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PHOTOSYNTHESIS
J. A, Bassham ‘
Photoaynthesis is the synthesis of organia compounds

such as starch and sugar from inorganic subatances lncluding'
water and carbon dioxide by living plant cells using the
energy of light absorbed by the plant pigments, Phbtoaynthe-

8fs in all land plants and in most squatic plants forma

oxygen gés in addition to organic material. This type of

photosynthesis is quantitatively by far tha most 1mpovtaﬁt.
However, some microorganisms perform other typas of photo-
syntheais which do'not'produoa oxygen,

The major photosynthetic reaction, which produces oxygen,
is e@preasad in worda by the equation:
WATER + IﬁORGANIC COMPOUNDS + LIQMT —> ORGANIC COMPOUNDS + OXYGEN,
Organic compounds are compounds of the elsment cmrbon.
excluding itas oxides and ailtrides. Tha ;rganlc‘coﬁpoundﬁ
made by photoéynthaaia in the greatest quantity are carbo-
hydrates (including sugars and starch), amino aclds (from
which proteins are made), and fatty aclds and glycerol
phosphate (from which fata ara made). The inorganic
compounda required for every product of photosynthesis are
water (H,0) ind carbon dioxide (CO,). For the synthesis of
amino aclds, the elements nitrogen and sulfur are also neoded,
These elements may be absorbéd_by the élant in the form
of thaelr oxides, nitrate (Nog) and sulfate (Soﬁ), or in
other, more reduced forms such as ammonla (Nua) and hydrogen

sulfide (HQS). Other elenments built into organic compounds
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by photosynthesis include phosphorus (which the plant
absorba as pﬁbsphato), and the metal lonas of iron and magnes-
fum, Haﬁgénese and saveral other elements are essential for
photoéynthesia. but are needed In only tr&ce amounts

In land plants, all of these inorganic compounds, exéept
€09, normally 5»0 absorbed through the roots. Coz-is
absorbad by land planta from tha atmosphere where it occurs
mt'én average congentratlon oflo.ﬂa%‘ The_co2 éntera the
leaves and 0, escapes from tha leaves via small oﬁenings
in the epidermis callsd atomata, The opening and ciosing of
thae stométa are controlled by special cells, called gusrd
cells, which are also green célls, capable of performing
photosynthesla, Whan the lighi falls on thess cells, they
photosynthesize and the products of photoaynthemis caumé
the calls to éxpand ﬂw&y from the opening making {t larger
and permitting more Co, to flow into the leaf, Thue the
astomata nead only be open during active photosyhthesis. The
loas of watér by evaporation from the leaf, called transpipe-
ation, is controlled by the stomata, since most water vapor
sscaping from the leaf passes edt through these openings,

Aquatic plants absorb all nutrients from the water in
which they live, Carbon dioxide and bicarbonate ion (HCOS)

both are present in lakes and seas and are directly absorbed

by algaa and other water plants.

Light is a peactant in photosynthesis, not meraly a catalyst,
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Huch of the 11ght gnergy used by planta to drivq the photo-
synthaetic reaction ls stored as chemical potential enargy

in the products of the reaction, For oxyganeevolving photo-

synthesis, all visible light from violet (wavelength 4000 R)

to medium rad (7000 R) is effactive to some extent. Fopr
certain types of bacterial photosynthasis in which oxygen
;a not evolved additional longer wavelengths osut to therfar
red (3000 K) are affactive,

Hi{storical., Tha discovery of the nature of photosynthesis
goes back to the beginnings of modern chemistry, In 1772,
Josaeph Priestly found that several days after hae placed a
sprig of mint in a clo@edbjar, whera previocusly candles
had burned until they went out, the air was "rostored", and
the candles would burn again, Jan Ingen-tousz (1780) found
that light was necessary fer this restoration of the aip,
and Jean Senebinr {(1782) showe@ that "fixed air" was transe
fornad by photosynthesis Into "pure alr", With the discovery
of oxygen Ly lavoisiler (1775) and his dlscovery that "fixed
air" {8 a compound of carbon and oxygen (1781), {t was clear
from these early findings that‘ﬂlantﬂ couvart carbon dloxide
to oxygen in the light, The role of water remginad to be
established by Hicolas de Saussurs in 1808, Hy careful
experiments, he datqrminmd the incresse in dry welght of
a plant growing in a pot of enrth._“ﬁ also measured the

volume of carbon dioxide taken up by the plant and the
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volume of oxygen evolvaed. He confiémad the fact that all of
the carbon mades by the plant into érganic materials comes
from carbon dloxide. At the same time, he shcwed that tha
increase in dry wéight of the plant was gr@ater than the
difference in waeight between the carbton dioxide taken up
and the oxygen evolved., However, tha weight of the soil in
fhc pot did not change mignificnntlyi\?he only other source
of welght increase was watér; thus water {3 a reactant in
photesynthasis,

