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3
Oxygen

WE ALL s8REATHE. We draw air into ovr lungs and
then puff it out again.

The air we breath is one-fifth oxygen (OK-sih-icn).
and it is these atorus of oxygen that we use We
combin¢ oxygen with substances in the body that
contain carbon (KA t1R-bon) and #iydrogen (HY-diuh-
jen) The carbon cembines with oxvgen to form carbon
dioaide (KAHR-bon-dy-OK-side). The hydrogen com-
bines with oxygen to form water

When we breathe out. then, the air from our lungs
is missing some of the oxygen it had when we
breathed in. lostead., we breathe out carbon dioxide
and water vapor. This process is called »espiretion



{RIESplh-BAY-shunl from Latin words meaning “to
breaths nver and vawe™

We're hreathing all the time. So are d| peopke and
Jdl other vumals Fople and other animals have been
hieathing fiw many millions of vears. \Why h.on't ail
the oxygen in the air heen used up by now? Why
hasa't it al been replaced by carbun dioxide and
water?

And how about the substanccs in the hody that
provide carbion and hvdrogex? 1" we keep coinbinimg
themn with the oxvgen we hreathe, why don't we wee
th¢m up?

o replace the carbon and hydrogen, we eat foud
thit contamns those atoms. But where does the carbon
and hydrogen in the Tood cume from? e vat dilferent
kinds of plauts, such as fruits and vegetables. Wy alwo
eat animals. such as caltle. hoss. und chickens that. in
turn, eat plants The carbon and hvdrogen. in the
¢nd, come l‘om plants. which end op as fond fer all
the anunals of tae world, opne way ur another.

But where du the plants get the carbon @nd hvdso.
gen’ They don't eat.

‘Those are the two big ruestions: llow do we Incuthe
without using up all the iir? How do we eat without
osmg up all the food?

Plants are easier to study than aic fs. At deast vou
¢an sex plants and watch them giow, They won't grow
uoless you plunt them in soil and water tlum. It
seems, therciore, that cither sol or water (or hothl
has to turn Luto plant material as plants grow.

In 1643, a Belgiin scientist, Jan Baptista van Jlel-
mont (HEL.mont. 15 7#1644), thought he would de.

o

cide the matter by cxperimeot. He weighe ovt a
qoantity ol soil and plinted a willow tree in 11, He
kept the pot of soil covercd so that ithing eould g2t
nto i1 except the water he put in himeolll He waten.d
that tree for Aive years and thew carelully uprooted it
and knocked all the soil ol the roots hack into the pot.

Helmont found that the willow tree weisched 164
pourds. but the il had Jost only two ounces. lle
decided that it was not the soil that turned inte) plant
nmuterial. It was the water.

In tUelimont's tune, however., it was not kaown that
d¥ereut kinds of atoms exist i different materials,
Helmont didnt know that water contains voly hydro-
gety and oxygen atom:, while plants contains hydio-
gen. oxygen, and casbon alums.

But then, sol and water were not the onlv thimgs
that touched the willow ine Helmont hal srown. Air
had touched it, too, but Helmont dida't take thi:t into
account. llardly anvone did in those days. You can't
see or lecl air, so people usuaily Rnored it.

Yet Hehisnt did study air. though nat i esunce tion
with his willow tree. He wzs the 6t to notice that
there are dillerent kinds of wir. Because the diflerent
ain are invisible und don't have any shape. Helmont
thought 1hey resembled wamnething the ancient
CGreeks called chaos (KAY-0s). meanng all jumhled up
a1id shapeless. Helmont pronounued the word in his
own kaguage and it becnne zas. To this day, we speak
of wir and other airlike substusees as gses

[[¢lnont found that whea he humed wood. a gas
quite different irom ordmary air was prodnced.
Things wouldnt burn in this Kas kom wood us they



Jan Baptista van Halmont

would burn in aie The uew gas dissolved in water,
which ordinary air wonld not. The gas lletment stud-
ied is the one we now call carbon dioxide

It turns out that carbon dioxide is very inpertaant to
plant growth, but Helmont never realized that.

Other scicutists grew interested in gases A British
scientist, Stephen Hales {167%]761), studicd them in
detait, aud, in 1727, he wondered if a gas might be
involved in plant growth. [{owever, he sonldn't figure
eut which particular gas might be the one.

Then, in 1756, another British scicutist, Joseph
tHack (1728-1799), studied carbon dioride and found
that it combined with a mineral called fime, chauging
itinto auother called &mestone.

Then he noticed that he did net have to expose the
lime to carbon dioxide. If he just let the lime stand in
ordinary air, it verey slowly hegan to undergo the
chauge. This meant there was carbon dioxide in the
air around us: maybe just a little bit. but it was there.

fa 1772, still another British scientist, Daniel Gnth-
erford (RUTLl-¢e-foed, 17491819), burued a candle
in a closed condainer of air. After a while, the cmdle
went out and burtted no more. It was known by then
that a burmiug candle produces carbon dioxide. That
made it seem as though the candlc had used all the
air and had replaced it with carbon dioxide.

However, carbon dioxide combiues with certain
chemicals. Py adding those chemicals to the gas in the
container Rutheford got rid of #ll the carbon dioside.
That still left plenty of gas in the containcr, but a
caudle would not burn in that remaining gas

Rutherford 1lecided that air contained a gas that was
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not caibon dioxide and that things weuld uwot boru in
it. Eventually, that gas was named aitrogen (NITE-
ruh-jen).

Then, in 1774, vet auother British scieutist, Joseph
Pricstley (PREEST-lee. 1 7 33-1884), obtained (rom air
a gas in which objects burned furiously. If placed into
this gas, a thin piece of \vood that was merely smol-
dering weuld instantly burst imto fame The gas was
esvntually named oxygen.

