Review

 Like cellular respiration, photosynthesis requires that you apply your l{ﬁOW_iedg:c: of chem:stry Ag_z__liii,'" you will
need to know the names of important molecules, describe their sequence in metabolic processes, and describe
how the processes accomplish their metabolic objectives. L e T '

Photosynthesis is the prqécss of (_:.ap_turing- free energy in s_unligh_i .a..nd storing ;that;ene;fgy_ in ciz_erﬁicai _b_oﬁ;ls, '
especially glucose, The general chemical equation describing photosynthesis is. ' ..

60O, +6H,0 +light > CH,0,+ 60,

Note that this equation for photosynthesis is the reverse of the _eqlia_t_ibn_' fbr"ceilular. _re_spiration',_ except that the
energy required by photosynthesis comes from light. The processes are interconnected: Energy stored in chemical

bonds by photosynthesis is extracted from those bonds by respiration to make adenosine triphosphate (ATP).

The energy in ATP is then used to do cellular work through metabolic processes. -

molecnle is able to absorb the enérgy from light only within a narrow range of wavelengths. The dominant light-

absorbing pigment is the green chl_b;qphyl]i a, while other accessory pigments include other chlorophyllsand =~
* various red, orange, and yellow carotenoids. Together, _tthe'pigmen_ts'complcmcnt'each-(jther to maximize enegy

The process of photosynthesis beg'ins_\#ith' light%abs_b_rb_ihg_' ﬁ:igznéﬁts in 'chl'oro'plz.is_.t_s of plant cells. A pigment

absorption across the sunlight spectrum, When light is absorbed by one of these pigments, the energy from the
light is incorporated into electrons within the atoms that ‘make up the molecule. These energized electrons (or -
“gxcited” electrons) are unstable and almiost immediately re-emit the absorbed energy. The energy is then ~
reabsorbed by electrons of a nearby pigment molecule. The process-of energy absorption; followed by energy
re-cmission, continues, with the energy bouncing from one pigment molecule to another. The process ends when
the energy is absorbed by one of two special chlorophyll « molecules, P, or P, These two ¢hlorophyil molecules,
named with numbers that represent the wavelengths at which they absorb their maximum amounts of light

(680 'and 700 nanometers, respectively), are different from other chlorophyli ‘molecules because of their association
with various nearby pigments. Together with these other pigments, chiorophyil P, forms a pigment cluster called
photosystem I (PS I). Chlorophyll P, forms photosystem I (PSIL. - S

Ph_otosynthesis includes the fo'libwing" processes:

1. Nencyclic phétophos_ph_ory]aﬁan and cyciic_ photophiosphorylation use H,0 and the energy in suntight to
generate ATP, NADPH, and O, S S ' o
2. The Calvin cycle uses CO, and the energy in ATP and NADPH to make glucose.

The chemical reactions for photosyﬁthesis are'illustratéd.in Figure 5-1. Refer to the ﬁgﬁrc as you read the
following descriptions of the metabolic processes. ' o
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Noncyclic PhotophosphorylatiOn

Photophosphorylation is the process of usihg energy derived fromlight (photo) to generate ATP from adenosiine
diphosphate (ADP) and P, (phosphorylation). Noncyclic photophosphorylation begins with PS I and follows
these seven steps: : . :

1. Photesystem II, Electrons trapped by P, in photosystem 1T are energized by light. In Figure 5-1, two
electrons are shown moving “up,” signifying an increase in their energy.

2. Primary electron acceptor. Two energized electrons are passed to a molecule called the primary electron
acceptor. This electron acceptor is called “primary” because it is the first in a chain of electron acceptcrgé

3. Electron transpert chain. Electrons pass through an electron transport chain (ETC). This chain consists of
proteins in the thylakoid membrane of the chloroplast that pass electrons from one carrier protein to the
next. Some carrier proteins, such as the cytochremes, include nonprotein parts containing iron. The electron
transport chains in photosynthesis are analogous to those in the inner mitochondrial membrane in ‘
oxidative phosphorylation.

4. Phosphorylation. As the two electrons move “down” the electron transport chain, they lose energy. The
energy lost by the electrons as they pass along the electron transport ¢hain is used to phosphorylate, on :
average, about 1.5 ATP molecules. ' ‘

5. Photosystem I. The electron transport chain terminates with PS I (with P,,). Here the ¢lectrons are again
energized by sunlight and passed to a primary electron acceptor (different from the one associated with PSID).

