules, which had some energy stored in the bonds between the carbon, hydrogen and
oxygen aoms of the sugar molecule. In cdlular respiration, the energy previoudy dored in the bonds

of the sugar is converted to molecules of ATP, NADH, and FF&2Hon atomgrom sigarare

exhaled badkto the airasCO, and wateis produced. What happettsthe high-engy electon

carriers, NADH and FADI?They eventudly gve up ther dectronsin the dectron trangport chain,
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where the energy released as the electrasgoghshe trangport chain is captured in the bonds
of more AT P molecules. We explore that process next.

A Given the centrd role of mitochondriain cregting energy, mitochondria mafunctions

I
1
: can be expected to haeascongquencedMore than a hunéd genetic

: mitochondral di®rdes have been idengfl, all ofwhich lead to pblemsasociated

: with enegy shortage, including muke weahkeses fatigue, and moke pain. It appesr
I for instance, that many cases of OexetaisenceO-extreme fatigue or cramps dter

: only dight exertionN may be rdated to inherited mutationsin the mitochondrid DNA

: or mutationsin the mitochondrid DNA that occur during the earlies gages of

I pregnancy.

16. Building ATP: the electron transport chain

How do weihally get a big pajf of usable engyyfrom ourglucos molecule? Glglydas and the
Krebs cyde produce afew molecules of AT P for each molecule of gucose broken down, but it isthe
high-energy electron carriers NADH and FABderated in these processssthat ultimately
geneaethelarges amount of usble energy. This final payoff comes when the electrons from
NADH and FADH, move dong the dectron trangport chain which, like the Krebs cyde, takes place
in the mitochondria

Two features of mitochondria are essentid to their impressve ability to harness energy from
molecules They involve the converson of kinetic energy (from dectrons) into potentid energy (a
concentration gradient of protons) in amanner tha isvel smilar to what weaw usd in the
chlooplas during photognthess.
Featue 1. Mitochonda have a Obag-within-a-bagctsre.
Harnessing the potential energy in the bonds of NADH and FablBtulesto
produce ATP immade paible bythe bag-within-a-batyscture ofthe mitochonda
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(Fig. 5-33. Materid indde the mitochondrion can liein one of two aces 1) the
intermembrane gace, which isoutdde of the inner bag, or 2) the mitochondrial
matrix, Which igngde the innebag.

With two diginct regionsepaated bya membaine, the mitochonidm can ceate
higherconcenttionsof moleculesh one aga orthe other And becaesa
concentration gradient isaform of potentid energyN moleculeswant to move from
the high concerdtion aea to the low conceation aea the wawaterudesdown
a hillNonce a gadient ixreated, the ergyreleasd aghe gadient equalizétself
can be used to do work. In the dectron trangoort chain, thisenegyisused to build
the energy-rich molecule ATP.

Featue 2. The inne®bagO tife mitochonda issudded with molecules
Molecules mogly dectron carriers are ssquentidly arranged within the inner
membrane of the mitochondrialN hence their description asa chain. This
arrangement makesit possble for them to hand off dectronsin an orderly sequence.

---> mini Q (in the margin pointing toward the following paragraph):

In a randomized, controlled, double-blind study, over-the-counter NADH pills were shown to give

more energy to sufferers of Chronic Fatigue Syndrome. Why might this be?
Now let@explore how these features of mitochondriamake it possble to harness energy from high-
enegy electon cariers The electn tranport chain beginwith NADH and FADH, in the
mitochondrid matrix (indde the inner bag) moving to the inner mitochondria membrane (Fig 5-
359. Thee, the high-engy electonstheycary are tran$erred to moleculemmbedded within the
membane. Thesembedded moleculksn pasthe electinsto the next caerand thos
recipientontinue the chain, gy the electmsfrom one caierto anotherAt each handbfa
bit of energy is released. Thus, as electrong$romo one carrier to another through the dectron
transport chain, they lose energy at each handbi.eAd of the chain, the lower-energy dectrons
are finally handed off to oxygen which then oweswith free H+ ionsin the mitochondrid fluid
to form weter (5.36).