Finally. in 1775, a French scientist, Anteimr l.au-
rcut Lavorsier {la-vwah-ZYAY, 17431794), put all this
together He said that 2ir is a2 mixture of two gases. It
is about % mitrogen and ¥5 oxygen. It is the oxygen
that makes things burn in air and it is the oxygen that
keeps all animals, incduding human beings. alive.
{There is a bit of carbon dioxzide iu the air, too. Air is
Yse00 carbou dioxidle. )

®nce Lavoisier had warked that out, the next Ques-
tion was why ull the breathing and all the fires on
Earth didn't use up all the oxygen and replace 1t with
carbon dioxide? If thut hippened, all breathing crea-
tures weuld die and nothiug weuld hurn. Yet there
auntimed to be plenty of bieathing and fires. and
plenty of exygen io the air, teo.

It seemed that something replaced the oxygen in
the air as yuickly as it way used np. But what?

The beginning of an answey had come with Priest
ley In 1771, Priestley plsced a monse in a closed
container of air. Eventually the mouse used up se
mch of the oxvgen in its breuthing thaut it couldn't
live on what was left. aud it died.

Puestley woundered if plants wonld also die in such

Autoine Lavoisier
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aic [Ie removed the mouse, and put a sprig of mint in
a glass of water intu the closed ceataiucr in which the
mouse had died.

The little plant did ot die. [t grew in the container
for rmunths and did fine. What was wore. at the end
of that time, Priestley put « mouse inte the container
and it lived and ran about. What's mure. a candle
bumed in the container

Prigstley did not quite understand what had hap-
pened. since he had nout yet discovered oxygen. Oncy
Lavolsier had wurked out the nature of air, however,
#ll was clear. While animals used up the oxygen in the
air, plants somehow put it back. Aslong as Earth was
covered with plant life, uxygen would never be used
up. This was reussuring to scientists of that time, but
not so cheering today whon thousands ef acres of
rainforests are bemny leveled for farming and the de-
mand for wood products is clearing trees away.

16
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2
Light and
Carbohydrates

WHEN @XYCEN CesmsINts with substanees in the
hwman body tv produce carbon dioaide and water, it
also produees energy {EN-cr-jce). This term is frem
Greek wurds meaning ''contains werk.” because en-
ergy makes it possible tv do woirk, The chemical
energy {KFM-ih-kul) obtained from the cembinativn
of uxygen and body substances makes it pessible for
us to move :md do all the things we do

In Priestley's titne, scientists didn't quite under-
stand aboutenergy. but later on miuch was discovercd
about it. If combining oxygen with carbon and hydro
geu atoms to form carbon dioaide and water prodhiecd
energy. what about the reverse? What about forming



oxygen againt and putting it back in the air. Eyuntually,
scientists learned that the encrgy situation weuld also
reverse @xygen fermiation would use up energy:. This
meant that if plams formed oxygm they had te get
energy to make that possible. Where did the energy
ceme from?

A Dutch scientist, Jim Ingenhousz (ING.en-hows,
1730-1799), found the answer, He kept studving the
way in which plants formed oxygen and, in 1779,
noticed that this only happened in the light. Plants
fermed no oaygen in the dark.

Sunlight cuntains energy, and this encrgy makes it
possible for plants to grow and manudacture within
themsclves the complicated substances that animals
use as feed. The encrgy from sunlight also makes it
possible fur plants 1o lorm oxygen.

The process ol making complicated substances out
of simple ones is called synthesis (SIN-thiy-sis} by
scientists. It is from Greek words meaning “to put
togethier.” When light energy is used 10 make this
pussible, the process is “photosynthesis” {F@H-toh-
SIN-thuh-sis), meaning “to put together by light. ™

Photosynthesis is the most important chemical
process on Earth. It produces the food #nd oxygen
that all anienils, including human beings, tive on.

The question still remaincd, though, as 1o what the
source of ¢arbon atoms was, since water supplied ooly
hydrogen and oxygen atoms.

A Swiss scientist. Jean Senebier (seh-neh-BYAY,
1742-1809). in 1782, was the first o suggest that the
sowre had to be the carbon dioxide i the air,

In 1884, another Swiss scientist, Nicolay Thesdore
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de Saussure (soh-SY@OR, 17G7-1845). repeated Hel
moat's cxpcriment This time. though, he carefully
supplied the planl with carbon dioxide as well as
water. He measired how much of each was vsed up,
and how much weight the plant gained. He was able
to show that the plant substance was indeed huilt up
of ¢arbon dioxide and water

Now theu, this is the way it looks. In plats: carlnn
dioxide + iater + light energy = foed + oxygen
{photosynthesis).

I animals: food + oxygen = carbon diozide +
water + chemical energy {respiration).

Photosynthesis and respiratiou work in opposite
directions What happcns is that light energy is turned
into chemical energy. The light energy is used up,
but food and nxygen arcnot. Nor need we worry about
light cnergy, for the Sun has delivered it for billions
of vears and will go on to deliver it for additional
bilhons o vears

Of the subslavces involved in photosynthesis and
respiration, carbon dioxide. water, and oxygen are
quite simple Each is composed of small wolecules
(MOL-uh-la'oolz), which are combinations of atoms. A
carbon dioxide molecule is made up of one carbon
stom and two oxygen atoms. A water molecule i3
made up of two hydrogen atoms and one oxyger alom.
An oxygen molecule 1s made up of two oxygen atoms.

Fuxl, however. and the material out of which living
creatures are made haw: quitc complicated molecules.

