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Introduction 

 
 Photosynthesis is the process by which green plants, eucaryotic algae, 
cyanobacteria, and certain other prokaryotes convert light energy into 
chemical energy.  In higher green plants and algae, the overall process can 
be summarized by the equation: 

 
 light energy 

6CO2   +  12H2O  ----------------->   C6H12O6   +   6O2   +   6H2O 
 chloroplasts 
 
While this equation is superficially correct, the actual process of 
photosynthesis is extremely complex and involves many separate reactions.  
The various reactions can be grouped into two sets, the light-dependent 
("light") reactions and the light-independent ("dark") reactions.  As the 
names suggest, the light-dependent reactions require the presence of a light 
source, while the light-independent reactions do not use light.  It is in the 
light-dependent reactions that the energy of sunlight is trapped and 
converted to a form that can be used to drive other chemical reactions, such 
as the light-independent reactions of photosynthesis (Calvin Cycle) in which 
carbohydrates or other organic molecules are synthesized.   
 The primary components of the light-dependent reactions are shown 
in Figure 1.  For the purposes of this exercise, it is important to consider 
several aspects of these reactions.  First, there are two distinct sets of light-
dependent reactions, each with its own light-absorbing photosystem, 
photosystem I (PS I), and photosystem II (PS II).  In each case, the energy in 
photons of visible light excites electrons in chlorophyll A, and this 
"excitation energy" is then transferred to other molecules.  Second, the two 
primary products of the light-dependent reactions are ATP and NADPH2, 
energy-rich compounds that are required for the Calvin cycle; oxygen is also 
produced as a by-product.  ATP is produced only as electrons pass through 
the electron transport chain of photosystem II, whereas the NADPH2 is 
formed when electrons pass through the entire pathway.  
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Figure 1.  Overview of the light-dependent reactions of photosynthesis.   
  
Light striking the photosynthetic pigments (principally chlorophyll A and B) 
excites electrons in these molecules, boosting the electrons to a higher 
energy state or orbital.  The energy of excited electrons in these "antenna" 
pigment molecules in turn excites electrons in special molecules of 
chlorophyll A that comprise the photosystem "reaction centers".  In PS II the 
reaction center chlorophyll A is called "P680", since this pigment absorbs 
light maximally at 680 nm.  In PS I the reaction center chlorophyll A is 
called "P700", as it absorbs maximally at 700 nm.   
 In PS II, excited electrons from P680 are transferred first to a 
molecule of quinone (Q) and then to an electron transport chain (ETC).   As 
electrons are passed along the electron transport chain some of their energy 
is released and used to actively transport H+ into the thylakoids, thus 
providing chemiosmotic power for synthesizing ATP.  The electrons lost 
from P680 are replaced by electrons liberated when water is split in the 
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presence of light, a process called photolysis.  Note that photolysis of water 
also releases oxygen (O2) and protons (H+).   
  In PS I, excited electrons from P700 are transferred first to ferridoxin.  
The electrons can either be passed back to the electron transport chain of PS 
II, thus creating a cyclic path for further ATP production, or they can be 
used in the reduction of NADP.  In the latter case, 2NADP + 4e- + 4H+ 
combine to produce 2NADPH2.  Note that the electrons lost by P700 are 
replaced by electrons from the electron transport chain of PS II.  The H+ that 
combine with NADP are produced by the photolysis of water.  
 
The Hill Reaction 

 
 In 1937, Robert Hill discovered that isolated chloroplasts can generate 
oxygen when they are illuminated in the presence of a suitable electron 
acceptor, even if no carbon dioxide is present.  This finding was a landmark 
in the study of photosynthesis because it was one of the first indications that 
the source of electrons in the light reactions is water, and it confirmed that 
the evolved oxygen comes from water rather than from carbon dioxide.  
Furthermore, it showed that a significant component of the light reactions 
can be studied in vitro using isolated chloroplasts.  The Hill reaction is 
formally defined as the reduction of an electron acceptor (A) by electrons 
and protons from water, with the evolution of oxygen, when chloroplasts are 
exposed to light: 
 
 light 
 H2O   +   A  ---------------->   AH2   +   1/2 O2 
 chloroplasts 
  
 The final electron acceptor in vivo is NADP, while any of several artificial 
electrons acceptors can be used to study the Hill reaction in vitro. 
  