The energy released at each handoff fromeamenatarrier to another in the dectron trangort
chain isnOt simply released as headd,/nsde of it isused to pump protons (H* iong) from the
mitochondrid matrix across the membrane and into the intermembrane gpace. Asmore and more
protonsare pumped aossthe membaine and paekl in the intenembane pace, a conceation
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gradient isareated. This representsasgnificant source of potentid energy (Fig. 5-356.

If thisdesription semdamiliar it is In chlooplass, during photognthess, great numbeyof

protons were pumped from the groma outsde of thethylakoid sacs to the inside of the thylakoids.
We likened this potentid energy to pumping water into an devated weter tower: the water wantsto

rush out with greet force. Smilarly, in the mitochondrid dectron trangort chain, the protons

pumped into the intermembrane gpace goontaneoudy rush back to the inner mitochondrid matrix
through channelsmbedded in the inneritochondral membane. And athe potonspas

through, the force of ther flow fudsthe atachment of free-floating phosphate groupsto ADP to
produce ATP.

In the end, the number of ATP molecules generated from the complete dismantling of one molecule
of glucos isabout thity, mos of which ae poduced with the erggrhanesed fom high-engy
electon cariers astheypastheir eletrons down the dectron trangport chan (Fig. 5-37.

to oxygen & the end of the dectron trangport chan. Why does this make cyanide exposure so
harmfulNusually deadlyNthen to humans?

A: When it getsinto the mitochondria, cyanide bindsto amolecule within the dectron
trangort chan, preventing it from accepting dectrons Thishaltsthe tanger of electons 1
and the pumping of protons across the membrane. As a consequence, it also st;)ps the
production ofATP that would occuiwhen potonsrush backacossthe memtane down:
thar concentration gradient. Hdting the production of AT P removes a cdl@energy 1
ource, darving it very quickly. Cyanide poisoning can cause death within minutes by:
shutting down. !

Take home message #5.3: In odl repiration, gucose and oxygen are converted to carbon dioxide, I
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water, and energy that is stored in the high-energy bonds of ATP molecules. One molecyje of
glucose produces 4 ATP (2 in glycolysis, 2 in the Krebs cycle), 10 NADH (2 in glycolysis,J2 in
Acetyl-CoA production, and 6 in the Krebs cycle), and 2 Ff\bthe Krebs cycle). In the

electron transport chain, high-energy electrons from NADH and_ fpaiftom carier to carier,
releaimg enegywith eachtep. Thisenegy fuelsthe ceation ofa poton concenation gadient.

The energy released as the protons move bacthdo concentration gradient isused to produce

ATP.

Alternative pathways to energy acquisition

5-17. Beer, wine and spirits are by-products of cellular metabolism in the absence of

oxygen.

It seems bit srange but evgbeerbrewey, the entie wine indusy, and all vodk, tequila and
other dcoholic beverages owe their exigence to microscopic yeast cdls scrambling to bresk down
ther food for energy under dresful conditions To better undergand how yeas metabolism
produces dl the dcohol we drink, it helpsto fird invesigate what happens when humans and other
animastry to metabolize energy from sugar molecules under some gressful conditions

If you sprint as fast as you can, your musclebegpoto burn. Wha isthe burning?It isthe
feding of your musdes odls suddenly getting very acidic. This acid buildup occurs when we demand
of our bodies bursts of energy beyond that which they can sustain.

With rapid, grenuous exertion, our bodies soon fal behind in ddivering oxygen from the lungsto

the bloodsream to the cdls and findly to the mitochondria Oxygen deficiency then limitsthe rate

at which the mitochondria can break down fuel and produce ATP. This slowdown in ATP
production occurs because the dectron trangport chain requires oxygen asthe find acceptor of high-
energy electrons from the molecules of NADP and FthBthre generated during glycolysis and
the Krebs cycle. If oxygen is in short suih@yelecttnsfrom NADH have nowherto go. This
putsahdt to the regeneration of NAD" which, in turn, leaves no recipient for the dectrons from
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glucos, and the whole grescan gind to a ®op. Omganisnsdon@let thisinteruption laslong,
though; mos have a backup method for bresking down suger.