In 1815, a British scientist, William Piowt {1785~
1850). was the first to divide food malerials into three
main groups, Today we call these groups: carbohy



drates {KAIlIR-boh-HY-drayts), fats, and Dbrotcins
(PRO-teenz). Carbohydrates and {ats both have rather
large molccules that include carbon, hydrogen, and
oxygen atoms Proteins have particularly large mole.
cules that ¢ontain not only carbon, hvdrogen, and
orxy gen atoms, but nitrogen and sulfirr atoms as well,
vogether with an occasienal scattering of other types
of atoms.

Of these three varieties, the most common in plants
is cartbohydrates. All plauts contain celfulose (SEL.I.
voo-lohs), which is a carbohydiate that is the principal
substance in wood. Cellulose is firm and stroag and
supperts the plants. Another common type of carbe-
hydrate is starch. which is soft and easily digested. It
is the principal food stored in plants.

®nce a plant has a supply of carbohvdiates. it can
easily makc fat out of it. Gat being a particularly
ooncentrated form of food. A plant can also make
protein ont of carbohyderates, with the help of mineials
that it abserbs trom the water or the soil.

Because plants contain se much in the way of car
bohydrate. and becaus¢ carbohydrate can be uscd to
form fit and protein without light cnergy, it seems
reasonable to suppesc that photosynthesis lremns cur-
bohydrates. Everything else in the plant is then made
out of carbohydrate in ordinary chemical wayy that
work in animals, too.

This was shown by a German scicntist, helius von
Suchs (ZAHKS. 1832-18)7). In 1868, his first discov-
ery about plants was that, in the dark, they combine
oxygen with the material in their bodies and produce
carbon dioxide and water in order to make use of
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chemical energy. just as animals do. In the light,
hoviever, photosynthesis produces far more fued and
oxvgen than plants nieed for their own use ymd that is
why there is alwuys plenty for animals to eat and
bieathe-

Then. in I872, Sachs kept a plant in the datk long
encugh (o have 1t cornbine most of ik substance with
vxygen. By then, it was ready tu have photosynthesis
manufacture more food quickly Sachs exposed the
plant to sunlight. but covered part of the leaves with
dark papee through which sunlight couldn't pass.

As it happens. starch combines with iodine fumes
to form a black compound. ARer the leaves hul been
cxposed to sunlight for just a litlle while, Sachs re-
moved the black poper and exposed the leaves to
jodine fumes. The parts of the leaves that had been
exposed to the sunlight turned black at once. Thev
were filled with stich that had been quickly fermed
by photusynthesis. The parts of the leaves thut had
been covered with paper did not tum black. Tivey
cortamed no starch.

Even though photosvnthesis produces carbohy.
drates so quickly. it may not be starch that is formed
first.

‘Fhiat thought acises because stacch molecules are
huge. and cunsist of chains of hundreds of sujalier
molecules. What's more, it is easy tv break dowa
starch into the individual gmits of the chain.

Small fragmeaits of starch inolecales are sugars, and
the most common sugar of all is a single link of the
chain-molecule that makes up starch. That single link
is called glucose (GLOO-kose).

Von Sachs Experimenl




Celluluse has a molecule that is an even longer
chain of small molecules than starch is, but in sellulese
the small inulecule is afse glucose. The diflerence is
that the glucose indlecules are linked together in
different ways. In stich, the links are easily broken
and when this happens in the body. we say the starch
is digested .

Cellulose molecasles are linked in a imch finner
way and it is hard to break then down into glucose
units Cellulose can unly be digested by curtain one-
celled animals. (Such one-celled animals live in the
1atestines of teymites, and that is why termites can
live on wood.)

In animals. including human beings, chemici| en-
ergy can be obtained from either carbohvdrates. fats,
or pruteins. In every case, though, belore cnergy is
obtained. the substances are broken down or changed
ntu gluoose. The glucose enters the blondstre-am and
is carried to all parts of the body. Glucose is the
substanee used for chemical energy,

It seews reasonable to suppose, then. that what is
formed by photosynthesis is glucose. The plant can
rapidly cembine glucose inta starch, change the starch
into eellulose if it needs to, or concentrate it into fat,
or add ninerals to make it inte protein. Clucoce has «
medium-sized noulecule, made up of six carbon atoms,
twelve hydrogen atoms. and six oxygen atoms, sv it,
too, may not be the very first substance frrmed by
photusy nthesis, as we will see later

26
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3
Chlorophyll

But mow 1HERE arises another question. (There are
always other (uestions. No matter how much scien-
tists discover. there are always additional puzzles.
That's what makes science fun.)

Why is it that plants can photosynthesize and ani-
mals can't? It must be that plants hame something
mimals don't have.

What about the matter of color? Plants are green
or, at least, have important gredn perts. Animals are
never truly green. (There are biids with green feuth-
ers, but feather-green is made up of cormpletely difter
cnt chemicals than plant-green.)

Is it really important that plauts arc green? It must

1]



he. There are snme living things that ure like plants
m many ways. They seem to have the same structures,
many of the same chemicul substances, and so on. Yet
these plants are not green. Examples ure mushreoms.
Sucli non:zreen plants do not photosynthexsize.

Even plants that are green only photosynthesize in
these purts that have the green color A tree, fir
instance. docs not photos!'nthesiz¢ in its roots, bark,
branches, or twigs, but only in its green leaves.

In 1817, two French scientists, P’icere Joseph Pelle-
tier (pel-TYAY 1788-1842) und juseph Bienatsuc Ca-
ventou (ka-vahn-"00Q, 1795-1877). isvluted the green
suhstance from plants. They named it chloropfiyt!
(KLAW.roh-6il) from Greek words meuning 'Ereen
leaf "

The chloraphyll molecule. however, was a very
complicuted one, and. for neurly a century, scicntists
could find out little about it. Natually, the¥ did their
best because they were quite cermin that it was this
substance. which existed in grecn plunts but not in
unimals, that made photosynthesis possibl-

Finally. in 1908, answers began to come. This was
through the investigations of a German scicntist, 13ich-
aid Willst:ktter (V1L .shtet-ter, 1872-1942). He was the
first to prepan:> chlorophyllin pure forim and to study
1t in detaal.