6. NADPH. The two electrons pass through a short electron transport chain. At the end of the chain, the two
electrons combine with the coenzyme NADP* and H' to form NADPH. Like NADH in respiration,
NADP" is an electron acceptor that becomes energy-rich when it accepts these electrons. (You can keep the
two coenzymes NADH and NADPH associated with the correct processes by using the P in NADPH asa
reminder of the P in photosynthesis. The P in NADPH, however, actually represents phosphorus.) :

7. Splitting of water. The two electrons that originated in PS Il are now incorporated into NADPH. The fos
of these two electrons from PS II is replaced when H,O is split into two electrons, 2 H* and % O,. The two
clectrons from H,0 replace the lost electrons from PS 11, one of the H' provides the H in NADPH and th
H in NADPH, and the ¥ O, contribuies to the oxygen gas that is released.

[

In surninary, photophosphorylation takes the energy in light and the electrons in H,O to make the energy-_rich;
molecules ATP and NADPH. Because the reactions require light, they are often called light-dependent reaction;
or, simply, light reactions. The following equation informally summarizes the process: ‘

B Y

H,0 + ADP + P, + NADP" + light > ATP + NADPH + O, + H'
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Cyclic Photophosphorylation

A second photophosphorylation sequence (shown in Figure 5-1) occurs when the electrons energized in PS I dre
“recycled.” In this sequence, energized electrons from PS T join with protein carriers and generate ATP as they
pass along the electron transport chain, In contrast to noncyelic photophosphorylation, where electrons become
incorporated into NADPH, electrons in cyclic photophosphorylation retugn to PS I Here they can be energized
again to participate in cyclic or noncyelic photophosphorylation. Cyclic photophosphorylation occurs :
simultaneously with noneyelic photophosphorylation to generate additional ATP. Two electrons passing throtigh

cyclic photophosphorylation generate, on average, about I ATP.

Calvin Cycle

The Calvin cycle “fixes” CO,. That is, it takes chemically unreactive, inorganic CO, and incorporates it into an
organic molecule that can be used in biological systems. The biosyathetic pathway produces a single moleculeof
glucose (CH,,0,). In order to accomplish this, the Calvin eycle must repeat six times, and use 6 CO, molecules.
Thus, in Figure 5-1 and the discussion that follows, all the molecules involved have been muitiplied by 6. Only.the
most imporiant molecules are discussed: : : :

1. Carbon fixation: 6 CO, combinc with 6 RuBP to preduce 12 PGA. The enzyme rubisco catalyzes the meréing
of CO, and RuBP. The Calvin cycle is referred to as C, photosynthesis because the first product formed,:
PGA, contains three carbon atoms.

2. Reduction: 12 ATP and 12 NADPH are used to convert 12 PGA to 12 G3P. The energy in the ATP and
NADPH molecules is incorporated into G3P, making G3P a very energy-rich molecule, ADP, P, and
NADP" are released and then re-energized in noncyclic photophosphoryiation.

3. Regeneration: 6 ATP are used to convert 10 G3P to 6 RuBP. Regenerating the 6 RuBP oﬁginally used to
combine with 6 CQ, allows the cycle to repeat. :

4. Carbohydrate synthesis, Note that 12 G3P were created in step 2, but only 10 were used in step 3. What
happened to the remaining two? These two remaining G3P asc used to build glucose, Other
monosaccharides, like fructose and maltose, can also be formed. In addition, glucose molecuies can be
combined to form disaccharides, like sucrose, and polysaccharides, like starch and cellulose, :

You should recognize that no light is directly used in the Calvin cycle. Thus, these reactions are often called
light-independent reactions or even dark reactions. But be careful—the Calvin cycle occurs in the presence of Ij_ght.
This is because it is dependent upon the energy from ATP and NADPH, and these two energy-rich molecuies can
be created only during photophosphorylation, which can occur only in i ght. :

In summary, the Calvin cycle takes CO, from the atmosphere and the energy in ATP and NADPH to create a
glucose molecule, Of course, the energy in ATP and NADPH represents energy from the sun captured during:
photophosphorylation. The Calvin cycle can be informally summarized as follows: o B

6 CO, + IR ATP + 12 NADPH — 1§ ADP + 12 NADP* + 1 glucose

Chioropiasts

Chloroplasts are the sites where both the li ght-tiependent and light-independent reactions of photosynthesis
oceur. Chloroplasts consist of the following areas (Figure 5-2); : ;

1. Outer membrane. This membrane, like the plasma membrane, consists of a double fayer of phospholipid 5,
2. Intermembrane space. This is the narrow area between the inner and outer membsanes, 5'
3. Inner membrane. This second membrane is also a double phospholipid bilayer.
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4. Stroma. The stroma is the fluid material that fills the area inside the inner membrane. The Calvm cycle
occurs here, fixing carbon from CO, to generate G3P, the precursor to glucose.