The importﬁnca ef photosynthesis as an energy convartingv
reaction had to_await’thé‘davelopmant of the concept 5f
chemical enargy., In 1845 Robert Mayer recognized that the
eﬁergy of gsunlight was counverted by photosynthesisz to the
stored chemical potantial of iha.product&.

The Rola of Photosynthesis, The net result of the

chemical proceasses of photosynthesis con ba‘exprmssad by
apecific chemical equations for each photosyntﬂetic product.
The formation of a simple sugar, glucoss is raprasentad by
the equatlion: |

graen plant
light + 6 C02 + 6 HQQ "_—‘““"5 6 O0q + Cb”lﬂgﬁ

which says that a green plant .onverts the energy of lipght
plug 3ix moleculen of water and six molecules of carbon
dioride {nto a wolecule of plucose and six molecules of

oxygen, Glucoss is but ona of many carbohydrates formed in
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plants. A general equation for the photosynthesis of a

‘carbohydrate with n carbon atoms lss

» green plant
ight + n COp ¢ 0 0 ~——=> n 0y ¢ (CHyOIn

Equations for the formation of other types of organic

compounds are not as siaple, and when an amino acid is

- formed, additional inorganic reactants are required, as in

the formation of cysteine;
. 2 : %Pﬁe‘" .
light + 8 COy ¢/ HaO S0F + NOZ + 3 Bt — CglgUaNS + 6 1/2 04,
: plant
The fact that light i3 a reactant in photesynthsslis

{8 more aaaily'undmvmtood by considering another chemlcal
reaction - combustion, Clucoss is a subunit of cellulose,

a major constituent of wood, The aquation for the combustion

of glucose lai

Cety2% * U6 ,_,..._V.___;;} 6 COp + & Hp0 + heat, eta.
_combuystion op
respiration
This Ln,thé'revaran of fhe equation for the photosynthasis
of glucoae, excﬁpt that heat and ofher ferns of enarygy
are preduced.more than light. By the principle of
conservation of energy, if fha combustioﬁ reaction iib@rateg
enorgy, the revarse , photosynthetic reaction must absord
energy.,
The bielogical combustion roéction is called reapiration
and is pepresénted by the same equation as for non-biological

combustion. All living cells except green plants in the light

tust rely upon biochemical reactions as a sourca of anergy,



Respiration i{s the principal enevgy-pioducing biochemical
reaction,

All‘life proceéses require a continuoéajsupply of
energy, and light energy convartad by photosynthesis to
chemical potential energy of orpanic mattef and oxygen is
the only significant primary source of anerpy for life.
Livlhg calls then respire ("burn“) these organic compounds
with oxygen, harnessing part of the energy released by
the reuniting of oxygen with the alements of carbon,
hydrogen, nitfogen and sulfur for use in varlous lifé |
processes such as movement aml growth, As oxygén combines
with these elements, it forms thelr oxides which are
carbon dioxide, water, nitrate and sulfate, and the cycle
is completa. According te E.I. Rabinowitch, all organic
matter now prasent on éarth will be oxidizad by combustion
and respiration within ten to fwenty yaarz, [f this matter
ware not replenished by photoéynthasis during that time,
al; 1ifa would stop.

The chamiéal'baaia‘fmr enargy storage by photosynthesis
and energy release by resapiretion is in la£ﬁa part the
reactivity of oxygun. The cloud of elactrons surrounding
the nucleus of a neutral oxygen ato& contains tvo electrons
less than the numbar needed t§ satlsfy the most atable
alectronic arrangemant for this element, For this reason,

oxygen atoms have a very strong tendency to acquire the
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preasence of two additlonal electrons by forming two
partnerships, called bonds, with other atoms. An oxygen |
atom can form bonds with two different atoms or it can form
both bends with one atom. In sach of {ts bonds the oxygen
atom contributes one electron and the othar atom contri-
butaa_one electrnﬁ; Thus, Iin watuf. Ha0, each of the two hyd:o-
gen atoms contributes its single electron to a bond with
the oxygen mtaﬁ! tharaby fulfiliing the tendency of