He found that it was not a smgh> subskance, but two
substances with very similar molecules. He called one
of them ‘chlorophyll a.” It made up threefourths of
the chlocophyll in plunts. The other, whicli mi:de up
the reanaining quarter, he calicd “chlorophyll 5.

30

Willst:stter thien studied the kinds of atoms that
made up the chlorophyll molecules. He fouud that
carbon, hydrogen, oxygen, aud nitrogen atoms were
present This was not suipiising. Almost ¢very mole-
cule in living things censan carbon, hvdiogen, and
orvgen atoms, and most ol them contain nitrogen
stoms as weil

However, he also found atoms of an element called
‘magnesium” (mag-NEE-zeeum). This was a sur-
prise. Chlorophyll was the first malecule fiom living
beings that was found to contain magnesium atoms.

Willstitter thsen showed that chlorophvll @ had a
molecule built up of fifty-five carbon stoms, seventy-
two hydrogen atouis, four nitrogen atoms, five oxygen
utoms, and one magnesium atom. Chlorophyll / was
slmostthe same hut had oaly seventy hvdrogen atoms
and it had six oxvgen atoms.

Willstatter was oot able to work out the exact
arrangement of all those utoms. ilc did find out,
though, that the molecule contained small vings of
atoms, with four carbon atoms and one nitrogen utom
in each ring Such an anangeinertt is called a pyrrole
ring (PIR-ole). For his work, Willstitter rocvived a
Nobel Prize in chemistry in 1915,

Another German scientist, Huns Fischer (1881-
1943), canied on the work He showed that lour
pyrrole rings cauld be put together in one lurge ring
called a porphisrin ring PAVWR-fh-rin). By having an
atom of iron in the center of the porghytin 1ing und
hy haviag some chains of atoms ittachasd to the rim of
the 1ing, he wirrked out the structure of 4 compound
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called Aenme HHIEEM), which gives the red color to
hlosd. 140 hd this in 1930 and recviv:d the Nobel
Peize for chemistey thist same yatr,

k turacd out that chlorophyll rather rexcmbled
heme. Chlorophyl} had a magiesium atom at the
center ol 1he porphyan ring instead ol iron. and
chlorophyll the chains «f atoms attachcd to the rim
were different awd more complic:ted thsu in heme,
but Fischer managed 1o werk it ull out.

The linal jprool @me in 1960, when an American
scieohist, Robert Burms Woodward (1917%1979), a1du.
ally pui toiether all the proper atoms in the proper
wavy, in just thes onler that Fischer had suid they ougzht
{¢t b amanged. Woodwurd ended with somasthing that
ated exactly likee chlorophyll obtained Irom Zreen
plants.

That meant that Fischer's stricture was absolutely
right, and for this (a.nd other important werk) \Wood-
ward received the Nobel Prize in chemistry in 1965,

You might {hink that ondy scientists hud obtained
chlorophyll from ween plants, they could use the
substance to brng; about pbotosynthesis Soppuse vou
dissolved chlorophyll m water and bubbled ¢itrbun
dioxide thrmmgb it. Shuuld not the tarbon dioxide
combine with the water n the: presence of chlorophyll
10 form glucost imd then stirch?

Well. perhaps it should, but it docin’t. Chloroph |
works well inside the plant, hut it doesn’t work outside
the blant

Why should that be? Because. in the plant, chlo re-
phyll is pirt of 2 cenplicited system, and it is euly

a2

cniaroplast

Plant ced as seen under an sleryon MICrosSeONe



ouber maembrana

the chlorophy il sy-stem that work s, not the chloyephyll
by itscl £
All plants aud unimals are made up of cells about

1/750 of an inch across. Some tiny plants and anmals Ry

membeang

are made up of ouly a single cell each and arc o small (conversien

they can only be seen in a microscope. Large plants 1‘.'::';“

and animalks are made up of cells that arc just as 1akes
Plaes hergl

tiny, hut there iure a great many of those cells. A
human being is made up of some Hfty trillion
i50,000.000,0000.000) cells.

The cell, small as itis, is not just a bloh of mate ral.
It is made up of still smaller ohjeets called organelles
(@wr-guh- NELLZ). Br instance, each cell hasa smel)
body calicd the nucleus (N YOO-kle-us) that contans
many stubby little chromesemes (KR O H-mohsomez).
The chromosomes control the way in which a cell
divides into twe cells. {talso contrels the way in which
phvsicsl characteristics are passed from the original
cell to the two cclls that form from it, and frorn pirents
to children.

In 1898, a German scientist. Curl Benda, found
that, outside the nuclcus. the cell has many small
bodies which he named mitocherdria {Mv-toh-KON-
dree-uvh). A single ouc is culled a mitochendrion .

With time, it was discovered that the mitochendria
are responsible dor respiration. Every cell with the
ability to combine oxygen and glicose to foun chemi
cal energy has mitochondria, and itis in the mitoc-hon-
dria thut the combining takes place.

The average mitochondrion is shaped like a very
tiny football. about /1000 of an inch loog aud

@ e = -

Mitechendien

1/25.008 of an iuch wide. There might be anywhere
from scveral hundred to sew:ral thousand iu cach cell.