5. Thylakeids. Suspended within the stroma are stacks of pancake-like membrancs Individual membrane
layers (the “pancakes™) are thyiakazds, an entire stack of thylakoids is a granum (plural, grana). The
membranes of the thylakmds contain the protein complexes (including the photosystems PST and PS 1),
cytochromes, and other electron carriers of the light- dcpendent reactions.

6. Thylzkeid lumen. Thls is the inside, or lumes, of the thyiakmd H* ions (protons) accumula{c here.

Note how the spatial arranzement of the photosynthetlc processes in chloroplasts is similar to that for the
respiratory processes in mitochondrid. In both cases, carrier proteins for electron transport chains are embedded
in membranes. Also, enzymes for CO, processing oceur in fluids adjacent to the membranes. Specifically, the
enzymes for CO, utilization in the Calvin cyele occur in the stroma {outside the thylakoid membranes), while the
enzymes for CO generation in the Krebs cycle oceur in the matrix {inside the cristac membranes).
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Chemiosmosis in Chioroplasts | _,

Chemiosmosis is the mechanism of ATP generation that occurs when enesgy is stored in the form of a proton
conceniration gradient across a membrane. The process in chloroplasts is analogous to ATP generation in

mitochondria. The following four steps outline the process of photophosphorylation in chloroplasts (Figure 535—2):

1. H ions (protons) accumulate inside thylakoids. H" are released into the inside space (lumen) of the thyla koid

when water is split by PS II {see Figure 5-2, 1A). Also, H' are carried from the stroma into the lumen b))
cytochrome in the electron transport chdm (ETC) between PS I and PSI(1R). ;

2. A pH and electrical gradient across the thylakeid membrane is created. As H™ accumulate inside the -~ ©
thylakoid, the pH decreases. Since some of these H' come from outside the thylakoids (from the stroma
the H' concentration decreases in the stroma and its pH increases. This creates a pH gradient conswtmg

differences in the concentration of H" across the thylakoid membrane from a stroma pH 8 to a thylakozd

pH 3 {a factor of 1,000). Since H” ions are positively charged, the1r accunwulation on the inside of the
thylakoid creates an electric gradient {or voltage) as well, ”

3. ATP synthase generates ATP. The pH and electrical gradient represent potential energy, like water behifl

dam. The channel protein ATP syothase allows the H' to flow through the thylakoid membrane and out; to

the stroma. The energy generated by the passage of the H" (like the water through turbines in a dam)
provides the energy for the ATP synthase to phosphorylate ADP to ATP. The passage of about 3 H" ]S
required to generate 1 ATP.

4. The Calvin cyele prodnccs G3P using NADPH, CO,, and ATP. At the end of .the electron transport cham
foliowing P8 1, electrons combine with NADP” and H* to prodace NADPH. With NADPH, ATP, and CO

2G3Pare Ucnem{ed and subsequently ysed to make glucose or other carbohydrates, (CH,0),.

Photorespiration

‘Because of its critical function in catalyzing the fixation of CO, in all photosynthesizing plants, rubisco is ihe

most contmon protein on Earth. However, it is not a particularly efficient molecule. In addition to its CO,-

fixing capabilities, it is also able to fix oxygen. The fixation of oxygen, a process called photorespiration, Iea.;:ls

to two problems. The first is that the COfixing efficiency is reduced because, instead of fixing only CO,,

a

¥
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rubisco fixes some O, as well. The second problem is that the products formed when O, is combined wﬁh R{IBP
do not lead to the plod uction of useful, energy-rich molecules like glucose. Instead, energy must be spent to
break down the products of photorespiration inside specialized cellular organelles. Thus considerable efforzt is
made by plants to rid the cell of the products of photorespiration. Since the early atmosphere in which prim:-
tive plants originated contained very littie oxygen it is hypothesized that the early evolution of rubisco wa§ not

influenced by its O-fixing handicap.