 In this exercise you will study various factors that influence the light 
reactions of photosynthesis by monitoring the Hill reaction in chloroplasts 
isolated from spinach leaves (adapted from Bregman, 1990).  As an artificial 
electron acceptor you will use the dye 2,6-dichlorophenol-indophenol 
(DCIP), which accepts electrons from the electron transport chain of PS II 
(and PS I).  DCIP is blue in its oxidized form and colorless in its reduced 
form.  As the Hill reaction proceeds, the reduction of DCIP can easily be 
measured as a change in absorbance at 600 nm.  It is important to be aware 
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that, for various reasons, no ATP will be produced by your in vitro 
chloroplast preparation  (Why not?). 
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Procedures 
 
Chloroplast Isolation 
 
The following procedure will provide more than enough chloroplast 

suspension for 4 groups of students.  One or two students should carry 
out the chloroplast isolation for the entire class.  The procedures should 
be carried out in dim light to minimize photo-destruction of the 
chlorophyll. 

 
1. Weigh out 42 g of washed, fresh spinach (Spinacia oleracea) leaves from 

which the major veins and petioles have been removed. 
 
2.  Tear the leaves into small pieces and place in Waring blender with 160 

ml ice-cold Tris-sucrose buffer (0.3 M sucrose; 0.2 M Tris-HCl; 
5mMMgSO4: pH 7.5). 

 
3.  Blend at medium speed for 10 sec; check that all pieces of tissue are in 

the  liquid, and blend again for 10 sec.  
 CAUTION: Don't over-homogenize! 
 
4.  Filter the homogenate (called a brei by plant physiologists) through 8 

layers of cheesecloth into a cold flask. 
 
Divide the homogenate (or brei) equally among 4 chilled 40 ml centrifuge 

tubes and centrifuge for 5 min at approximately 1000 x g (2-4oC). 
 
7.  Discard supernatant and gently resuspend chloroplast pellet in 12 ml of 

cold Tris-sucrose buffer using a disposable pipette. 
 
8.  This diluted chloroplast suspension will be used to measure the Hill 

reaction.  Store in ice bath away from bright light until needed. 
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Experiment I:  Effects of Photosynthesis Inhibitors on the   
 Rate of the Hill Reaction 
  
 In the first experiment, you will examine the effects of two inhibitors 
on the rate of the Hill reaction.  The first inhibitor is ammonia, which is 
commonly used as a source of nitrogen in fertilizers.  However, when 
applied at a relatively high concentration (0.01 N) to isolated chloroplasts, 
ammonia (in the form of NH3) eliminates the H+ gradient across the 
thylakoid membrane, thereby acting as an uncoupler of electron transport 
and chemiosmotic synthesis of ATP (Crofts 1967).  The second inhibitor is 
the herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU; known 
commercially as diuron), which inhibits the transport of electrons from 
photosystem II (Moreland 1967).  
  
 As a control in this experiment, you will measure the rate of the Hill 
reaction in the absence of these inhibitors.  Light intensity should be the 
same for all three reactions.  To verify that the Hill reaction does indeed 
require light, you will also run a control in which the chloroplasts are kept in 
the dark. 
 
 Since you will be working with light-sensitive reactions, you should 
take the following precautions to minimize "stray" light that could interfere 
with your measurements:  Close all the blinds and turn off the room lights; 
do not leave tubes containing chloroplasts sitting in the light beam (except 
when running the Hill reaction); avoid shining your light onto another 
group's experiment. 
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1.  Prepare five cuvettes as shown in Table 1.  You should add chloroplast 
suspension to the blank, but do not add the chloroplast suspension to 
tubes 1-4 until you are ready to start each assay.   
 
TABLE 1.  ASSAY MIXTURES FOR THE IN VITRO MEASUREMENT OF THE HILL 

REACTION.  CAUTION: DO NOT MOUTH PIPETTE ANY OF THE SOLUTIONS! 
 
Tube 

Tris-sucrose 
buffer 

DCIP 
(4 x 10-4 M) 

NH4OH 
(0.01 N) 

DCMU 
(10-4M) 

Distilled 
water 

Chloroplast 
suspension 

Blank  3.5 ml - - -  1.0 ml  0.5 ml 
1*  3.5 ml  0.5 ml - -  0.5 ml  0.5 ml 
2  3.5 ml  0.5 ml - -  0.5 ml  0.5 ml 
3  3.5 ml  0.5 ml  0.5 ml - -  0.5 ml 
4  3.5 ml  0.5 ml -  0.5 ml -  0.5 ml 
* Prepare a piece of aluminum foil to wrap around tube 1. 
 