In the 19385, scientistsinvented the clectron micro
scopé which canbe used to study dbjects too small to
see 1n ordinary micioscopes. It was then found that
evin the mitochondrion has a very complex structure.,
In it are airauged <L number of speciai protein mole-
cules, cilled erzymes {EN-zimez). Each enzvme can
bring about a particular chesuical change. All of them,
working together, bring about a whole series of
changes that finally result iin combining glucose and
oxygen to (erm chemical energy:



But if thece is an orgenelle, the mituchondrion. that
exists in both plant asd animul cells to bring about
respiration, is thure smother organelle, in plant cells
only, that brings about photosynthesis ?

The answer 1% yes. In 1883, Julius \eu Sachs, who
had shown that photosyathesis formed starch. found
that the chlorophyll in plant cells is nut spread
through the entite cell. It is found in one or more
organelles within the cell. Such aiganelles were even-
tually callcd clidoreplasts (KLAW-roh-plasts},

The chloroplast is twu or three times as leng and
thick as a mitochondrion. Its structire is even more
complicated than that of the mitochondcion. Under
the elc:¢tron microscope. you can see that the chloro-
plast 1s made up of tiny units, each one of swhich may
contain 250 to 38 chlorophyll molecules. There are
slso present many cnzymes that bring abeut curtain
reactions.

That 1s why a single chlorophyll molecule can't
photosynthesize all by itself. It has o work in groups,
and the enzvimes have to be present tea

If a cell is broken up. intact mituchondria can be
obwined pretty ¢asily. The chloroplasts, Heiag larger
and more complicated. arc alyo more fragile. Usually,
when the plant gell is broken up, the chloroplasts alse
break into pieces. and the individual pieces do not
photosynthesize by themselves.

Not until 1954, was a ilish-American scientist,
Banic] 1. Amon (born. 1910). able to hreak up plant
cells so gently that whole chloroplasts could be ob-
taine«) that eould carry through photosynthesis.
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4
Intermediates

BUT wHY MUST mitechondria and chlereplasts be so
cowmplicated? Why ean't mituwchondria just cembine
gluocose and oxvgen and get carben dinxide and wa-
ter—baug? Why cau't chloroplasts just combine car-
ben diokide and water and get glucose and exygen—
bang? [t would be so simple,

For one thing, if glucese were combincd with oxy-
gen all in one step. too much energy would be pro
duced at ene time The cells couldn’t hasidle it all. If
carbon dioxide aud witer were combined all in one
step, ten much energy would be cequired at ane time
The eells couvldn't supply itall.



Instead, in both cases. the rcaction poes little by
littl:. One small change s followed by anothe-r small
change. so that cnergy is produced in small amounts,
or uscd vp in small amounts. ‘The cells can handlc the
smxll amounts in cither direction.

This mcans that all the little changes must be
cuntrolled. Nonc must go too yuickly. none too
slowly. and they must go in the 1ight order. Thys
means that each ctignge must be controlled by an
enzymc of its own. Mitochondiia and chloroplasts
have to be caefully orgatized, so that everything will
work smoothly.

The little changes produce a whole series of mole-
cules 1v between glucose at one end and carboy
dioxide and water at the other end. in either direction.
These molecules are called futermuzcliates (in-tee-
MEE-dee-its} These exist only in tiny vjuantities be-
cause th¢y are sent on to the uext stop and used up
almost as quickly as they ure formed.

fo 1995, a British scientist. Arthur Harden (1863 —
1940), was studying the way in which certain cells
broke down glucose to alcehol and carbon dioxid:.
This change does not involve oxygen and is simpler
than oespiration. but it is closely related to it, anc it is
done 1n steps

The fact that gluoasc was breaking down ceuld be
seen by the appearance of bubbles of surbon dioxide
in the water where the cells were floating, After a
while, though, the bubbling slowwd and stopped. The
cells were still alive wnd there was still plenty of
glucose present, so why should evervthing have
stopped?
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Harden fult that something vequired for breaking
down the glucose had been uvscd up. He tried adding
difleent substances to the mixture. To his surprise,
he found that when a small quantity ot a mineral
called a phosphate (FOS-fate) was added, the bubbling
stated again. Phosphates contain atoms of the ele-
ment pliespliorus (F@Sfuh-rus) Until thea no one
had thouight that phosphorus had anything to do with
glucose breakdown.

Hardon examined the glucuse mixture fur any sub
svance that might contain phosphorusatoms He (eund
that glucose had been altered into 3 very similar sugar
called fructose (FROOK-tose) and that to the mole-
cules of tructosc were adde:d two phosphate groups.
This compound was called fructose diphosphate
{(FRO®K -tose- dwEFOS-ate), and it was the first intes
mediate found in glucose breakdowm or formation.

For this discovery. Hardion nmiceiwed a Nobel Priee
in chemistry in 1929

After that, a aurmber of other intenncdiates we re
discovered. Little by little. a long chain of steps going
from glucose and oxygen to carbon dioxide and water
was worked out. It was found that many of these
intermcdiates havc phosphate groups at:ached and
these phosphates are very useful whea it comes to
transferring cner® from molecvle to molecule
comenient and usable amouents.

If we Broke down the glucose without the phosphate
intennediates, it would be like getting a huodred
dollar bill This would be a sizable sum of money, but
it might be useless to us. If we tried to buy a bar of
candy, or get on a bus. the store dealer, or the bus
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driver, night ciot have dhange and wouldn't take it.

If, however, we went to a bank and changed the
hundred dellar bill into tens, fives, and ones, then the
same hundred dollars would be much more usoful.
Everyone would take the small bills.

The phosphate iuteonediates offec the cells small
bits of energy, and the body 1o vse themm easily. One
ntemediate. aderosine triphosphate {ad-eh-NO-
seen-try-FOS-fate), which is usually abbroviated AT,
is pacticulacly useful. At almost every point in the
body where eneryy is needed, ATI® is uscel

It was much easier to work out the steps of respira-
tion than of phatosynthesis, however.

