
Science B-64, Feeding the World, Feeding Yourself 
Section 6: Photosynthesis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction: 

We will review the basic components and processes of photosynthesis in this section.  
 
Photosynthesis: 
 
Plants practice a form of photosynthesis in which water serves as the electron donor, 
producing oxygen as a byproduct (hence, oxygenic photosynthesis). Plants are a 
lineage of multicellular eukaryotes that gained their photosynthetic metabolism 
through the process of endosymbiosis in which an ancestral cyanobacteria (blue 
green algae - remembering that these are prokaryotes) took up residence inside the 
ancestral eukaryotic cell that would eventually 
give rise to the plant lineage. Having a food 
producing organism living inside likely proved 
quite profitable – essentially transforming the 
eukaryotic cell into an autotroph. Over time, 
this ancestral cyanobacteria has become 
increasingly reduced. Today we refer to these 
former symbiotic cells as organelles 
(specifically, chloroplasts) because while they 
retain a small genome and divide 
independently of the “host” cell, they are 
cannot survive on their own.  

 

 



 
The goal of this handout is to review the basic processes that make up oxygenic 
photosynthesis. Because this is the metabolism responsible for essentially all of the food 
we eat, it is important to understand the basics thoroughly so that we can ask (and 
hopefully answer) important questions about physiological and environmental limits to 
world food production.  

 
Plants are autotrophs (self-feeding) – which means that 
they are able to use an inorganic carbon source 
(specifically CO2). The biochemical reactions that plants 
use to incorporate CO2 into organic molecules is called the 
Calvin Cycle.  Plants can also be described as 
photoautotrophs, meaning that they get the energy 
needed to run the Calvin Cycle from sunlight. Thus, 
photosynthesis is often described as consisting of two 
parts: the light reactions and the Calvin Cycle (also 
known as the dark reactions in reference to the fact that 
they require energy, but have no direct requirement for 
sunlight). Broadly speaking, the light reactions are where 
light energy is converted into chemical forms (specifically 
ATP and NADPH), while the Calvin Cycle is where that 
energy becomes stored in an organic molecule (a sugar), 

via the reduction of carbon dioxide. Electrons play a key role here as a means of the 
transformation of light energy to a chemical form; these energized electrons are 
captured and then transferred to the Calvin Cycle via the molecule NADPH. 
 
But as you know, there’s more to it than that. Walking 
through the steps of photosynthesis will give you an 
appreciation for the complexity of this process, and at 
the same time make it clearer to you how the overall 
process works. 
 
When light hits a leaf, it can be absorbed by 
chlorophyll molecules located within the chloroplasts. 
Only a small number of these chlorophyll molecules 
have the right configuration to lead to charge separation 
and electron transport; we call these special 
chlorophyll’s “reaction centers.” The rest of the 
chlorophyll molecules basically form a giant antenna 
(think of a big satellite dish), capturing light and passing 
this energy to the reaction center. The ratio of 
chlorophyll in the antenna to the chlorophyll in reaction 
centers is ~ 2500:1.   
 

Sunlight is the 
combination of multiple 
light wavelengths – both 
visible and invisible.  Due 
to reasons that we won’t 
be discussing here, not 
all wavelengths are 
usable for a plant – that 
is, a plant does not 
absorb all wavelengths 
(i.e. different colors) in 
sunlight.  For example, 
plants don’t use much 
green light – that’s why it 
is reflected (the plant is 
letting it go, so to speak), 
and why plants look 
green. 

The Eukaryota 
(eukaryotes) comprise 
one of the three domains 
of cellular life (the other 
two are Bacteria and 
Archaea), and they are 
the domain to which we 
(and all other animals 
belong) – other members 
include, but are not 
limited to, plants, fungi, 
slime molds, amoebae… 
the list is long and we’ll 
end there. 



The reaction center is pretty much what it sounds like – it’s where the heart of the light 
reactions takes place. Specifically, when the reaction center is energized (either by 
absorbing a photon of light directly or by having energy transferred to it from the 
antenna), one of its electrons is raised to a higher energy orbital (nothing fancy 
about this, this is what all molecules do that absorb visible light). The key thing about 
the reaction center is that instead of having this electron dissipate this energy as heat 
(and thus relax back to its ground state orbital) which is what “normal” pigments do, 
the excited electron in the chlorophyll is pulled away from the chlorophyll by an 
adjacent molecule that has a stronger attraction for the electron. We refer to this 
transformation from light energy to charge separation as the “first photochemical 
event.” So then what happens? The electron that has been stolen away from our 
reaction center chlorophyll gets passed from one molecule to another along something 
called the electron transport chain. As it does, energy is released, some of which is 
captured and used to synthesize ATP (adenosine triphosphate, the main energy 
currency of the cell). The electron is then transferred to a second reaction center 
(slightly different in configuration from the first one) where the electron becomes 
energized (excited) again as photons (the basic unit of light) are absorbed and light 
energy is converted to chemical energy (charge separation). This time the electron 
transport chain leads our electron to a molecule called NADP+. Here the electron waits 
for a second high-energy electron to join it and then together they combine with NADP+ 
and a hydrogen ion (H+) to form NADPH. NADPH is the carrier molecule for the high-
energy electrons that are needed to reduce CO2 in the Calvin Cycle. 
 
