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An Experiment Demonstrates the Chemiosmotic Mechanism

Introduction
High-energy electrons are produced by reduction of chemical intermediates during both photosynthesis
and cellular respiration. In photosynthesis, the energy ultimately comes from solar radiation; in
respiration, energy comes from the oxidation of carbohydrates. But in both processes, much of the
energy ends up stored in ATP, which is synthesized from ADP. In 1961, Peter Mitchell proposed the
chemiosmotic hypothesis to explain how ATP is generated from electron transport in mitochondria and
chloroplasts. He proposed that the energy released during electron transport is stored as an H+ gradient
across the internal organelle membrane (the inner mitochondrial membrane or chloroplast thylakoid
membrane). This energy could be used to synthesize ATP via a membrane protein called ATPase. The
arrangement of electron transport carriers in the organelle membranes is consistent with setting up an H+
gradient: For example, H+ is transported out of the thylakoid interior during photosynthesis and out of
the mitochondrial matrix during respiration. At Johns Hopkins University, Andre Jagendorf and his
colleagues had read about Mitchell’s hypothesis and predicted that if chloroplast thylakoids were
isolated, forming vesicles, and incubated in the presence of light, uptake of H+ into their interior would
cause the exterior pH (in the medium) to rise. Using a pH meter, they showed that this is indeed the
case. This confirmed the first part of Mitchell’s hypothesis regarding a pH gradient. Now they set about
showing a necessity of a pH gradient for ATP synthesis. To do this, they used solutions with different
pHs. In the dark, thylakoids were first incubated in a medium of pH 4 until both the exterior and interior
of the vesicles had ph4. Then, the thylakoid vesicles were quickly transferred to a medium with pH 8. At
this point, there was a pH gradient, with the interior of the thylakoid (pH 4) having a higher H+
concentration than the exterior (pH 8). When ADP was added, ATP was made, even in the dark. This is
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convincing evidence linking a pH gradient to ATP synthesis. Mitchell was awarded to Nobel Prize in
chemistry in 1978.
Original Papers
Jagendorf, A. T. and E. Uribe. 1966. ATP formation caused by acid-base transition of spinach
chloroplasts. Proceedings of the National Academy of Sciences 55: 170–177.
http://www.pnas.org/cgi/reprint/55/1/170
Links
(For additional links on this topic, refer to the Chapter 6 Investigation Links.)
Peter Mitchell’s Nobel Prize lecture, describing chemiosmosis
http://nobelprize.org/nobel_prizes/chemistry/laureates/1978/mitchell-lecture.pdf
Molecular and Cellular Learning Center: Virtual Cell Animation Collection: Cellular Processes: ATP
Synthase Gradient: The Movie
http://vcell.ndsu.nodak.edu/animations/atpgradient/movie.htm
Analyze the Data
Question 1 (from textbook Figure 6.6)
In another experiment, thylakoids were isolated at pH 7 and then incubated with ADP, phosphate (Pi),
and magnesium ions (Mg2+) at either pH 7 or pH 3.8. ATP formation was measured using luciferase,
which catalyzes the formation of a luminescent (light-emitting) molecule if ATP is present. Here are the
data from the paper:

A. Which reaction mixture is the control? Use the control data to correct the raw data for the other,
experimental reaction mixtures and fill in the table.
B. Why did ATP production go down in the absence of Pi?
C. What is the role of Mg2+ in ATP formation?
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Question 2
Thylakoid vesicles were isolated and their ATPase removed. The vesicles were tested under various
conditions, including the addition to ATPase to the membranes. Experiments were done in medium at
pH 7. ATP was measured as luciferase activity:
Condition
Dark
Light
Dark + ATPase
Light + ATPase

Luciferase activity
8
9
9
129

pH
7.0
7.7
7.0
7.5

A. Why did the pH of the medium increase in light?
B. Why was ATP only synthesized in light and in the presence of ATPase?
C. ATPase is directional—that is, it allows proton diffusion only in one direction. In the experiments
above, ATPase was inserted into the thylakoid membrane in its native orientation—that is, so that it
would allow H+ diffusion out of the vesicles. When ATPase was inserted in the opposite orientation,
ATP was not made in light. Explain this observation.
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