For one thing respiration is easily made to take
place in picees, so that it can be studied i detail, a
little bit here. a little bit there. All of it can then be
put togethur hke a jigsaw puezle. Photosynthesss,
however. will onlv \wark with intact chloroplasts and
the result is then so compliated that it is almost
impossible to work out the details.

Then, tee. suicntists managed to et startecl on the
wreng patly.

After all, if we borathe in oxygen axd bedathe out
carbaa dioxide, the uxygen must combine with caibon
in the sulbstances of the body to frrm the eoarbon
dioxide That is cerminly cerrect Oaygen also com-
bines with hydregea in the substanczes of the bodly to
forim water. but scientists didn't seem to attach much
impoartance to water. Viter makes up at least tweo
thirds of the weight of tiving things. A little bit more
or less water in the breath doesn't seem to matt er,

$o sdentists concentiated on carbon dioxide. If, in



respiration, osVgen and curbou wonbined to form
carbon dioxide. they felt sure that in photosynthesis
the oppoxite must ke place. Caiboun duxide must be
pulled apart hy photosynthesis, producing a earbai
atoun and dso twe oxygen atowns, which wnuld com-
hine to fonn an oxvgen molevule. The oxygien mole.
culles wodd be released into the air. and six ¢arbon
atoms would comhmer with water to foim glucose.

Scientists thought this was so until 1937,

In thut vear. a Betish scientis!, Robert Hill, ésolited
chluropl:sts from leaves. The chloroplusts were dan-
#fed in the process and wuddn't photosynthesiae.
Hill thought something had been lost by the chloio-
plasty, 0 he tiied to add diffe-rent things that might
make up Por the loss. Cerlin molecules eontaining
iron are unpormnt wm respiration and Hill thoutht
they mmight b¢ immportant in photosynthesis, too. He
thesefore addi'd smal von-cvmmining molecdes to
his dumsged chlosuplasts.

When he did sa. the chloroplasts started forming
oxygon 13 they would if thev were photosymthesizing
If the exypan caine rom hroken carbon dioxid e mole.
cules, as scicuti'sas thought thev wwuld, this earbion
ought o have eombined with water to form glucose,
el then starch. However., no glucuse or sturch
termed-—only axygaen.

This nught mean that the oxygen might have cone.
not from breaking carhon dioxide molecides apart, hut
by breaking water malecues apart. 11 it vwere water
molecules that were broken. and il nothing eke hap-
pened, there would be no (urhon atoms to form
gncose und starch.

L]

livw could anvone be cempletely surex, though,
from whixh molecues asvgen comes. Oxygen is oxv-
2en, and you can't tell ly locking at 1t what kiod of
moleculd it comes fromn.

But it turned out that you &m, in &rlain ways, By
1912 it was reddized thst not all the atoins of an
element are dike. They all bdhave the same way,
chemicilly, but some wn: a litde heavu:r than others
In 1929, for mstance, an Ameri@n scientist, Wiliom
Fumcis Guaugue (ee-OKE. 1895-1982), found that
st oxsgen aloins ave of the sane wpe, unewalled
osygen-16. But there are sinall quantities o fthe heav-
ter oxygvn-13 also present

As tune went un, scientists learw ed how to separute
the two tvixes of oxymen. Thed could make water with
molecules contuining a good deal of uxyien. 18

In 1941, a Canadian-Americen scientist, Vtariin Do
vid Kamen (bom. 1913). waterec] photosynthesizing
plants with water containing 8 #nod deal of usygen-
18 The plants wa:n: ulso exposed to ordivary carbon
dioxide th.a contined oxygen-16, but slmost no oxy-
gen-1B

Kamnen next studied the oxyzem producad by the
plants. Ifthe oxyprs was almost oll oxygen-16. ¢ had
to conte- from the catbnn dioxdde. [f the oxs¥yn con-
tainedd 3 considersble quantty of oxvgen-18, it had w
come bom the water

It turmed out that the oxygen prociuced contani
osy gen- 18 in just the amount that would he expected
(it came from the water molec e,

That settled the: matter. What happens in photosyn-
thesis 1s that light en sy isused hy the plant i Lirvak
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the water molecule into hydrogen stoms and oxygen
atoms. Then, uf the chlocoplasts are indact and contaio
all their enzvines. the hydrogen combines with carbon
dioxide to form glucese and starch. while the oxygen
Passes into the air.

Scientists stil] needed to know the di:tails of what
happens after the water molecule is split They were
(juite sure that molecules containing phosphates had
to be involved, but how were they to find out exactly
what molecules these were?

The teouble with working with ox¥gen-18 is that it
takes a long time to sepurate and identity it, while the
photosynthesis bitenmediates ferm and disappear veey
quickly. ¥What's more, vou nced quite a bit of the
intermcdiate to isolate enough oxy¥en-]8 to werk
with, and the intermediates exist in only tiny quanti
ties. What scientists had to have was something they
eould detect in very smallquaotities and very quickly.

In 1934, two Freach scientists, Frédéric JoliotCucic
(zho.lvoh-kyoe-RREE, 1900-1958) and his wile, hene
(1897=)956), found that it is possible to make som¢
atom varieties that are ruchevictive. lThese beeak down
to other atoms, giving up eestain radiations. ‘fhe
radiations are easy to detect so that radioactive varie-
ties of atorus can be very easily and quickly detected
and identified even if present in only tiny amounts.
For this work, the Joliot-Curies got a Nobel Piize in
chemnistry in 1935,

There are radioactive varieties of oxygen and of
livdrugen, but they break down and disisppear in only
minutes. so thut any expecieneat that uses them has to
tie tamicd through and eompl:ted io a very short
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time There i a radivactive curbon varcty. called
ceehon 11 that also breaks down rapidly and is there-
fore difficult to use.