Lots of questions. First, why does the electron have to be energized twice (two reaction 
centers)? Isn’t this wasteful?  Why isn’t one photon of light enough? Second, what 
happens if there isn’t a molecule of NADP+ waiting at the end of this chain? Our 
electron is described as having “high-energy,” might it cause some damage if it were 
not managed properly? We will deal with these questions in turn; leaving until later the 
question of what might lead to insufficient levels of NADP+.   
 
The question of why light has to be absorbed twice to form NADPH relates to the fact 
that we have left our original chlorophyll (back at the first reaction center) missing an 

electron. How does this get replaced? If we want to reuse 
this reaction center, we have to replenish this electron so 
that our chlorophyll molecule can once again absorb light 
energy. 
 
In oxygenic photosynthesis, the electrons that are moved 
through the electron transport chain are replaced by 
electrons that ultimately come from water – H2O. What 
happens is that once the chlorophyll in the first reaction 
center loses its electron, it is able to pull an electron away 
from water. A manganese (Mn) containing enzyme 
catalyzes these reactions, but note that there is no input of 

There are other forms 
of photosynthesis that 
don’t use water as their 
ultimate source of 
electrons – they can 
use, for example, H2S 
or Fe2+.  It should be 
obvious to you why 
these forms of 
photosynthesis are not 
oxygenic… 
 



energy; the role of the enzyme is to lower the activation energy (think of this like a 
fence you have to jump over) so this spontaneous reaction can take place. The key 
here is that our oxidized reaction center (i.e., the chlorophyll that is missing an 
electron) is so attractive (at least from the point of view of an electron) that it can split 
water. The oxygen is released as a by product and the protons (H+) go into solution.   
 
What does this have to do with the fact that light will have to be absorbed twice in the 
process of getting electrons from water to NADP+? Everything. Water is a great electron 
donor: abundant everywhere. But it is also a very stable molecule and thus difficult to 
pull electrons away from. So if we want to use it as a source of electrons, our oxidized 
reaction center (i.e., the chlorophyll molecule from which a light-energized electron has 
been pulled away into the electron transport chain) has better be an even more “stable” 
place (i.e., lower overall energy) for the electron to be than in its current place in the 
water molecule. This is what we mean when we say that this is a “spontaneous” 
reaction (i.e., one that proceeds without an input of energy) – the reaction goes 
towards a lower energy state overall. The reason this is important is that for this to 
occur means that even when we then energize this electron by absorbing a photon of 
light, we can’t raise its (the electron’s) energy level up high enough to be able to pass it 
to NADP+. Thus, we end up using two photons of light and raising the energy level up 
in stages (think of the lock system in the Panama canal, where the ships are lifted up in 
stages - two on one side of Gatun Lake, three on the other, and asymmetric because of 
the larger tides on the Pacific side - as they cross the Isthmus). It’s really the 
desirability of using water as our electron donor that makes this strategy, which 
otherwise would seem very inefficient in terms of using light energy, worth pursuing. 
The problem with other electron donors (e.g., Fe2+) is that they are not found 
everywhere in abundance, thus limiting the distribution of photosynthetic organisms 
that rely on them as a source of electrons. 
 
OK, now let’s deal with the other end of the electron transport chain.  What if there isn’t 
a pool of NADP+ molecules to accept our high-energy electrons? This can cause huge 
problems, because if the electron isn’t transferred quickly to NADP+, it will likely 
combine with oxygen.  Why is this bad? The first thing that is formed is something 
called the “superoxide radical.”  As its name suggests, it’s a “free radical” – which 
is a term describing how the electron spins are paired. The important point here is that 
the superoxide radical can go on to form a whole suite of downstream products, all of 
which can damage lipids, nucleic acids, proteins. We refer to this group of reactive 
compounds as reactive oxygen species (ROS). ROS are just what they sound like – 
species of oxygen that are very reactive.  Photosynthetic tissues have high levels of 
compounds that we collectively refer to as “anti-oxidants” because they serve to 
defuse ROS. Vitamin C (ascorbic acid) is an example of one such anti-oxidant 
produced by plants, but there are many others (e.g., beta-carotene). The high levels of 
such anti-oxidants in photosynthetic tissues is one reason why your mother may have 
told you to eat your green leafy vegetables… 
 



To answer the question of why NADP+ might not 
be available to out compete oxygen for the high-
energy electrons produced in our electron 
transport chain requires that we have a good 
understanding of the Calvin Cycle. Remember, 
the whole reason we are making NADPH is to 
have a soluble “carrier” molecule that can safely 
transport this high-energy electron to the point 
where it can be used in the Calvin Cycle. The 
electron transport chain consists of molecules 
that are all embedded in a membrane (a highly 
convoluted one located inside the chloroplast). In 
contrast, the Calvin Cycle enzymes are all in 
solution, basically just floating within the 
chloroplast.   
 