oxygen to acquire two additional electrons, In C0,, two
atoms of oxygen e&ch forin two bonds with the single

carben atom wﬁ&ch has four bonding electrons., Thus in

H2p and in COy the oxygen atoms satisfy their requirements
for elactraons for stable arpangements, However, whaen two
oxyzen atoms bond with each other tha positions of the

electron orbitals about the nuclei are such that only one

 bond 1s formed between the atoms. This means that they

only half fulfill their requirement for electrons., There-
fore, the 0, molecule ls relatively less stable than CO,
and Hy0, The organic products of photodynthesis such as
carbohydrate, (CHy0), are quite stable, since C, il and 0
;11 have raquirmm&nts §f~al¢atronm for stability satisfied,
The photosynthetic reaction making carbohydrate thus
converts two very stable substancas, CO, and H,0, to oﬁe
atable substance, (CH,0),, and ona less ttable substance,

09. In doing thia, the plants store chemical potentlal
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energy, obtained by ;ransforming absorbed light energy. In.
a similar way, energy is storsed ;n the photosynthesis ofv
fata opr proteins, |

When an alement lossa elactrons, or has bonded hydropen
atoms removed, a&s oaygen of water does during photosgynthesis,
it is saild to be oxidized. When an element pains alectrons,
or gains bonds to hydrogen, as carbon doss during photo-
syntheals, It is said to be reduced. Photosynthesis is
therefore an oxidation of water coupled with raduction of
carbon dioxids and other 1normaﬁic oxides,

Mechanism of photosynthesis: Photo and synthesis stages.

Although the net result of photosynthesls is the transfer
of hydrogen atoms from oxygen to carbon (as wall as to
nif;ogen and sulfur) by means of light enargy, this fact
doas not describe the mechanism of photosynthesis, For
' many years scientists were misled by the seemingly simple
but untrue theory that 0, was somehow formed from CO.,
leaving carbon (C) to react with H,0 to form carbohydrate
(CHQO)n. Then photosynthesis by certain sulfur bacteria
'yhlch do not form 0, led C.%. van Nlel to realize that
the oxygen fopmed by photosynthasis in oxygen-evelving
plants comes from water, These sulfur bacteria carry out
a reaction which can be written:

Light # €0y ¢ 2 Hy8  ———= (CHy0) # 25 + HgO.

Instead of 05, these organisms make sulfur. Van Niel
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reasoned that all typaa of photosynthesia could be repre-

santed by the equations

light + €Oy

where X Is oxygen in oxygen-evolving photosynthesis, but

$2HX > (CHy0) + 2 X + 0
is sulfur in the photosénthasim of sulfur bacteria, He also
preposed that this reaction cccurs in two stagena

light + 2 Héx t2A —> 2 Aﬁ2'+ 2 X (photo-stage)
and 2 HyA + €O, —> (CHy0) + 2-ﬁ (synthesis stage)
A is some compound that carpiaa hydrogen atoms from water
te €0,. Support for this theory came from tne discmvery'
of Robert Hill tﬁat broken up or partly inactivated green
cells could he made tb carry out a reaction In the light
in which 6xygan is evolved but no C0, is reduced. In order
for this reaction, called the Hill raactiow; to work, some
chemical must be added to scaept the hydrogen atoms or the
electrons split fraﬁ the water molacule, This chemical ls
callad an oxidizing agent because &t.takea'&lectranﬂ or
hydrogen atoms from éxygmn'ln water, One Hill okidizing .
agent {8 quinone, which acoepts twe hydrogen atoms and
becomes dihydroquinone, Other Hill oxidizing agents often
contain fron which‘haavlaat'thrm« alectrony and carries
a 43 charge (ferrie lon, Fa3t), Ao the green material
is 1lluminataed, eleatrdns are trangferrad from water, 0,
is evolved, and each plus 3 iron fon gains an alectron and

becomes ¢2 iron (ferrous ion, ?az*). In this case, only



alectrons are transported frem the oxygen of water to the
oxidiaing agent, As they are removed from the water,

hydrogen nuel@iNQOma off into solution as hydrogen {ons

(#*). It is now fhought that duripg photosynthesis itself,
some steps in the movement of.hydrogan atoms from oxygen

to carbon take place as tbe‘indmpendaat moveament of eleétrcns
and hydrogen-lons; It is the movement of electrons from

one atom to another that is important; for hydrogen‘ions
cén.be releoased to the aqueous solution or zbsorbed from
it as needed. The i1ill reaction, lﬁ which 1light energy