Bitin 1939 Kancn, vsho had first proved that light
cnergy in photesyn thesis splik the water molecule,
made another discovery.. He fyund a kind of carbwon,
culled corbou./4, that is radiouctive but that lreaks
down so slowly it can last thousunds of years

Carbon uatows are the most important slons in
living things, and now it was possible to trace the
internirdiutes in photosviethesis by using carbon-14

To do this, saentists would have to expose plants to
lht and to cuthon dioside containing a grext wrany
carhen-14 atormy. The plants coul? then be mashed up
and scientisic weudd have o identify just which mole-
cules cuntuined carboin.li, Thase molecules would
have bevn forined through photosy nthesis.

Sull. its not easy te sepacate small quantities of
sy diflerent moleeules. In 1944, howewr, a
method was wolked out by two Gritish sientists,
Archer John Horter Maitin thorn, 1910) ind Richard
Launmce Millmgton Sy (boro, 1914) They shevwed
that if a mixture of molecules is allowed to soak
upvaard through a piece of porous paper, each differ-
¢l molecyle will move upward it 4 different xpeed
In toae they will all be: separatul.

This was called paper chronutegrapfiy (IKR@H-
nuh-TOG-ruh-fee). Martin and Svmge received a No-
bel Psiae in chemistiy in 1953 for thes discovery,

Wow expeniments could be nin in which photesyn-
thesizing plants were exposed to curbon dinxide with
carbon-I14, wyd the inixture of chemicals that weye
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produced could he: separated by paper chromnatogra-
phy- Scientists sould easily tell which of the separated
chemicals eontaned carbon-14. Then, because car
hon-14 lasted such a long titne, scientists could woik
stowly and carefully to identify each mulecule without
losing its carbou14 marker.

At liest, the experiments worked tou well. A very
commplicated muxtore was lormed and separated by
paper chromatogeaphy. However, so tany different
molecules containing carbon-14 were feund that scien-
tists could nut tell which were formed first,

An American scientist. Mdvio Calvin (born, 1911),
realized [hat the Frick was Yo le€ tlie photosynthesis
pnc\eeﬂ for just a few secondy. In that time, oaly a
tew substances would have had a chance to be pro-
duced, and they would be the early ones.

Calvin hegan bis studics in 1948 and made use of
onecelled plants cilled algae (Al-jee) that grew in
water. The algie were eaposed tolight and to ordinary
carbun dioxide. Once the algee were photosyuthesiz-
ing actively, they were drained through a long glass
tuhe into hot alcoliol, which killed them. While they
were passing through the tube. carhon dioxide con-
taining caibom-14 was bubbli:d through the water
The algae had only five seconds to work with the
carbon-11 beler: they were killed,

The algas: were mashed up and the substances in
them were separated by paper chromnatography.
About ninety perceat of all the carbon-14 was feund
tn u single substance, That compound was studied and
feund to be phosprhogiyceric actd (F@S-fohylih-

SEHR-ik-A%4d).

A

Melvin Calvin
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Phosphoglycecic acid his a molecule contaiuing
three cacbon atoms. Calvin could even work ont which
carben atom was carbori-14. That made it pessible to
see just how the phosphoglyceric acid was forined.

Continuin g experiments finally explained many ol
the detailed changes in photosynthesis in what turned
out to be a very complicated pattern. Tor his work,
Calvin received a Nobel Prize n chemistry in 196).

We know much, much more abowt photosynthesis
thim we did two ccnturies age when Priestley first
found that plants produced oxygen. llowever, we still
don’t know all the details.

And we still can't figure out soinc sitnpler way to
duplicate what greeo plants do in their complicated
chloraplasts. tfie could. we might be able to produce
vast quantities of sugar, starch, and other feedstufls,
just malking use of the enevgy of sunlight on carbon
dioxide and water. That wwould help ffeed the people
of the world.

We have a great dcal to learn before we can do that,
though.

5

The
Beginning

Hew pI1d rHe1@synrHESIS get started in the first
place? Scientists don’'t exactly know, becuuse they
weren't thece when it happened. Howerer, they can
ewson how photosynthesis might huve gotten started.

When Earth was tiest fharmed, abont four asd a halt
billion years ago. there was no life on it. So in the air
there couldn’t have heen any oxygen.

Oxygen is a very active substance, It cembines
asily with many other kinds of atorns. If. suddenly,
there was no life on Earth, the oxygen that is now in
the air would cormhine with dferen tatomms o the soil
and, little by little. it would vanish. The only reason
oxygen exists now is that photosynthesis keeps inaking
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it out of water molecules. In the days when no life
vxisted on Earth, there was no photosynthesis, so
there was also 0o nxvgen.

The two planets closest to Eath are Mars and
\enus. Each has wr, but no lile. As a result each has
air that concists of niropen and carbon dioxide:, hut
w oxygen. Perhaps, in Earth's very early days, its air
alse consisted of nitroxen and carbon dioside-,

Venus is too hol to bave liquid water and Mars 1s
teo) cold 10 have it. Earth's temperature, howeser, &
just right, so it he large ocvsns of water, and that
makes al the diffierence, Becauser of the accans,
Earth’s air hits quantitiess of watcer vapor, 1o ixldition,
there might have been some other gases present
the beginning. meses such as methane (mebTHAYN)
and gruanudig (wh-MOHayuh). Methance has nwle-
cules inade up of one carbon utum and beur hydrogen
atowms, Asamonit has malecules nade up of one nitro-
gen atom and three hydrogen atoms

Nitrogen. carbon divxade, water. methane. and am-
moania all have snull moleculcs. These maolocules can
combine in diferent ways to torm larger moleeules,
provided energy is added. There must have been. un
the early Larth. eneigy souices such as lightning and
voltumc beat. Most impuortant of all, piobably. was
sundight, hazticularly an energetic kind calksd witra-
violet ieht (Ul 4svh-Vioh-let), which we can’l see
but which has enougth energy to give us sunbum.