2.  Position the fluorescent light bulb horizontally, 5-10 cm  above the bench 

top.  Place a beaker of water 15-20 cm from the bulb to act as a 
temperature control bath.  Do not move either the light or the water bath 
for the duration of the experiment.  The precise temperature of the water is 
not critical, however the temperature should be the same for all three 
assays.  Monitor the water bath temperature closely, and use crushed ice or 
warm tap water to adjust the temperature during an assay.   

 
3.  Set the spectrophotometer to 600 nm and use the blank tube to zero it, 

thereby compensating for the absorbance of the chloroplasts.  You should 
periodically recheck the zero setting (before each absorbance reading, if 
possible). 

 
4.  Thoroughly mix the chloroplast suspension before adding it to any assay 

tube.  After adding the suspension to an assay tube, quickly cover the tube 
with Parafilm™ and invert it to mix the contents.  Likewise, always mix 
each tube immediately before taking an absorbance reading.  If any 
liquid runs down the outside of the tube, be sure to wipe it off before 
taking a reading. 

 
5.  Add chloroplast suspension to tube #1, noting the time, mix, and 

immediately read the absorbance.  Quickly wrap the tube with foil.  At the 
end of 10 minutes, mix, remove the foil, and read the absorbance.  This 
tube should not be exposed to stray light! 
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6.  Add chloroplast suspension to tube #2, mix and immediately take an 
absorbance reading  (= 0 minutes).  Quickly place the tube in the beaker of 
water in the light path and turn the light on.   

 
7.  After one minute remove the tube, mix, dry the outer surface, and read the 

absorbance.  Replace the tube in the light path.  Repeat at one minute 
intervals for a total of 10 minutes.   

 
 Note: If the absorbance reaches zero in less than three minutes, prepare a 

new tube #2 and repeat the assay with the beaker further from the light 
bulb (e.g., 30 cm).   

 
 Note:  Once the absorbance reaches zero, or if it stops changing before 10 

minutes are up, you may stop the assay and proceed to the next step. 
 
8.  Repeat steps 6 and 7 with tubes #3 and #4 (Do not change the temperature 

or distance from the light.). At the end you should have absorbance 
readings for the "dark control" at 0 and 10 minutes, and a series of 1 
minute readings from 0 to 10 minutes for tubes #2, 3, and 4. 

 
Experiment II: Other Factors Effecting the Hill Reaction 
  
  For this part of the exercise your group should devise a way to 

examine how other factors influence the rate of the Hill reaction.  For 
example, you might consider changing temperature, intensity of light, 
buffer pH, or using other inhibitors.  Your experiment should be designed 
to provide you with further insight into the light reactions and the process 
of photosynthesis in green plants.  You should think about this before 
coming to lab, and your group should have an experiment already 
devised and approved by your instructor   

 
  You may use the same set-up as in the first experiment, including the 

same assay solutions and chloroplast suspension.  If you need any 
special solutions or equipment for your experiment you MUST make 
arrangements with your instructor the day before lab. 
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ANALYSIS OF RESULTS 

 
 In both experiments you will need to determine the initial velocity of 
the reaction for each assay tube.  The initial velocity is represented by the 
slope of a straight line drawn through the linear portion of a curve relating 
absorbance versus time, ignoring the negative sign.   
 
QUESTIONS TO CONSIDER 
 
1.  What do the results from tubes #1 and #2 tell you about the events 

occurring during the light reactions of photosynthesis? What is the role of 
the various chlorophyll-protein complexes in the light-dependent 
reactions? 

 
2.  Why was no ATP synthesized by the isolated chloroplast preparation in 

tube #2 (or any other tube, for that matter)? What assay conditions would 
be required to get ATP synthesis by isolated chloroplasts? 

 
3.  Comparing the results from tubes #2 and #3, what can you conclude 

about the effects of ammonia on the light-dependent reactions?  Why is 
ammonia referred to as an "uncoupler;" that is, how does it affect the 
chloroplasts at the molecular level?  Why is ammonia considered to be an 
"inhibitor" of photosynthesis? 

 
4.  Comparing the results from tubes #2 and #4, what can you conclude 

about the effects of DCMU on the light reactions?  How does the action 
of DCMU on the light reactions differ from that of ammonia?  Why is 
DCMU effective as an herbicide? 

 
5.  Based on your results from the second experiment, what conclusions can 

you draw about the light-dependent reactions of photosynthesis?  How do 
your results relate to photosynthesis in green plants? 

 
5. What kinds of information can in vitro experiments on isolated 

chloroplasts provide about the process of photosynthesis as it occurs in 
living green plants?  What kinds of information about photosynthesis in 
green plants cannot be obtained from studies on isolated chloroplasts?  
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