is used to bring about the movement of elactrons from

oxygen to an oxidizing agent pfobably is similar to the
photo- stage of photosynthesis, |
| The theory that 02 comes inﬁtﬂntaneously from water
during php;osynthesis wag further $ubatantiatad by Samuel
Ruben and his colleaguas who let plants photosynthesize

in water enriched with the heavy owygpen isotope, 180,

in place of.ordinary oxygen (150), Plants cannot distinguish
iaotopéa of the same element when they are chemically
identical, and zo {he plants use HQIGO-just the same way

they norimally use H’luﬂ. The evolved oxyaen gas was found

2

to contain 180

« In another exp@biment just the bppoﬁitev
kindsof water and €O, were used, #hen the planta photo-

" synthesized with HzlGO and 01802 the avolved oxygean

containaed no 18, at the start of the experimant,



In the 19508 Daniel Arnon and other zcientists learned
how tO'prepabe plant cell fragmenta which can perform the
entire photo~ stage of photosynthasie., Under {llumination,
these érdparationa transfer electrons from water to the
photosynthetic oxidizing agent which then becomes the
réducing agent for the preduction of carbon dioxide in the
synthesias stage. This carrier of electrons i3 a compound called
triphosphopyridine nucleotide, In its oxidized form
it is denoted as TPNY, while after it accepts tWo electrons
and a hydrogen ion, it is denoted by TPHH, TPt contains
& pentavalent nitrogen atom (it has four bonds and a +
charge) while in TPHH this nitrogen atom is trivalant
{three bonds and neutral), These forms corraespond to
van Niel's A and Ay, TpNY (reducad form TPHH) is a tyoe
of compound called a coenzyme. Coenzymen work with enzymes
to bring about chemical reactions in living systems,
Enzymea are biologlcal catalysts - they cause a chemical
reaction to proceed at an accelerated rate, but are not
charged themuselves in the process, Host of the converted
light enerpgy that is stered In the photo- stage is stored
by the movement of ﬂ;ectrons from water to TPN+. This
storage of energy has a machanical analogy in the pumping
of water from a low lake to a poﬁd high on a hill abaove
the lake, The eneryy used to make the pump run is stored

in part in the potential energy of the water {n the pond

11



on the hill, If the water is allowed to flow back down the
mountain, the energy liberated by its fall may be usad to
perform useful work,

In an analogous way, energy is stored when electrons
are taken from water at a lower chemical potential and
transferred to TPNY, which holds them less tightly than did
the oxfgen in water, When TPHH releases these electrons,
useful chemical work can be performed, An important
additional amount of energy is stored qnothaf Wdy. Accom=
panying the tranaport of electrons another coenzyame which
is reallyvan acid anhydride is formed by the elimination
of water from inorpanle phosphate ion (HPOE) and an orpanic
phosphate, adenosine diphogphate or Aﬁ?. This reaction can
ba repressnted by the ejuation:
AMP-0-POZOH + HOPd'Qon“—-> AMP'—O-PQ}-O-PO}OH' + HOH

ADP  phosphate ATP water

This is another exanmple of a chemical reaction which gous
in the direction written only if eneryy . is supvlied from

somu other source. The raeverse reaction, in which the

anhydride reacts with water to make ADP and phosphate,

liberates energy. The formation of ATP iy found'in a1
biochemical systems, and ﬁs a universal mechanism for
storing and transporting chemical energy. The ATP.oftan
gives up its energy to other chemical substancen by

reactions whieh réplace hydrogen with phosphate, Thus a

12



sugar, which can be reprosented by R-0H can be convarted to
a sugar phosphate by the reactiont
~ AHP~0-POF+0-POsOH™%* ROH ~>AMP-0-POJ0H + ROPO,OH"

ATP sugar

The sugar phosphate has more energy stored in its bonds than

does sugar, hence it is more reactive., The formation of ATP
during photosynthesis is ealled photosynthetle phosphory-
lation or photaph@aphorylation. Uth ATP and TPHH, formad
copcurrently with 0, by the photo- stage of photosyntheals,
are usad In the eynthesis stage during wilch carbon dioxlde
is reduced to earbohydrate and other orpanic compounds,