In 1952, au Ameriean sclentist. Stinlev lloyd
Miller (born. 1930}, took & mixture of simple gases
such as may have been in Earth’s early air and passed
eletri: spatks through it as an energd sourty:. Aftera

Eanh before life developed



week, hc found that small molecules had sombined
nto lurger enes.

Later. ether people exp-rimented in the same fush-
ion and some intcresting larger molecules were
formed. These included amino acids {uh-MEE-noh-
AS-idz}, which can combine inte pretein moleculcs
There were also nucleotides (NYO®-klee-oh- I IDEZ),
which cian combine into nucleic acid molecules, ft is
possble that porphyrio rings eof atomms can also be
formed in the same way.

These compounds are all very important, becxuse
proteins include enzymes that centrel all the chemical
chages 1n living things. Nucleic acids contrul cell
divisivn and transmit physical characteristics, Porphby-
1in rings are key portions of chemicals that make
respiration and photesynthesis pessiblc

An American scientist, Sidney ¥Walter Fox (born,
1#12), showed that if amino acids are warmed. they
wmbine to protein-like molecules. Thesc clump
togethcr into little spheres that look and act very
much like ceils.

1t muy be. then, thut on the early Earth, such
protein cclls furmed. They were built up Jrom smail
molecules by ultraviolet light, and some were mere
lifelike than others. Rerhaps the more lifclike fed en
the less lifelike.

Such prutein cells were simple and chunsy things
and couldn’t divide and multiply very well. There may
also have been clumps of nucleic acid that ceuld divide
very well indeod but could hardly do aaything clse for
lack of enzymes.

There camie a time, perhaps, when protcin cells

and nucleic acid cells combined. Then new ce Is were
formed that were mach more effcient. They cold
divide well and they could perlerm many other lunc-
tions. They may have formed as early as three and a
half billieu years ugo, and they are called prokaryotes
RO ka-reeotes). They were the ancestors of the
bacteria thut still live today. but the early prokurYotes
were probably considerably sirmpler than mest mod-
em bacteria

However, the air was changing Ultraviolet light
from the Suu split waterampar molecules in the upper
air into hydrogen and exvgen. The hydrogen atons
were so small and light that Earth’s gravity couldn’t
held them and they escaped intv space. The oxygen
atoms remained iu the upper air and the ultraviolet
light Jerced them into a high encrgy combination of
three atems te a molecule instead of the 2we in
ordinary oxygen. This threeatom molecule is called
vzone (@H-zene).

@®rdinary oxygen lets ultraviolct light pass thiough,
but vzone does net. This meant that, as the ozune
layer built up in the upper air, less and less ultraviolet
lLight reached the surfuce of Earth. Simple molecules
were built up in smaller guantities, and the living
eells began to sulter a shortege of foed and to starve.

Huwever, porphyrin ring tompounds had formed
and clumped toge ther. They could abserb the energy
uf urdinary visible light that could pass through ezone
without trouble. At lirst the porphyrins used the light
tn a very clumsy fashion. but those thut used it more
elficiently built up foud in their own neighborbend
and lived better. Millions of vears passed und the use
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of visible light hecame mere and mere efficient, until
the perphysin cell developed molecules that wese
growing more and more like chloophyll. They were
becoming semething like chloroplasts There are still
tiny bactelia-like cells today that seem to be nothing
more than a chloroplast They are cyanebacterta (SY-
uli-nohbulk-TEEfeeuh) and arc a sccond form of
prokaryote.

‘The chloropluits broke up water molecules te use
the hydregen atoms to form feod. The o»v¢en atoms
got into the air and slewly began to accumulate there.
Most forms of primitive life couldn’t handle the active
molecules of oxygen and were slowly peisoned.

However, some poiphyrin clumps develope) en-
zymes that could make use of exygen and extract
energy by combining it with carbon and hydrogen.
They were the ancestors ol modern mitechoadria. and
still another form of prokaryote.

For exer two billion years prokaryotes were the enly
form of life that existed on Earth.

Little by litile, though, prokaryotes combiied to
form larger, more semplicated cells, Cells that con
taincd nucleic acids awd proteios combuc:d with chlo-
roplasts and mitochondria to resemble modern plant
cells. Sewic combincd ooly with mitochondria to he
come animal cells. Both kinds are called evkaivotes
YOOk s-rec-etes®.

In the last billion years, these eulmivotes have been
the most impertant forms of life. Beginning about 308
millien years age. they combined into animals and
plants made up of many «lls. These were “multicel-
lular” (MUIL_-teeSELL-yoo-ler) creatures.



Interdependence of Plants and Animais

The world is now full of multicellular plants aud
animals—whales, oak trees, huinan beings. butter
flies, roses, and so on. However, one<celled plants and
animals still exist. and prokaryotes too In fact, there
are even bucteria that cim't live in the preseice of
oxygen, and that never seem to have added nutvschon-
dria to their cells-

Except for these few bacteria that can’t live on
oxygen, and other ercatwrey that live on them, all
Jorms of life depend on photesyhlhesis Without pho-
tasynthesis. larth wounld drift beack to the way things
were billions of y ears ago, when oily the simplest lite-
l'orms existedl.

Thus is why eeelogists today want to preserve the
green growing plains and forests that supply the bal-
ance of oxygen to our atmosphere and why enviroo-
mentalists waot to stop the pollution that blocks life-
giving sunlight from Earth’s surface. Scientists aeed
to keep on asking questions and finding answers to
these problems. They will add new chapters to the
story of photosyurhesis on Earth.
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