Capturing Free Energy Without Light

Organisms that use sunlight as a source of free energy to drive photosynthesis and to produce carbohydrates are

called photoautotrophs. Some prokaryotes, called chemoautotrophs, are able to use inorganic substances as a SO?LII'CC

of energy to generate organic molecules, This procéss, generally referred to as chemosynthesis, uses H,S (hydrc
sulfide), NH, (ammonia), or NO, {nitritc) as a source of energy. :

One example of chemosynthesis occurs among symbiotic bacteria found growing in giant tube worms at deep
ocean depths near hydrothermal vents. The bacteria use energy from H,S te produce carbohydrates (shown hére

as CHLO):

CO,+4HS+0,-CHO+45+3H,0
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Review Questions

Multiple-Choice Questions

The questions that follow provide a review of the material presented in this chapter. Use them to evaluate how
well you understand the terms, concepts, and processes presented. Actual AP multiple-choice questions are often
more general, covering a broad range of concepts, and often more lengthy. For these types of questions, you
should take the two practice cxams in this book. '

Directions: Each of the following questibns or statements is foliowed by four possible answezs or seatence
completions. Choose the one best answer or sentence completion.

1.

2'

3.

4’

5‘

Which of the following statements about photosynthetic pigments is true?

A. There is only one kind of chiorophyil.

B. Chlorophyil absorbs mostly green light.

C. Chiorophyll is found in the membranes of thylakoids.
D. P, isa carotenoid pigmeat.

When deciduous trees drop their leaves int the fall, the leaves turn to various shades of red, orange, and
yellow. The source of these colors is

A. chlorophyli

B. carotenoids’

C. fungal growth

D. natural decay of cell walls

A product of noncyclic photophosphorylation is

A. NADPH
B. HO
C. Co,
D. ADP

Which of the following molecules contains the most stored energy?

A, ATP
B. NADPH
C. glucose
D. starch

All of the following occur in cyclic photophosphorylation EXCEPT:

A. Electrons move along an electron transport chain.
B. Electrons in chiorophyll become excited.

C.  ATPis produced.

D. NADPH is produced.
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at all.
A, cyclic photophdsphorylation _
B. noncyclic photophosphorylation
C. photorespiration
D, Calvincycle

6. Combines O, with Rl,;BP

7. Stores energy obtained from light into NADPH
8, Produces ATP without the need for H,O am:l-C:O2
9. Occurs in the stroma of 2 chlbroplasf

10. Requires electrons that are obtained by splitting water

Questions 11-14 refer 1o the following diagram, The two boxes represent the two major biosynthetic pa!kways m

photosynthesis. Arrows represem reactants or products.

Questions 610 refer 1o the foﬂowmg lettered answer choices. Eadz answer may be used ounce, more than once, or

1—» - --
. 4 > —»glucose
> Pathway A 5 ; Pathway B
' ]
NADP*

11. Arrow I could represesnt

A. ATP
B. HO
C. 0O
b. CO,
12. Arrow 3 could represént
A. NADPH
B. ADP
C. O,

. clectrons

13. Arrow 4 could represent

A. NADPH
B. ADP
C. glocose

D. clectrons

14. Arrow 7 represents

A, ATP
B. NADPH
C.  light
D. CO,
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15. All of the following are true about photosynthesis EXCEPT:

A.
B.-
C.
D.

The Calvin cycle usually occurs in the dark.

The majority of the i ght reactions occurs on the thylakmd membranes in the. chloroplast
Light energy is stored in ATP.

A proton gradient drwes the formation of ATP from ADP+P.

Questions 1 6-17 refer to the fod’lowmg graph that shows the relationship between CO, uptake by leaves and the
concentrations of O, (percent of atmosphere in growth chambers) and €O, {, ppm in gmwth chambers).
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16. The relative CO, uptake is a measure of :

17.

A,
B.
C.
b,

photosynthetic rate
light intensity

leaf size

leaf temperature

According to the graph, the relative CO, uptake is best under which of the following conditions?

¥OEy

100 ppm CQ,, 20% O,

100 ppm CO,, 80% O,

200 ppm CO,, 20% O,
200 ppm CO,, 80% O,
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Free-Response Questions

The AP exam has fong and short free-response questions. The long questions have considerable descriptive” ©
information that may include tables, graphs, or figures, The short questions are brief but may also inciude fi igures.
Both kinds of questions have four p'lrts and generally requ:re that you bring together concepts from mulhpie

areas of biology. :

The questions that follow are designed to further your understanding of the concepts presented in this chapter. '
Unlike the free-response questions on the exdam, they are narrowly. focused on the material in this chapter. For
free-response ques{xons typical of the exam, take the two practice exams in this book.