Tranaformation of lipht energy., The flpst step in the

transformation of light energy is lta absorption by plant
pigmants. Ail photmaynthmtic plants contain some form(s)
of the graeen plament, c¢hlorophyll, and probably all contain
carotenoida, which are jpenerally yellow, Migher plants
gontain chlorophyll a (CBSH,IQOSHMHQ) and c]'xl(.wophyll b
(055H7006N“Mg) and four malor carotenolds, ﬁﬁacarotmne
(CMOHSS)' lutelne (CypHyghsy), vicolaxanthin and neoxanthln,
Some algae contain eﬁseﬁti&lxy the same pimmantg,.but

many algae have other plgments which differ from thase

in chemical dotails, Thesﬂ.pigmanta, as well as the entire
photesynthetic apparatua, are contailned within a mambrane-

anclosed unit callod the chloroplast which is inside the

green cell, The green color of plant cells is due entirely

13



to thesa chloroplasts, sinca the remaining part of the cell
has no graen pigmentaf A typlical chloroplast is shapad
roughly ;1ka a bent cucumber and is.abéut-onevmicron (one
thousandth of & ﬁillematar)’acroas and fourvﬁlcronm long,
*hia éhapa and size varies.cqnaiderabiy. Large gréén plant
cells, such as occur in the leaves ofrmany land plaﬁts,
confain many chlotopiaats. Small unicellular Algae.vfor

example Chlorella pyrenoidosa contain only @ single ehloro-

plaat, which occuﬂiea thm.gvaater part of the cell.

A chlaroplast is a highly complax structure, This
structure canvbo meah with the electron micrmacépe which
pernits vlawing nuch amaliav structuras than can be seen
Qith a light micrasc0pa. Tha#smallemt particle which can

be distinguished (resolved) with the light wicroscope ls

“about 0.5 micron. Ry 1961, electren microscopes could resolve

particles one thousandth that size (0.5 millemicrons & § ﬂ),
under the best conditions, The eléctron microscope has
revealed very thin éhaetm or layars of different kinds of
material which sometimes extend the length and breadth of
the chloroplast; The repeating interval (thickness of a set
of layers) is about 160 R - 220 &, A set of layers appoars
to consist of a sandwich made up of a'layer of lipid (fat
and similar substances) and protein globules betwaen two
smooth layers of 1lipld and perhaps structural protein,

The globules ara about 100 - 150 £ thick, The smooth layers

b



~are closed at the ends, making a unit 1like a very thin

envolope, In some chlorcplasta, particularly those of leaf

cells, these layers, called lamellae, are thicker and stacked

more c¢losely in some ragions of the chloroplast, These
regiona,vcalied grané, are»aftén clrcular, In some piéturas
made with the elsctron microscope these grana appear like
stacks of veéry thin hotcakes. Tﬁevrégiona of‘thevchlcrcplaafs
in which the iamellaa are thinner and less abundant éfa oftan

referred to as the stroma, Regardless of the preseuce or

‘absence of grana, the site of the photo- stape of photoe

synthesis'ié considered to be’in the lamellae, which

contain the plgmants, Itvis nugpacted that the stroma is the
site of the aynthaﬁis.ﬁtégc: that da the reduﬁtion'of €99

to organic compnund&._Thé role of grana in highar plants

is ﬁot yot elearly undergtood. Perhans th&? rgprcsént an
evolﬁtioﬁary step towards a more afficient flew of:energy

. The '
and materials through / complex but microscopic living factory

wa know the chloraplast to b,

Sclentists havaberkﬁn up ceils,and isolated Qhole
chlorbplasts by gbinding_up spinéch leaves, sapavatiﬁg out
the large plecas, and then spinniﬁg down the chloroplasts
out of the cytbplasmic”fluld'in a centrifuge, Properly
prapared, theaa'dhlor091Aﬂté can carry out photosynthesis,
though the rate of carbqn reduction 1s slower than in tha

whole plant., Chloroplasts have been broken up Into smaller

~~

15
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and smaller fragments by means of hiph frequency sound waves
and in other ways, Particles of different sizes are
separated from the mixture by centrifuping at several
speeds. In:this way; particles containing only ono te six
of the protein and liﬁid giobuleﬁlplus some of the smooth
layer;ﬁave been-obtained, These particles still contain

chlorophyll and other key compounds. When illuminated they

absorb light and perform the i1l reaction, deseribed earlier,

in which they transfer electrons from water to a suitable
alaatron acceutar; Under some cdﬁditianm; thﬂﬂ&lpafticleﬂ.
like larger chloroplast fragments, can use light nﬁavgy to
maké ATP from ADP and inorgpanic phbsnhatma, The amallest
particlo'whichvcan'uﬁ@ light energy to tranafer eloctrons
from water to TP is defined as 8 quantasome, [t appears
that the quantasomas may de ldentical with the protein-lipld
globule. | | |