OK, on to the Calvin Cycle!   
 
In the Calvin Cycle, carbon dioxide is captured 
and reduced by the enzyme Rubisco (note that 
we sometimes use a shorthand expression of 
saying that CO2 is “fixed” to refer to the 
combined process of CO2 capture and reduction). 
Because CO2 is the lowest energy configuration 
that carbon can take, we are going to have to 
add energy to get this carbon atom able to form 
the higher energy bonds that characterize 
carbohydrates (sugars). The chemical forms that 

transfer this energy to the reactions in the Calvin Cycle are ATP and NADPH (which we 
sometimes refer to using a more generic name: reducing power; because there are a 
variety of molecules that can be used to transport high-energy electrons).   
 
The carbon dioxide comes primarily from the atmosphere, and it diffuses into the plant 
via the stomata, living pores in the surface of a leaf that can open and close, allowing 
a low resistance pathway for CO2 to enter. This leads to one of the major problems that 
plants face: water loss. Every time a plant opens its mouth (= stomata) to take in CO2, 
it also loses water, and plants need to draw up a sizable amount of the wet stuff to 
replace the water lost via gas exchange. Open your mouth and see how quickly it dries 
out and you can see for yourself how dehydrating opening up your insides are to allow 
CO2 capture.  
 
The Calvin Cycle can be broken down into three main parts: mass transfer (this is 
where the mass, i.e. the carbon, is transferred into the cycle), energy transfer (this is 
where the energy, via ATP and especially NADPH is transferred into the cycle), and 

Accessory pigments, typically 
yellow and orange in color, play 
a number of roles.  Initially they 
were thought of as “helper” 
pigments, i.e., ones good at 
absorbing wavelengths where 
chlorophyll is less efficient (e.g., 
green light).  We now know that 
their main function is to help 
deal with imbalances in light 
energy versus CO2 uptake.  
When activated (i.e., when they 
“sense” that there is not enough 
CO2 to run the Calvin cycle and 
thus regenerate NADP+) these 
pigments make it harder for 
energized electrons to be 
attracted away from chlorophyll 
(i.e., keep them from entering 
the electron transport chain).  
Instead, the electron gives off 
energy as heat as it drops back 
to the ground state orbital.  
Some accessory pigments can 
also help convert free radicals of 
oxygen into something harmless 
(i.e., function as antioxidants). 



carbohydrate export (this is where the carbon and the high energy electrons leave 
the cycle to supply the raw materials for forming glucose, other carbohydrates, etc.). 
These steps MUST BE followed by regeneration, where the cycle is completed by the 
re-synthesis of ribulose bisphosphate (RuBP). Why? Because the only substrate that 
Rubisco can use in capturing CO2 is the five carbon sugar; RuBP. No RuBP, no Calvin 
Cycle. But if you can regenerate RuBP, then it can be used to capture another carbon 
dioxide molecule, and the cycle continues anew.  
 
And that’s all there is to it (ok, there are a few more details, but you now have the key 
points). However, let’s go back to the question of what might cause NADP+ to not be 
available at the downstream end of the light-driven electron transport chain. To answer 
this, think first about where NADPH is used – in the Calvin Cycle.  NADPH transfers its 
high-energy electrons to the Calvin cycle intermediates (reducing newly acquired carbon 
atoms in the process) and producing NADP+ and H+ as byproducts. These can then 
shuttle back to the electron transport chain to pick up more high-energy electrons.   
 
So when do you run out of NADP+? When NADPH utilization stalls. When does that 
happen? When the Calvin Cycle can’t function.  What is a major reason why the Calvin 
Cycle can’t function? Not enough CO2. What can make CO2 less available? Shutting the 
stomata. Why do plants shut their stomata during the daytime? No water. Thus, 
drought is often associated with oxidative damage (and overheating). Take home 
message: it’s great to be able to absorb light energy, but the resulting high-energy 
electrons have to be handled with care and you have to plan ahead for conditions when 
your preferred electron acceptors are not available. 
 
(Note: there are a number of things relating to photosynthesis that are not dealt with in 
this handout (e.g., the oxygenation reaction of Rubisco, C4 photosynthesis). Stay 
tuned. We will cover them in our next handout.) 
 
Advanced Bonus Question: Think of the coupled reactions of oxygenic photosynthesis 
(described here) and aerobic respiration (performed by each one of you). Why does it 
make sense to describe the pathway for electron transport as the water:water cycle 
(shorthand for water-to-water cycle)? To answer this, think about the role that oxygen 
is playing in respiration. 
 
 
 
 
 
 



 
 
 
 
 



 
 
 
 
 