- Directions: The best way to prepare for the AP exam is to write out your answers as if you were taking the exam.
Use complete sentences for all your answers and do nor use outline form or bullets. You may use diagrams to
supplement your answers, but be sure to describe the importance or rcievancc of your diagrams,

1. There are a variety of light-absorbing pigments in chloroplasts. Explain the purpose of having a vanety of
light-absorbing pigments.

2. During noncyclic photophosphorylation, electrons from the splitting of water populate photosystcm H
Explain where these electrons from H,O eventually end up. :

3. Protons concentrate inside the thylakoids. Exptlain the purpose of this proton buildup.

4, Describe the blochermcal pathways of the light-independent and light-dependent reactions in C,
photosynthesis. Begin with a molecule of H,O and CO, and end with a molecule of glucose.

Answers and Explanations

Muitiple-Choice Questions

1. C. All of the light-absorbing pigments and most of the enzymes for the light reactions are found in the
thylakoid membranes. There are several kinds of chlorophyl, including chiorophyll # and 4 (and ¢ and E; in
certain algae). P, and P, are special chlorophyll « molecules, differing from other chlorophyll g molecu les
because of their spema] arrangement among nearby proteins and thylakoid membrane constituents,
Chlorophyll is green because it reflects green light, not absorbs it. It Iooks green because the green hght
reflects is the light we see. Similarly, carotenoids look orange or yellow because they reflect those colors

Py

2. B.The leaves turn to these colors because, as the leaves age, the tree begins to break down the chlorophyll
{to extract its valuable components, like magnesiumy). In the absence of chiorophyll, the carotenoids 'ma
visible, As the various carotenoids break down, other colors become visible from carotenoids that St]l]
remain intact,

3. A.NADPH, ATP, and O, are the products of noncyclic photophosphorylation.

4. D. The molecules referenced in the question, in order of decreasing potential energy, are starch g!ucosc;'
NADPH, and ATP. Starch is a polymer of glucose. A single glucose molecule can provide about 30 ATP
molecules, and a single NADPH can provide about 3 ATP molecules. :

5. D. NADPH is produced only by noncyclic photophosphorylation.
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6.

7-
81

9‘

10|'

11.

12,

13'
14.

15.

ie.

17.

C. The first step of carbon fixation oceurs during the Calvin cycle when CO, combines with RuBP.
Photorespiration, in contrast, occurs when Q,, instead of CO,, combines with RuBP. The product of this
reaction is transported to a peroxisome, where H,0O, 1s generdled and subsequently broken down.

B. The energy-rich products of noncyclic photophosphorylation are ATP and NADPH.

A. During cyclic photophosphorylation, electrons energized by sunli ght pass along an electron transport
chain. About | ATP is generated from ADP and P, with the energy [rom 2 electrons. This process can repeat
as long as sunlight is available. H,O (necessary for noncychc photophosphowiatlon) and CO, {necessary for
the Calvin cycle) are not needed for cyclic photophosphoryiation.

D. Rubisco and the other enzymes that catalyze reactions in the Calvin cycle occur in the stroma. Most of
the pigments and enzymes for photophosphorylation are embedded in the thylakoid membranes. The
manganese-containing protein complex that catalyzes the splitting of water is embedded on the inner side
of the thylakoid membrane, so the splzttmg of water occurs there,

B. The splitting of H,O provides the electrons for noncyclic photophosphorylatlon These electrons are
incorporated in NADPH and ultimately find their way into glucose during the Calvin cycle.

B. It could also be light, but that is not an answer choice. You should test yourself on alt aspects of this
diagram: Pathway A is noncyclic photophosphorylation, and Pathway B is the Calvin cycle. Arrows 1 and
2: H,0 and light; arrow 3: ADP; arrows 4 and 5: ATP and NADPH,; arrow 6: O; and arrow 7: CO,.

B. ADP is recycled. ADP is used in phoiophmphorylation to produce ATP In the Calvin cycle (Pathway
B), the energy in ATP is used, releasing ADP and P,. The answer could also be NADP, bt that choice is
not given (and, besides, NADP" is already shown in the figure).