Undar suitable eouditiéns. another kind of materiai,
soluble in water and colorless can be obtalned from the
chloroplasta., This material is laft after all the ureen,
particulate matter is spun out by centrifugation, It
containa the protein mcle;ules that serve 55 enzymes, op
biological catalysts Fbt tha reduction of carbon dloxide to
organic compounds. Howavar, this szoluble fraction cannot
reduca carbon dioxide unless it is nupplied with ATP and

TPNH, When this soluble matarlal, itself unable to make ATP

16



and TPNIl, is mixed with a preparation of small lamellar
fragments, the mixture absorbs light and reduces C0,. The
lamellar fragments plus the s&luhle proteins and other
substances in the soiuhle fraction are thernfore carrying
out photo&&nthesis, after recomuination of the two prepar-
ations. The lamallar fragmenta perforh the photo=- stage
while the soluble fraction performs the synthesis~ staqe
of pnotosynthesis.

Two very impdrtant questions about the mechanism of
photosynthesis are: how do the quantasomes use the light
enebgy absorbed by the pigmants to cause the {ranafer of

a@lectrons {rom water to TPN*; and, how do thay use some

of the light snergy to make ATP? Theze questions are still

not completely anﬂwérﬁd. it nOW appaarﬁ thatr electrons are
taken from water and trﬂnﬁférred step by stap to TPH', which
than bhacomses TPNH, Soms of these steps are "downhill", That
is, thay occur spontansously and glve up enerpy to the

surrounding anvironment or to othsr chemical resactions,

Two of the steps are thought to be "uphill", These

steps require an input of energy from the llubt, The evidence

indicuteé that the light energy used {n each of these two
steps may come from a épdciflcvplgmant systom,

The electrons carried from tha oxygaen atom of water to
TPNY must be cafried aach gstep by a different chemical

comhound. Not all of thess elactron carrlers have been

17



Fe3+

identifled, Saveral of the electron carrlers contain oxidizod
iron which lacks two or threa electrons compared with
metallic iron, These forma of iron are febroUﬁ-irnn.

3+

abbreviated F@Q*, and ferric fon abbreviated Fe“ , When

Fesf accepts an electron it becomes F@Qf. The alecfroﬁ.
which_haabcne minug charge, neutralizes one of the iron's
positive charges while it is balng'hﬁld‘by the iron..The
and Fe?t carriers are not ffee lons, for thay are

held by speclal organiec compounds, One effact of these compounds

is to make the iron hold electrons more or less tizhtly during

electron transport. Thus the transfer of an alsctron from

one ﬁound iron atom to anothéi fran afom hald by a different
organic compound may release anergy (downhill step) {f the
acceptor iren holds nore tightlv_to the electron than

the giver, or donor, iron. Other steps in the electron
transfer may he perfarmgd by other ﬁetal éxamm. particulaviy
magnesium (Mg) aud'mang&n@é@ (Mn), and by other types of
lectronVcarriev&, such as plastoquinone,

The absorption of light by a plgment melecule resalts

in an lncrease of energy of the molecule, The molecule is

then in an excitad state. In this sxcited state, some of
the elactrons of the molecule have been shifted from their
normal orbitalas about the nucluﬁs to othar orbitals in
which the molecule has a greater total enargy. If tha

alectrons return to their normal ortitals, the mclecule



bl
.

returns to its ground state and pives off energy, as emitted
light, as heat, or by some chemical reactlen, In photosyne
thasia; tha return of the excited pipment molecules to

thalr ground state is accompanied by the transfar of

‘electrond in one of the Yuphill" steps between water and

TpNt,

One or more of the "downhill" steps of this electron
transport givas 1ts energy to a reaction which makes ATP
from ADP and inorganic phosphate. Thus photophosphorylation
is accomplished,

Syntheslst The reduction of C0,. The synthasls of organic

compéhhds by the reduction of C0, (and of nitrate and sulfate)
also takes place in the chloroplast. The steps in thia

synthaesis are madiated by enzymés and coehzymes. The.

eonenzymes ATP and TPNH come from the photo- reactlon in the

lamella ﬁnd supply tha energy and electrons necaamary for
the synthetic rsactions.