Among animds there is one willing acceptor for the NADH electrons in the absence of oxygen:
pyruvate, the end-pduct ofglycolyas. When it acqasthe dectrons it formslactic acid. Oncethe

NADH gives up its electrons, NAIS generated, enabling glycolysis to continue. But as lactic acid
buildsup, it caussa buning feeling in oumusles It’snot an ided Stuation, but if you@e

drowning or trying to exape apredator or othewise engaged itrenuousactivity the two ATP

molecules generated from each gucose molecule during dycolyss are better than nothing.

Like humans, yeast normally asgen duing theirbreaklown offood. And lile humansthey
have a badp method when oggn isot availalel But yeest make use of adifferent dectron
acceptor than do humans when oxygen isii@leand the resulting reaction leads to the
production of dl drinking dcohoal.

In the® $ngle-celled ganisns pyruvate isisudly converted into amolecule caled aceraldehyde

after glycolysis. In the absence of oxygen, this molecule accepts the electrons released from NADH,
allowing glycolysis to continue. AcetaldehydeOs acceptance of NADHOs electrons results in the
production of ethanol, the molecule that gves beer, wine, and iritsthar kick. The process by

which glycolysis occurs in the absence of outitj@ing dternative molecules as dectron acceptors

is calledermentation. Interestingly, although ethanol is always the alcohol produced by

fermentation, the exact flavor of the output of fermentation depends on the type of sugar being

metabolized by the yeast. Fruits, vegetables ancipgaiadifferent rexults If the sugar comes

from grgpes wineis produced. If the sugar comesfrom a geminating bdey plant, beeis produced.

Potatoes, on the other hand, are the sugar source usudly usad to produce vodka

Because yead prefar the more eficient process of aerobic regpiration, they only produce dcohol in

the absnce obxygen. That isvhythe £mentation tankused in poducing wine, beeaind other
girits are built ecificaly to kegp oxygen out (Fig. 5-38. Only in this way will yeast be forced to
use their backup respiratory pathway of fermentation.
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5-18. Eating a complete diet: cells can run on protein and fat as well as glucose

Mog automobiles can run on only onetype of fud, gasoline. If you run out of fud and cannot get to

a sation to geta@me, pu ae out ofluck In thischapterwe have examined thepsby which

plants, animals, and other organisms use glutuwsgeBag living organians ae more flexible than

autos when it comes to fuel sources. They also have more complex needs than an automobile since a
complete diet not only provides energy but it dso provides rav maeridsfor growth.

Evolution, consequently, has built humans and other organiamswith the metabolic machinery that
dlowsthem to extract energy and other vduable chemicals from proteins, fats, and a variety of
carbohydrate§ig. 5-39. Forthat easn, we a able to conme and éicientlyutilize meals
comprigng complex combinations of molecules

Sugars: In the case of dietary sugars, nagaolysaccharidesNl multiple smple sugars linked
togetherN rather than the Smple sugar, gucose. Bebre theycan be lmken down byellular
repiration, the polysaccharides mug firg be ssparated byenzynesinto glucos orrelated
smple sugarsthat can be broken down by odlular respiration.

Lipids: Digtary lipids are broken down into their two condituent parts agyocerol molecule

and aattyacid. The glseol ischemicallynodified into one ofhe moleculgsroduced

during one of the ten steps of glycolysis. Iteahtars glycolysis at that step in the process

and is broken down to yield energy. The fatty acids, meanwhile, are chemically modified into
acetyCoA, at which point thegnterthe Kebscycle.

Proteins. Proteins are chains of amino acids and upon consumption they are broken down
chemicdly into ther congituent amino acids Oncethat is done, each amino acid is broken
down into 1) an amino group which may be used in the production of tissue or excreted in

the urine and 2) acarbon compound which is converted into one of the intermediate

compounds in glycolysis or the Krebs cycls.cbmpound enters these processes, allowing
the energy stored in its chemical bonds to be harnessed.

In the end, humans (and all animals) are ablevieshanergy from a variety of food sources beyond

simple glucose. Whether a meal contains cardegyipids proteins or ome combination, the
nutrientsare chemicallynodified in ®me peliminay sepsand ae then éd into one othe
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intermediate steps in glycolysis or the Krebswdyaiethey furnish usable energy for the organiam
(Fig 5-40.

Take home message #5.4: Organigms are built with multiple sysems for acquiring energy. They can
generate AT P even when oxygen islacking or when organic molecules other than gucose are
consumed, such as lipids, proteins, and polysaccharides.
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