A. Tt could also be ATP, but that is not an answer choice.

D. Arrow 7 represents CO,, which is necessary for Pathway B, the Calvin cycle. The Calvin cycle “fixes” CO,
and produces (G3P, the precursor to glucose. '

A. Although the Calvin cycle is light-independent, it requires ATP and NADPH from
photophosphorylatmn which occurs only in light.

A. CO, uptake is a measure of Calvin cycle activity. The Calvin cycle generates glicose, the end product of
photosynthes;b Many factors, inctuding those provided in the other answer choices, influence
photosynthetic rate. However, CO, npzake alone only indicates the amount of photosynthetic activity, not
why that photosynthetic activity is occurring at some measured rate.

C. According to this graph, CO, uptake is greater when there is more CO, in the growth chamber (the
200 ppm curve), and when O, is rinimum (the left side of the graph). Lower concentrations of O, minimize
photorespiration.

Free-Response Questions

1.

2.

3*

Each kind of light-absorbing pigment absorbs light energy over a different range of wavelengths. This
allows the cell to absorh a greater amount of the incident light energy than if there were only one
light-absorbing pigment.

After becoming energized in photosystem I, the clectrons contribute to the formation of NADPH. Then,
NADPH passes those electrons to the Calvin cycle, where they contribute partly to the regeneration of
RuBP {so the Calvin cycle can repeat) and partly to the formation of carbohydrates.

The accumulation of protons in the thylakoid lumen creates a pH and electrical gradient across the
thylakoid membrane. The gradient drives the movement of protons through ATP synthase, which, in turn,
drives the phosphorylation of ADP to ATP,
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4.- Photosynthesis is the process by which water and light energy are used to fix inorganic carbon dlomde ;nzo

- takes § CO, to create 2 G3P, so the eycle repeats six times to produce 2 G3P. The 2 G3P form glucose. :

glucose, The cumpletc equatlon s
6H,O+6CO, +hght»~9CHT,O +60,

Various pigments exist in the photosynthetic membranes of plants. These include chlorophyli @ and & cmd
various carotenoids. The purpose of a variety of pigments is to absorb light energy (photons) of dlf’fere,n{
wavelengths. The absor ‘ption spectrums of the pigments overlap so that they maximize the eneray dbSOl'de.
When light energy is absorbed, the pigment becomes energized. The energy is then bounced d]’OﬂIld dmong
pigments until it is absorbed by either of two special kinds of chlorophyil 4, P orP,, g;

P, and P, arc organized into separate photosystéms (p:gmem systems), L and 11. Cyclic plmlophosphorylatlon
mvolves photosystem 1. In cyclic photophosphorylation, the energy absorbed by the pigment system is
captured by the P, As a result, two electrons are excited to a higher energy level, where they are absorbed by a
primary electron acceptor. From here, the clectrons are passed through an electron transport chain from
electron acceptor to electron acceptor (some of which are cytochromes). During this transit, the energy fd§9 of
the electrons is used to bond a phosphate group to ADP, making it ATP (adenosine triphosphate). The process
1s calied phosphorylation, and the result is that energy (originally from light) from the two electrons is trapped
in an ATP molecule. The eycle is completed when the two ele{,trons return to the photosystem plgments §:

Noncyelic photophosphorylation is a more advanced system involving both photosystemb Fand IT. It &
begins wher chlorophyll P,,, in photosystem 1 traps photon energy and energizes two electrons, These: two
electrons are passed to a primary electron acceptor, then through an electron transport chain, producuzg, on
average, 1.5 ATP and are then finally returned to photosystem I. Here the electrons are energized againi(by
light) and are received by another primary electron acceptor These two electrons then combine with 2 H 10
form NADPH. :

Meanwhile, a water molecule is split producing 2 electrons, 2 H', and % O,. The 2 electrons replace {he
electrons energized from photosystem I1. The oxygen s released. One of the H* combines with NADP!and
the 2 electrons from noncyclic photophosphorylation to produce NADPH, NADPH is then used to suppiy
energy to the Calvin cycle.

The light-independent reactions (Calvin cycle) combine CO,, NADPH, and ATP to form G3P and RuEP It

Glucose can then be used to make various other carbohydmtes such as sucrose and starch, ot it can be

broken down to release its store of energy in the form of ATP to drive metabolic activities. i
: 2

This is a thorough answer. Another way to answer this guestion w am‘d be 1o describe these processes as they occir in

the chioroplast. In other words, focus on the activities of chemiosmosis. Hlustrations such as those in this cfmprer
would also get you points.
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