The reduction of C0y consists of the transfer of electrons
to COy. As & rasult, some of the C-0 hond5 are replacod
by C=H, C=C and O=H bdndﬁ. Thié raduction of CO, takes
Place in a number of steps of which some 15 or more are part
of a cyclic saquence of reactions discovered in 1953 by
Malvin Calvin and his céwmrkéra. This group used radicactive
carbon, lic  an a tracer elament-in place of ordinary

carbon, 12C. to follow the path of carhon from CQ0y through
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these reactions,. In 1361 Calvin was awarded the Nobel Prize
in chemistry for this work,

The important compounds in the cyclic pathway hava fron
three to saven carbon atoms linked topgether In a3 chain
8o that each carbon atem has one or two bonds to another
carbon atom, one or twe bonds to oxypen, and one or
two bonds to hydrosien, The total numbep of Londs nev carbon
atom {8 always four. All but one of the compounds in the

cycle are sugar phoaphates. That is, they are sugars to

3H~) have raplaced

which one or two phosphate groﬁps (<0OPO
OH groups, The nther compound is a.sugarvacid phnsphate
called 3~phosphoglyceric acid and abbreviated PGA, Tt ;s
aimflar to a supar phosphate with thrae carben atnma.hut
diffars in that ona of the carbon atoms has three bonds
tq anypen, |

One of the sugapr phoagphates which has f&vm carbon atoms
is call&d.ribulom@ monophegsphate, ATP frow the photoe stage
reacts with ribulose monophosphate to add o second ohosphate
group and make ribulose diphosphate. The addition of this
extra phogphate group glves the compound mors enarsy
because it now containg zoume of the‘mnargy that had been
stored in the ATP wmolacule, Congeguently, the ribtulose
diphosphate has a stronger tendency fo react with other
substances and to form new bonds,

An enzyme of the chloroplast binds €07 and holds it and
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a 32t lon In a tight complex, This COp~anzyme complex

reacts with the reactive ribulose diphosphate to form a new

- C~C bond between carbon dloxide and one of the carbon atoms -

‘of the sugar phosphate. The result of this reaction is the

formation of a compound with éix carbon atoms, Thiq #ix carbon
compound is so delicate that it can be broken by watei
into two fragments, each of which iz PGA, In the Intact
cell where this unstable aix»éarban compound 1s protected
by subecellular stv&ctura a different reaction may cancaivf
ably occur, though thére is as yet no defintte proaf{ This
hypatﬁatical reaétion wodld‘raﬁult from the ﬁdditiah of two
electrons to the unstabls six-carbon compound, causing it
to be reduced and split to one molecule of PGA and ona
molecula of three carbon 5ugar phoaphata, This reductlon
reaction would use up a molecule of TPNH, converting it
to TPN'. |

The one or twe molecules of PGA formed by the carboxylaiinn
raacfion are theﬁ reduced by one molecule of TPHH each to
make thres carhen au@uv phosphate (triose pheéphate); This
reduction amounts te the trangfer of two electronsg to
that carbon atom of PGA which haz thrae bonds to éxygen.
Such a group of atoms}¢onsimting of a carbon atom liaked
by one bond to one oxygen and by two bonds to another orygen
aton i3 called a carboxylate group (Oaé~0“). it is rasponsible

for the acid propertlies of PCA. In this group, the oxygeh
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atom with only one bond to carbon haz a negative charge due
to an electron excess of.one over that raequired for nautrality.
Actu&ily, this electron is sharad equally by tha two oxygen
atoms of the carboxyl group, so that each of the oxygens has
an aveprage negative charge of 1/2 and an average 1 1/2 bonds
toe the carbon atom. Thia kind of arrangement makes this
group prather stable, hence scmewhat unreceptive towards
additional electrons, Once again, therefore, ATP is called
on to prime the molecule by putting more chemical energy
into it and making it more raactiv&. The enzyne system
accomplishes this priming by trunsfvbbing the and phosphate
group of ATP onto one of the oxygan atomsg of the carboxyl
group, thereby making thé two oxygan atoma disgimilar and
spoiling their equal sharing of elactrons and bonds to carbon,
The oxygen atom linked to nhosphorus now has only one hénd
to carben (0=é~0P03H').

when TPNH transfers a hydrogen atom plus an electron
(aquivalent to two electrons plus a hydrogen lon, HY) to the
carboxyl carbon, the single C-0 bond is broken, and the
okygen linked to phoaphorus cowmes off In inorganie phosphate,
HPOE*. The carbon atom now has two bonda to a single oxyuen
atom, one bond to hydrogen add one tond to the next carbon
atom in the chain (Gué-ﬂ). This nevw group is called an

aldehyde group, and is ecne of the functional groups of

one kind of sugar, Thus the sugar acld phosphatae (PGA) has
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been reducad to a gugar phusph&te (triogse phosphate),

The blochemical staps just described can be denoted by
chemical equations in words and gymbola.aw followst

1) Ribulose monophosphate + ATP —> ribulose diphosphate + ADP

2) Ribulose diphosphhte + €0, —> unstable Cg compound

2
3a) Unstabla Cg compound + Ha0 —> 2 PGA

- 3b) Unatable Cg compound + (+ ATP?) ¢ TPNH —

T triose phosphate (Cy) + PGA

4) PGA + ATP + TPNH > ADP ¥ HoPOy + trloae phosph&te (ca)

Reaction 3a) rapresents the split of the unstable Cq
compound by water to two molecules of PEA,'while‘ﬁﬁ)
1s the split by reduction, discussed sarlier, Lither way,
the end result of raactions 1) through &) is fhe convaersion
of ribulose monophouphate (Cg) and CO, to two molscules of
trlose phosphate (Ca) with the mxpendituré of two TPNH
molecules (four electrons) and of two or thraa ATP
molecules, This.aerlas of reactions represents tho entire
input of electrons and snergy from the light raaatian to
the basiec carbon reduction cycle, Of course additional
expenditures of cofactors from the llght reaction are
required from the reduction of altrate and sulfate, and
for the conversion of compounda such as trinsa phogphate
and FPGA from the cycla {nto organic materials such as
carbohydratea;'pratelnm and fats,

Onca triose phosphate is formed, five molecules of this



Cy (that.is, threé carbon) compound are convertad to three
molecules of the Cg cbmpound, r$leos¢ moriophosphate, and
the eycle ig complete. This cpnversiOu fakes about 11
geparate bicchemical steps in all, Epginning'with triose
phosphate (C3) and exprassed enly in terms of changag
in the numbera of carbon étomu linked together in sugars,
this part of the cycle proceeds as follbwax

Cy + Cy —> Cqy Cg + Cg — Cy.+ Cgy C, + Cg —> Cy,
Cq ¢ C3 — Cg ¢ Cy | |
which in sum gives % CB —> 3 Cqe The thrae moleoules
of ribblose monophosphate made from five molecules of
triose phoéphate aftar carhckylatlon.and reduction glve‘
six molecules of triose phosphatea Thua the net result of

one complete turn of the cycla is the conversion of three

molecules of carbon dloxide to one extra Cy organie compound,

This g2in in orpanic material is drained from the cycle by

reactions which make sugara, fatty acids, and amine acids,

" from which much materials an starch, fats and protuins

are bullt, |

The fact that not only carbohydvatas, byt alse amine
aclda, and presumably fatty acids, are diract products
has also been established through the use of radiocarbon
as a tracer, The chioroplaat is not merely & particle
specializing in the asynthesls of starch and sugars, but

rather {t is a'highly'complex and walleorganized factory
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capable of syntheslzing virtually all of the materfals from

which ‘it {s built and at the same time satlsfying ths needs

of the nonphotosynthetice parts of the cell and the plant for
raeduced caron compoundy,

For the banefit of those famlliar with chemimtry, the
path of carbon in photosynthesis is summarized %n fhé
diagram in rig, “Zm. The'idantitiee of the cnmp%ﬁn@a as
numbered in the diagram are as follows ’

(1) the unstable c6 addition'compound,»(Qi phoaphoglyceric
acid (PCA). (3) phosphoglycara;dehyda and (4) dihydroxy-
acatone‘phosphata, both triose pﬁcaphatea. (5) fructose
diphosphate, (ﬁ)»erythraﬁe phosphate, (7) aadqhéptﬁlo&&
diphoaphate, (8) xylulose phosphate, (é) ribose phoaphate,
(10) ribuiose phosphate, and (11) ribulose diphosphate. A
few, but by no meana all of the paths 1eading from the cycle
to synthetic products are indicated. UDPG standas for

uridina diphoaphoglucose, an important intermadiate gubstance
for. the synthesis of polysaecharides, such as starch and
cellulese, as well as sucroze which s erdinary table sugar.

Serine, alanine, and aspartic acids, are amino acids, basic

“units for the construction of protein,
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) This report was prepared as an account of Government
va sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

-

. A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed 1in
this report.

As used in the above, "person acting on behalf of the
Commission” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
-with the Commission, or his employment with such contractor.









